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they cause. Because we also believe that a key to the future
is an understanding of the past, we also cover the history of
viral diseases to the extent feasible.

Current knowledge of viruses is vast, and two people
cannot hope to keep current in all fields relating to viruses.
We are extremely grateful to many of our colleagues who
have read individual chapters, commented on the accuracy
of presentation, and offered suggestions for improving the
presentation. In alphabetical order, the following people are
gratefully acknowledged: Tom Benjamin, Pamela
Bjorkman, Tara Chapman, Bruce Chesebro, Marie Csete,
Diane Griffin, Jack Johnson, Bill Joklik, Dennis
O’Callaghan, James Ou, Ellen Rothenberg, Gail Wertz,
Eckard Wimmer, and William Wunner. We are also grateful
to the students in our course during the past few years for
feedback on the text in its various incarnations.

James H. Strauss
Ellen G. Strauss

Preface

This book grew out of a course at Caltech that we have
taught for the past 30 years. During this time, the interests
of the students have changed. In the 1970s, students consid-
ered viruses to be interesting objects for learning about the
molecular biology of living systems, and the course focused
on molecular biology. Within the past decade, however,
student interest has shifted to viruses as infectious disease
agents rather than as tools with which to study molecular
biology. There has been a rising awareness in the general
population of the continuing importance of infectious dis-
eases, and the interests of the current students reflect that.
The course changed to reflect the interests of the students,
which necessitated that more of the teaching be in the form
of lecture notes, eventually leading to this book. Here we
cover viruses as agents of human disease. But to understand
their biology, epidemiology, and pathology, knowledge of
their molecular biology of replication is essential. Thus, we
attempt to integrate what is known about the molecular
biology of viruses with what is known about the diseases
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INTRODUCTION

The Science of Virology

The science of virology is relatively young. We can rec-
ognize specific viruses as the causative agents of epidemics
that occurred hundreds or thousands of years ago from
written descriptions of disease or from study of mummies
with characteristic abnormalities. Furthermore, immuniza-
tion against smallpox has been practiced for more than a
millennium. However, it was only approximately 100 years
ago that viruses were shown to be filterable and therefore
distinct from bacteria that cause infectious disease. It was
only about 60 years ago that the composition of viruses was
described, and even more recently before they could be
visualized as particles in the electron microscope. Within
the last 20 years, however, the revolution of modern
biotechnology has led to an explosive increase in our
knowledge of viruses and their interactions with their hosts.
Virology, the study of viruses, includes many aspects: the
molecular biology of virus replication, the structure of
viruses, the interactions of viruses and hosts, the evolution
and history of viruses, virus epidemiology, and the diseases
caused by viruses. The field is vast and any treatment of
viruses must perforce be selective. 

Viruses are known to infect most organisms, including
bacteria, blue-green algae, fungi, plants, insects, and verte-
brates, but we attempt here to provide an overview of virol-
ogy that emphasizes their potential as human disease
agents. Because of the scope of virology, and because
human viruses that cause disease, especially epidemic
disease, are not uniformly distributed across virus families,
the treatment is not intended to be comprehensive.
Nevertheless, we feel that it is important that the human
viruses be presented in the perspective of viruses as a

whole so that some overall understanding of this fascinating
group of agents can emerge. We also consider many nonhu-
man viruses that are important for our understanding of the
evolution and biology of viruses. 

Viruses Cause Disease But Are Also 
Useful as Tools

Viruses are of intense interest because many cause
serious illness in humans or domestic animals, and others
damage crop plants. During the last century, progress in the
control of infectious diseases through improved sanitation,
safer water supplies, the development of antibiotics and
vaccines, and better medical care have dramatically reduced
the threat to human health from these agents, especially in
developed countries. This is illustrated in Fig. 1.1, in which
the death rate from infectious disease in the United States
during the last century is shown. At the beginning of the
20th century, 0.8% of the population died each year from
infectious diseases. Today the rate is less than one-tenth as
great. The use of vaccines has led to effective control of the
most dangerous of the viruses. Smallpox virus has been
eradicated worldwide by means of an ambitious and con-
certed effort, sponsored by the World Health Organization,
to vaccinate all people at risk for the disease. Poliovirus has
been eliminated from the Americas, and measles virus
eliminated from North America, by intensive vaccination
programs. There is hope that these two viruses can also be
eradicated worldwide in the near future. Vaccines exist for
the control of many other viral diseases, such as mumps,
rabies, rubella, yellow fever, and Japanese encephalitis.

The dramatic decline in the death rate from infectious
disease has led to a certain amount of complacency. There
is a small but vocal movement in the United States to elim-
inate immunization against viruses, for example. However,
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viral diseases continue to plague humans, as do infectious
diseases caused by bacteria, protozoa, fungi, and multicel-
lular parasites. Deaths worldwide due to infectious disease
are shown in Fig. 1.2, divided into six categories. In 1998
more than 3 million deaths occurred as a result of acute res-
piratory disease, many of which are caused by viruses.
More than 2 million deaths were attributed to diarrheal dis-
eases, about half of which are due to viruses. AIDS killed
2 million people worldwide in 1998, and measles is still a
significant killer in developing countries. Recognition is
growing that infectious diseases, of which viruses form a
major component, have not been conquered by the intro-
duction of vaccines and drugs. The overuse of antibiotics
has resulted in an upsurge in antibiotic-resistant bacteria,
and viral diseases continue to resist elimination. 

The persistence of viruses is in part due to their ability
to change rapidly and adapt to new situations. Human
immunodeficiency virus (HIV) is the most striking example
of the appearance of a virus that has recently entered the
human population and caused a plague of worldwide
importance. The arrival of this virus in the United States
caused a significant rise in the number of deaths from infec-
tious disease, as seen in Fig. 1.1. Other, previously unde-
scribed viruses also continue to emerge as serious
pathogens. Sin Nombre virus caused a 1994 outbreak in the
United States of hantavirus pulmonary syndrome with a

50% case fatality rate, and it is now recognized as being
widespread in North America. Junin virus, which causes
Argentine hemorrhagic fever, and related viruses have
become a more serious problem in South America with the
spread of farming. Ebola virus, responsible for several
small African epidemics with a case fatality rate of 70%,
was first described in the 1970s. Nipah virus, previously
unknown, appeared in 1998 and caused 258 cases of
encephalitis, with a 40% fatality rate, in Malaysia and
Singapore. As faster and more extensive travel becomes
ever more routine, the potential for rapid spread of all
viruses increases. The possibility exists that any of these
viruses could become more widespread, as has HIV since
its appearance in Africa perhaps half a century ago, and as
has West Nile virus, which spread to the Americas in 1999. 

Newly emerging viruses are not the only ones to plague
humans, however. Many viruses that have been known for a
long time, and for which vaccines may exist, continue to
cause widespread problems. Respiratory syncytial virus, as
an example, is a major cause of pneumonia in infants.
Despite much effort, it has not yet been possible to develop
an effective vaccine. Even when vaccines exist, problems
may continue. For example, influenza virus changes rapidly
and the vaccine for it must be reformulated yearly. Because
the major reservoir for influenza is birds, it is not possible
to eradicate the virus. Thus, to control influenza would
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FIGURE 1.1 Death rate from infectious disease in the United States, 1900–1996. The death rate has dropped over
this century from around 800 deaths per 100,000 population per year to about 50. Significant milestones in public
health are shown. After dropping steadily for 80 years, interrupted only by the influenza pandemic of 1918–1919, the
death rate began to rise in 1980 with the advent of the AIDS epidemic. From Morbidity and Mortality Weekly Report
(MMWR), Vol. 48, No. 29, p. 621 (1999).
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require that the entire population be immunized yearly. This
is a formidable problem and the virus continues to cause
annual epidemics with a significant death rate (Chapter 4).
Although primarily a killer of the elderly, the potential of
influenza to kill the young and healthy was shown by the
worldwide epidemic of influenza in 1918 in which 20–100
million people died worldwide. In the United States,
perhaps 1% of the population died during the epidemic
(Fig. 1.1). Continuing study of virus replication and virus
interactions with their hosts, surveillance of viruses in the
field, and efforts to develop new vaccines as well as other
methods of control are still important.

The other side of the coin is that viruses have been
useful to us as tools for the study of molecular and cellular
biology. Further, the development of viruses as vectors for
the expression of foreign genes has given them a new and
expanded role in science and medicine, including their
potential use in gene therapy (Chapter 9). As testimony to
the importance of viruses in the study of biology, numerous
Nobel Prizes have been awarded in recognition of important
advances in biological science that resulted from studies
that involved viruses (Table 1.1). To cite a few examples,
Max Delbrück received the prize for pioneering studies in
what is now called molecular biology, using bacteriophage
T4. Cellular oncogenes were first discovered from their

presence in retroviruses that could transform cells in
culture, a discovery that resulted in a prize for Francis
Peyton Rous for his discovery of transforming retroviruses,
and for Michael Bishop and Harold Varmus, who were the
first to show that a transforming retroviral gene had a cellu-
lar counterpart. As a third example, the development of the
modern methods of gene cloning have relied heavily on the
use of restriction enzymes and recombinant DNA technol-
ogy, first developed by Daniel Nathans and Paul Berg
working with SV40 virus, and on the use of reverse tran-
scriptase, discovered by David Baltimore and Howard
Temin in retroviruses. As another example, the study of the
interactions of viruses with the immune system has told us
much about how this essential means of defense against
disease functions, and this resulted in a prize for Rolf
Zinkernagel and Peter Doherty. The study of viruses and
their use as tools has told us as much about human biology
as it has told us about the viruses themselves.

In addition to the interest in viruses that arises from their
medical and scientific importance, viruses form a fascinat-
ing evolutionary system. There is debate as to how ancient
are viruses. Some argue that RNA viruses contain remnants
of the RNA world that existed before the invention of DNA.
All would accept the idea that viruses have been present for
hundreds of millions of years and have helped to shape the
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FIGURE 1.2 Six leading infectious diseases as causes of death. Data are the totals for all ages world-
wide in 1995 and in 1998. The data came from the World Health Organization web site:
http://www:who.int/infectious-disease-report/pages/graph5.html.
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evolution of their hosts. Viruses are capable of very rapid
change, both from drift due to nucleotide substitutions that
may occur at a rate 106-fold greater than that of the plants
and animals that they infect, and from recombination that
leads to the development of entirely new families of
viruses. This makes it difficult to trace the evolution of
viruses back more than a few millennia or perhaps a few
million years. The development of increasingly refined
methods of sequence analysis, and the determination of
more structures of virally encoded proteins, which change
far more slowly than do the amino acid sequences that form
the structure, have helped identify relationships among
viruses that were not at first obvious. The coevolution of
viruses and their hosts remains a study that is intrinsically
interesting and has much to tell us about human biology. 

The Nature of Viruses

Viruses are subcellular, infectious agents that are oblig-
ate intracellular parasites. They infect and take over a host
cell in order to replicate. The mature, extracellular virus
particle is called a virion. The virion contains a genome that
may be DNA or RNA wrapped in a protein coat called a
capsid or nucleocapsid. Some viruses have a lipid envelope
surrounding the nucleocapsid (they are “enveloped”). In
such viruses, glycoproteins encoded by the virus are
embedded in the lipid envelope. The function of the capsid
or envelope is to protect the viral genome while it is extra-
cellular and to promote the entry of the genome into a new,
susceptible cell. The structure of viruses is covered in detail
in Chapter 2.

TABLE 1.1 Nobel Prizes Involving Virologya

Year Names Nobel citation; virus group or family

1946 Wendell Stanley Isolation, purification, and crystallization of tobacco mosaic virus; Tobamovirus
[chemistry]

1951 Max Theiler Development of yellow fever vaccine; Flaviviridae

1954 John F. Enders Growth and cultivation of poliovirus; Picornaviridae
Thomas Weller
Frederick C. Robbins

1958 Joshua Lederberg Transforming bacteriophages

1965 Francois Jacob Operons; bacteriophages
André Lwoff
Jacques Monod

1966 Francis Peyton Rous Discovery of tumor-producing viruses; Retroviridae
1969 Max Delbrück Mechanism of virus infection in living cells; bacteriophages

Alfred D. Hershey
Salvador E. Luria

1975 David Baltimore Discoveries concerning the interaction between tumor viruses and the genetic material of the cell; 
Howard M. Temin Retroviridae
Renato Dulbecco

1976 D. Carleton Gajdusek New mechanisms for the origin and dissemination of infectious diseases; Blumberg with  
Baruch S. Blumberg Hepadnaviridae, Gajdusek with prions

1978b Daniel Nathans Application of restriction endonucleases to the study of the genetics of SV40; Polyomaviridae

1980 Paul Berg Studies of the biochemistry of nucleic acids, with particular regard to recombinant DNA (SV40); 
[chemistry] Polyomaviridae

1982 Aaron Klug Development of crystallographic electron microscopy and structural elucidation of biologically 
[chemistry] important nucleic acid–protein complexes; Tobamovirus and Tymovirus

1988b George Hitchings Important principles of drug treatment using nucleotide analogs (acyclovir)
Gertrude Elion

1989 J. Michael Bishop Discovery of the cellular origin of retroviral oncogenes; Retroviridae
Harold E. Varmus

1993 Phillip A. Sharp Discoveries of split (spliced) genes; Adenoviridae
Richard J. Roberts

1996 Rolf Zinkernagel Presentation of viral epitopes by major histocompatibility complex molecules
Peter Doherty

1997 Stanley Prusiner Prions

aAll prizes listed are in physiology or medicine except those three marked [chemistry].
bIn these two instances, the prize was shared with unlisted recipients whose work did not involve viruses.
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The nucleic acid genome of a virus contains the infor-
mation needed by the virus to replicate and produce new
virions after its introduction into a susceptible cell. Virions
bind to receptors on the surface of the cell, and by
processes described below the genome is released into the
cytoplasm of the cell, sometimes still in association with
protein (“uncoating”). The genome then redirects the cell
to the replication of itself and to the production of progeny
virions. The cellular machinery that is in place for the pro-
duction of energy (synthesis of ATP) and for macromolecu-
lar synthesis, such as translation of mRNA to produce
proteins, is essential. 

It is useful to think of the proteins encoded in viral
genomes as belonging to three major classes. First, most
viruses encode enzymes required for replication of the
genome and the production of mRNA from it. RNA
viruses must encode an RNA polymerase or replicase,
since cells do not normally replicate RNA. Most DNA
viruses have access to the cellular DNA replication
machinery in the nucleus, but even so, many encode new
DNA polymerases for the replication of their genomes.
Even if they use cellular DNA polymerases, many DNA
viruses encode at least an initiation protein for genome
replication. An overview of the replication strategies used
by different viruses is presented below, and details of the
replication machinery used by each virus are given in the
chapters that describe individual viruses. Second, viruses
must encode proteins that are used in the assembly of
progeny viruses. For simpler viruses, these may consist
of only one or a few structural proteins that assemble
with the genome to form the progeny virion. More com-
plicated viruses may encode scaffolding proteins that are
required for assembly but are not present in the virion. In
some cases, viral proteins required for assembly may
have proteolytic activity. Assembly of viruses is
described in Chapter 2. Third, the larger viruses encode
proteins that interfere with defense mechanisms of the
host. These defenses include, for example, the immune
response and the interferon response of vertebrates,
which are highly evolved and effective methods of con-
trolling and eliminating virus infection; and the DNA
restriction system in bacteria, so useful in molecular
biology and genetic engineering, that prevents the intro-
duction of foreign DNA. Vertebrate defenses against
viruses, and the ways in which viruses counter these
defenses, are described in Chapter 8.

It is obvious that viruses that have larger genomes and
encode larger numbers of proteins, such as the her-
pesviruses (family Herpesviridae), have more complex life
cycles and assemble more complex virions than viruses
with small genomes, such as poliovirus (family
Picornaviridae). The smallest known nondefective viruses
have genomes of about 3 kb (1 kb = 1000 nucleotides in the
case of single-stranded genomes or 1000 base pairs in the

case of double-stranded genomes). These small viruses may
encode as few as three proteins (for example, the bacterio-
phage MS2). At the other extreme, the largest known RNA
viruses, the coronaviruses (family Coronaviridae), have
genomes somewhat larger than 30 kb, whereas the largest
DNA viruses, poxviruses belonging to the genera
Entomopoxvirus A and C (family Poxviridae), have
genomes of up to 380 kb. These large DNA viruses encode
hundreds of proteins. It is the larger viruses that can afford
the luxury of encoding proteins that interfere effectively
with host defenses such as the immune system. It is worth-
while remembering that even the largest viral genomes are
small compared to the size of the bacterial genome
(2000 kb) and miniscule compared to the size of the human
genome (2 × 106 kb).

There are other subcellular infectious agents that are
even “smaller” than viruses. These include satellite viruses,
which are dependent for their replication on other viruses;
viroids, small (~300 nucleotide) RNAs that are not trans-
lated and have no capsid; and prions, infectious agents
whose identity remains controversial, but which may
consist of only protein. These agents are covered in
Chapter 7.

CLASSIFICATION OF VIRUSES

The Many Kinds of Viruses

Three broad classes of viruses can be recognized,
which may have independent evolutionary origins. One
class, which includes the poxviruses and herpesviruses
among many others, contains DNA as the genome,
whether single stranded or double stranded, and the DNA
genome is replicated by direct DNA → DNA copying.
During infection, the viral DNA is transcribed by cellular
and/or viral RNA polymerases, depending on the virus, to
produce mRNAs for translation into viral proteins. The
DNA genome is replicated by DNA polymerases that can
be of viral or cellular origin. Replication of the genomes
of most eukaryotic DNA viruses and assembly of progeny
viruses occur in the nucleus, but the poxviruses replicate
in the cytoplasm.

A second class of viruses contains RNA as their genome
and the RNA is replicated by direct RNA → RNA copying.
Some RNA viruses, such as yellow fever virus (family
Flaviviridae) and poliovirus, have a genome that is a mes-
senger RNA, defined as plus-strand RNA. Other RNA
viruses, such as measles virus (family Paramyxoviridae)
and rabies virus (family Rhabdoviridae), have a genome
that is anti-messenger sense, defined as minus strand. The
arenaviruses (family Arenaviridae) and some of the genera
belonging to the family Bunyaviridae have a genome that
has regions of both messenger and anti-messenger sense
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and are called ambisense. The replication of these viruses
follows a minus-sense strategy, however, and they are
classified with the minus-sense viruses. Finally, some RNA
viruses, for example, rotaviruses (family Reoviridae), have
double-strand RNA genomes. In the case of all RNA
viruses, virus-encoded proteins are required to form a repli-
case to replicate the viral RNA, since cells do not possess
(efficient) RNA → RNA copying enzymes. In the case of
the minus-strand RNA viruses and double-strand RNA
viruses, these RNA synthesizing enzymes also synthesize
mRNA and are packaged in the virion, because their
genomes cannot function as messengers. Replication of the
genome proceeds through RNA intermediates that are com-
plementary to the genome in a process that follows the
same rules as DNA replication. 

The third class of viruses encodes the enzyme reverse
transcriptase (RT), and these viruses have an RNA → DNA
step in their life cycle. The genetic information encoded by
these viruses thus alternates between being present in RNA
and being present in DNA. Retroviruses (e.g., HIV, family
Retroviridae) contain the RNA phase in the virion; they
have a single-stranded RNA genome that is present in the
virus particle in two copies. Thus, the replication of their
genome occurs through a DNA intermediate (RNA →
DNA → RNA). The hepadnaviruses (e.g., hepatitis B virus,
family Hepadnaviridae) contain the DNA phase as their
genome, which is circular and largely double stranded.
Thus their genome replicates through an RNA intermediate
(DNA → RNA → DNA). Just as the minus-strand RNA
viruses and double-strand RNA viruses package their repli-
case proteins, the retroviruses package active RT, which is
required to begin the replication of the genome in the
virions. Although in many treatments the retroviruses are
considered with the RNA viruses and the hepadnaviruses
with the DNA viruses, we consider these viruses to form a
distinct class, the RT-containing class, and in this book ref-
erences to RNA viruses, or to DNA viruses are not meant
to apply to the retroviruses.

All viruses, with one exception, are haploid; that is, they
contain only one copy of the genomic nucleic acid. The
exception is the retroviruses, which are diploid and contain
two identical copies of the single-stranded genomic RNA.
The nucleic acid genome may consist of a single piece of
DNA or RNA or may consist of two or more nonidentical
fragments. The latter can be considered analogous to chro-
mosomes and can reassort during replication. In the case of
animal viruses, when a virus has more than one genome
segment, all of the different segments are present within a
single virus particle. In the case of plant viruses with multiple
genome segments, it is quite common for the different
genome segments to be separately encapsidated into different
particles. In this case, the infectious unit is multipartite:
Infection to produce a complete replication cycle requires
simultaneous infection by particles containing all of the dif-

ferent genome segments. Although this does not seem to pose
a problem for the transmission of plant viruses, it must pose a
problem for the transmission of animal viruses since such
animal viruses have not been found. This difference probably
arises because of different modes of transmission, the fact
that many plant viruses grow to exceptionally high titers, and
the fact that many plants grow to very high density.

The ICTV Classification of Viruses

The International Committee on Taxonomy of Viruses
(ICTV), a committee organized by the Virology Division
of the International Union of Microbiological Societies, is
attempting to devise a uniform system for the classification
and nomenclature of all viruses. Viruses are classified into
species on the basis of a close, but not necessarily identi-
cal, relationship. The decision as to what constitutes a
species is arbitrary because a species usually contains
many different strains that may differ significantly (10% or
more) in nucleotide sequence. Whether two isolates should
be considered as being the same species rather than repre-
senting two different species can be controversial. Virus
species that exhibit close relationships are then grouped
into a genus. Species within a genus usually share
significant nucleotide sequence identity demonstrated by
antigenic cross reaction or by direct sequencing of the
genome. Genera are grouped into families, which can be
considered the fundamental unit of virus taxonomy.
Classification into families is based on the type and size of
the nucleic acid genome, the structure of the virion, and the
strategy of replication used by the virus, which is deter-
mined in part by the organization of the genome.
Groupings into families are not always straightforward
because little or no sequence identity is present between
members of different genera. However, uniting viruses into
families attempts to recognize evolutionary relationships
and is valuable for organizing information about viruses.

Higher taxonomic classifications have not been recog-
nized for the most part. To date only three orders have
been established that group together a few families.
Taxonomic classification at higher levels is difficult
because viruses evolve rapidly and it can be difficult to
prove that any two given families are descended from a
common ancestor, although it is almost certain that higher
groupings based on common evolution do exist and will
be elucidated with time. Viral evolution involves not only
sequence divergence, however, but also the widespread
occurrence of recombination during the rise of the modern
families, a feature that blurs the genetic relationships
between viruses. Two families may share, for example, a
related polymerase gene but have structural protein genes
that appear unrelated; how should such viruses be
classified?
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TABLE 1.2 Major Virus Families

Nucleic acid Genome size Segments Family Major hosts (number of members infecting that host)a

DS DNA 130–375 kbp 1 Poxviridae Vertebrates (38), insects (25), plus 15 Ub

170–190 kbp 1 Asfariviridae Vertebrates (1)

170–400 kbp 1 Iridoviridae Vertebrates (11), insects (6)

120–220 kbp 1 Herpesviridae Vertebrates (56 + 65T)c

90–230 kbp 1 Baculoviridae Insects (17 + 7T)

36–48 kbp 1 Adenoviridae Vertebrates (26 + 35T)

5 kbp 1 Polyomaviridae Vertebrates (12)

6.8–8.4 kbp 1 Papillomaviridae Vertebrates (7 + 88T)

Various 1 Several families Bacteria (42 + 368T)

SS DNA 6–8 kb 1 Parvoviridae Vertebrates (31), insects (7), plus 15U

Various 1 Several families Bacteria (43 + 38T), plants (98 + 11T)

DS RNA 20–30 kbp 10–12 Reoviridae Vertebrates (174 + 22T), insects (66), plants (10)

5.9 kbp 2 Birnaviridae Chickens (1), fish (2), drosophila (1)

4.6–7.0 kbp 1 or 2 Three families Fungi (7 + 7T), plants (30 + 15T), protozoans (14)

SS(+) RNA 28–33 kb 1 Coronaviridae Vertebrates (16 + 1T)

13–16 kb 1 Arteriviridae Vertebrates (4)

10–13 kb 1 Togaviridae Vertebrates (insect vectors) (23)

10–12 kb 1 Flaviviridae Vertebrates (some insect vectors) (57 + 6T)

7–8.5 kb 1 Picornaviridae Vertebrates (16 + 137T)

7–8 kb 1 Astroviridae Vertebrates (6)

8 kb 1 Caliciviridae Vertebrates (6 plus 8T)

Various 1 Many families Plants (331 + 219T)

SS (–) RNA 15–16 kb 1 Paramyxoviridae Vertebrates (31 + 2T)

13 kb 1 Filoviridae Vertebrates (5)

13–16 1 Rhabdoviridae Vertebrates (23 + 81T), plants (14 + 61T)

9 kb 1 Bornaviridae Vertebrates (1)

13 kb 8 Orthomyxoviridae Vertebrates (5)

12–23 kb 3 Bunyaviridae Vertebrates and insect vectors (91 + 66T), plants (2)

11 kb 2 Arenaviridae Vertebrates (19 + 2T)

SS RNA RT 7–10 kb dimer Retroviridae Vertebrates (59 + 2T) DNA intermediate

DS DNA RT 3 kbp 1 Hepadnaviridae Vertebrates (5 + 2T) RNA intermediate
8 kbp 1 Caulimoviridae Plants (26 + 8T) RNA intermediate

Source: This is according to Granoff and Webster (1999).
aWhere underlined, humans are among the vertebrates infected.
bU = assigned to the family, but not to any particular genus within the family.
cT = tentatively assigned to a particular genus.

The ICTV has recognized almost 4000 viruses as species
(more than 30,000 strains of viruses exist in collections
around the world), and classified these 3954 species into
203 genera belonging to 56 families plus 30 “floating”
genera that have not yet been assigned to a family. An
overview of these families, in which viruses that cause
human disease are emphasized, is shown in Table 1.2.

Included in the table is the type of nucleic acid that serves
as the genome, the genome size, the names of many fami-
lies, and the major groups of hosts infected by viruses
within each grouping. For many families the names and
detailed characteristics are not shown here, but a complete
listing of families can be found in the reports of the ICTV
on virus taxonomy or in The Encyclopedia of Virology (2nd
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ed.). Tables that describe the members of families that infect
humans are presented in the chapters that follow in which
the various virus families are considered in some detail.

AN OVERVIEW OF THE REPLICATION 
CYCLE OF VIRUSES

Receptors for Virus Entry

The infection cycle of an animal virus begins with its
attachment to a receptor expressed on the surface of a sus-
ceptible cell, followed by penetration of the genome, either
naked or complexed with protein, into the cytoplasm.
Binding often occurs in several steps. For many viruses, the
virion first binds to an accessory receptor that is present in
high concentrations on the surface of the cell. These acces-
sory receptors are usually bound with low affinity, and
binding often has a large electrostatic component. Use of
accessory receptors seems to be fairly common among
viruses adapted to grow in cell culture, but less common in
primary isolates of viruses from animals. This first stage
binding to an accessory receptor is not required for virus
entry even where used, but such binding does accelerate the
rate of binding and uptake of the virus.

Following this initial binding, the virus is transferred
to a high-affinity receptor. Binding to the high-affinity
receptor is required for virus entry, and cells that fail to
express the appropriate receptor cannot be infected by the
virus. These receptors are specifically bound by one or
more of the external proteins of a virus. Each virus uses a

specific receptor (or perhaps a specific set of receptors)
expressed on the cell surface, and both protein receptors
and carbohydrate receptors are known. In some cases,
unrelated viruses make use of identical receptors. A
protein called CAR (Coxsackie-adenovirus receptor), a
member of the immunoglobulin (Ig) superfamily, is used
by the RNA virus Coxsackie B virus (Picornaviridae) and
by many adenoviruses (Adenoviridae), which are DNA
viruses. Sialic acid, a carbohydrate attached to most gly-
coproteins, is used by influenza virus (family
Orthomyxoviridae), human coronavirus OC3 (family
Coronaviridae), reovirus (Reoviridae), bovine parvovirus
(Parvoviridae), and many other viruses. Conversely,
members of the same viral family may use widely dis-
parate receptors. Fig. 1.3 illustrates a number of receptors
used by different retroviruses (family Retroviridae). These
receptors differ widely in their structures and in their cel-
lular functions. Where known, the region of the cellular
receptor that is bound by the virus is indicated. Table 1.3
lists receptors used by different herpesviruses
(Herpesviridae) and different coronaviruses. 

In addition to the requirement for a high-affinity or
primary receptor, many viruses also require a coreceptor in
order to penetrate into the cell. In the current model for
virus entry, a virus first binds to the primary receptor and
then binds to the coreceptor. Only on binding to the core-
ceptor can the virus enter the cell.

The nature of the receptors utilized by a virus deter-
mines in part its host range, tissue tropism, and the pathol-
ogy of the disease caused by it. Thus, the identification of

TABLE 1.3 Viruses within a Family That Use Unrelated Receptors

Virus High-affinity receptor Accessory receptor

Herpesviridae

Alpha Herpes simplex HIgR (CD155 family) Heparan sulfate

HVEM (TNF receptor family)

Pseudorabies 140-kDa heparan sulfate proteoglycan

85-kDa integral membrane protein

CD155 and related proteins

Beta Cytomegalovirus Protein?? unidentified Heparan sulfate

Gamma Bovine herpesvirus 56-kDa protein Heparan sulfate

Epstein–Barr CD21 (CR2 receptor)

Coronaviridae

Human OC43 HLA class I

229e Human aminopeptidase N

Murine Mouse hepatitis Carcinoembryonic antigens (Ig superfamily)

Porcine TGEVa Porcine aminopeptidase N
Bovine Bovine coronavirus Sialic acid residues on glycoproteins and glycolipids

aVirus abbreviation: TGEV, transmissible gastroenteritis virus (of swine).
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A)  Gammaretrovirus receptors

Virus MoMLV GALV/FeLV MLV
Ecotropic Amphotropic

Protein type Basic amino acid transporter Phosphate transporter Similar to hPiT-1

Protein mCAT-1 hPiT-1 rPiT-2
# amino acids 622 679 652

N
C

N
C

N C

B)  Other retrovirus receptors

Virus

Protein

HIV

CD4 + CXCR4 (or CCR5)

ALV (subgroup A)

Tv-a
Genus Lentivirus Alpharetrovirus Deltaretrovirus

BLV

BLV receptor

Protein type Immunoglobulin and
   chemokine receptor

LDL-receptor-like Unknown
# amino acids   30369458 +  353

N

C

C
C

N

C

N

N

C

Transmembrane domains Region to which env
proteins bindDisulfide bridges

Host cell
plasma
membrane

Host cell
plasma
membrane

Type

7

FIGURE 1.3 Cellular receptors for retroviruses. The structures of various retrovirus receptors are shown schemati-
cally to illustrate their orientation in the cell plasma membrane. The receptors for the gammaretroviruses contain multi-
ple transmembrane domains and have known cellular functions. The HIV receptor consists of a molecule of CD4 plus a
chemokine receptor such as CXCR4. The receptor for alpharetroviruses is a type II membrane protein similar to the
LDL receptor, with the N terminus in the cytoplasm. Little is known about the cellular function of the BLV receptor,
other than its orientation as a Type I membrane protein. MLV, murine leukemia virus; GALV, gibbon/ape leukemia
virus; FeLV, feline leukemia virus; HIV, human immunodeficiency virus; ALV, avian leukosis virus; BLV, bovine
leukemia virus; LDL, low-density lipoprotein. [Adapted from Fields et al. (1996, p. 1788) and Coffin et al. (1997,
pp. 76–82).]

virus receptors is important, but identification of receptors
is not always straightforward. 

Primary (High-Affinity) Receptors

Many members of the Ig superfamily are used by viruses
as high-affinity receptors, as illustrated in Fig. 1.4. The Ig

superfamily contains thousands of members, which play
important roles in vertebrate biology. The best known
members are found in the immune system (Chapter 8),
from which the family gets its name. Members of this
superfamily contain one or more Ig domains of about 100
amino acids that arose by duplication of a prototypical
gene. During evolution of the superfamily, thousands of dif-



ferent proteins arose by a combination of continuing gene
duplication, sequence divergence, and recombination.
Many proteins belonging to this superfamily are expressed
on the surface of cells, where they serve many functions,
and many have been usurped by animal viruses for use as
receptors.

Other surface proteins used as receptors include the
vibronectin receptor �v�3, used by several members of the
Picornaviridae; aminopeptidase N, used by some coron-
aviruses; CD55, used by Coxsackie A21 virus; the different
proteins illustrated in Fig. 1.3; and other proteins too
numerous to describe here. The receptors used by four
viruses are described in more detail as examples of the
approaches used to identify receptors and their importance
for virus pathology.

One well-characterized receptor is that for poliovirus,
which attaches to a cell surface molecule that is a member
of the Ig superfamily (Fig. 1.4). The normal cellular func-
tion of this protein is unknown. It was first called simply the
poliovirus receptor or PVR, but has now been renamed
CD155, following a scheme for the designation of cell
surface proteins. Poliovirus will bind only to the version of
this molecule that is expressed in primates, but not to the

version expressed in rodents, for example. Thus, in nature,
poliovirus infection is restricted to primates. Although
chicken cells or most mammalian cells that lack CD155 are
resistant to poliovirus infection, they can be transfected with
the viral RNA by a process that bypasses the receptors.
When infected in this way, they produce a full yield of virus,
showing that the block to replication is at the level of entry.

Cells lacking CD155 have been transfected with expres-
sion clones so that they express CD155, and these modified
cells are sensitive to infection with poliovirus. This was, in
fact, the way the receptor was identified. Such a system also
allows the testing of chimeric receptors, in which various
domains of CD155 come from the human protein and other
parts come from the homologous mouse protein, or even
from entirely different proteins like CD4. In this way it was
shown that only the distal Ig domain from human CD155
(shaded in Fig. 1.4) is required for a chimeric protein to
function as a receptor for poliovirus. 

In humans, CD155 is expressed on many cells, including
cells of the gut, nasopharynx, and the central nervous system
(CNS). Infection begins in the tonsils, lymph nodes of the
neck, Peyer’s patches, and the small intestine. In more than
98% of cases, the infection progresses no further and no
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Receptor

Virus

Family

Genome

Carcinoembryonic
antigens

HLA CD4 CD155 ICAM-1

Semliki
Forest

mouse
hepatitis

HIV-1 poliovirus rhinovirus

Herpesviridae Togaviridae Coronaviridae Retroviridae Picornaviridae

dsDNA-large ssRNA
enveloped

ssRNA
enveloped

RNA/RT ssRNA-small
nonenveloped

HIgR

HSV1, HSV2
bovine herpesvirus

FIGURE 1.4 Diagrammatic representation of immunoglobulin superfamily membrane proteins that are used as
receptors by viruses. The domains indicated by cross-hatching have been shown to be required for receptor activity.
ssRNA, single-strand RNA; dsRNA, double-strand RNA; RNA/RT, RNA reverse transcribed into DNA.
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TABLE 1.4 Viruses That Bind to Heparin-like
Glycosaminoglycans

Virus Family High-affinity receptor

RNA viruses

Sindbis Togaviridae High-affinity laminin 
receptor

Dengue Flaviviridae ???

Foot-and-mouth disease Picornaviridae �v�3 Integrin

HIV-1 Retroviridae CD4 (Ig superfamily)

DNA viruses

Vaccinia Poxviridae EGF receptor???

Herpes simplex Herpesviridae HIgR (CD155 family)
Adeno-associated type 2 Parvoviridae FGFRI

Abbreviations: EGF receptor, epidermal growth factor receptor; HIgR,
herpes immunoglobulin-like receptor; CD155, the poliovirus receptor;
FGFR1, human fibroblast growth factor receptor 1.

illness, or only minor illness, results. In some cases, however,
virus spreads to the CNS, probably both by passing through
the blood–brain barrier and through retrograde axonal trans-
port. Once in the CNS, the virus expresses an astounding
preference for motor neurons, whose destruction leads to
paralysis or even death via a disease called poliomyelitis.
This preference for motor neurons, and the failure of the
virus to grow in other tissues, is not understood. Athough
CD155 is required for virus entry, other factors within the
cell are also important for efficient virus replication.

Making use of the CD155 gene, transgenic mice have
been generated in which the syndrome of poliomyelitis can
be faithfully reproduced. Although these transgenic mice
can be infected only by injection of virus and not by inges-
tion, the normal route of poliovirus infection in humans, a
small animal model for poliomyelitis is valuable for the
study of virus pathology or for vaccine development. To
date our information on the pathology of poliovirus in the
CNS was obtained only from experimental infection of
nonhuman primates, which are very expensive to maintain,
or from humans naturally infected with the virus.

As a second example of virus–receptor interactions, HIV
utilizes as its receptor a cell surface molecule known as
CD4, wich is also a member of the Ig superfamily (Figs 1.3
and 1.4). As described below, a coreceptor is also required.
CD4 is primarily expressed on the surface of certain lym-
phocytes (described in more detail in Chapter 8).
Furthermore, the virus has a narrow host range and will bind
with high efficiency only to the human version of CD4 (Fig.
1.3). Thus, humans are the primary host of HIV. Immune
function is impaired over time as helper CD4+

T cells, which are required for an immune response directed
against infectious agents, are killed by virus infection,
leading to the observed syndrome of AIDS (acquired
immunodeficiency syndrome). The virus can also infect cells
of the monocyte-macrophage lineage, and possibly other
cells in the CNS, leading to neurological manifestations.

As a third example of virus–receptor interaction, among
the receptors used by Sindbis virus (family Togaviridae) is
the high-affinity laminin receptor. Sindbis virus is an
arbovirus, that is, it is arthropod-borne. In nature it alter-
nates between replication in mosquitoes, which acquire the
virus when they take a blood meal from an infected verte-
brate, and higher vertebrates, which acquire the virus when
bitten by an infected mosquito. The high-affinity laminin
receptor is a cell adhesion molecule that binds to laminin
present in basement membranes. It has been very highly
conserved during evolution, and Sindbis virus will bind to
both the mosquito version and the mammalian version of
this protein. Viruses with broad host ranges, such as
arboviruses, must use receptors that are highly conserved, or
must have evolved the ability to use different receptors in
different hosts.

Finally, as a fourth example, the receptor for influenza
virus (family Orthomyxoviridae) is sialic acid covalently

linked to glycoproteins or glycolipids present at the cell
surface. Because sialic acid is expressed on many different
cells and in many different organisms, the virus has the
potential to have a very wide host range. The virus infects
many birds and mammals, and its maintenance in nature
depends on its ability to infect such a broad spectrum of
animals. The epidemiology of influenza virus will be con-
sidered in Chapter 4.

Accessory Receptors and Coreceptors

The process by which a virus binds to a cell and pene-
trates into the cytoplasm may be complicated by the partici-
pation of more than one cellular protein in the process.
Some viruses may be able to use more than one primary
receptor, which thus serve as alternative receptors. Second,
many viruses appear to first bind to a low-affinity receptor
or accessory receptor before transfer to a high-affinity
receptor by which the virus enters the cell. Third, many
viruses absolutely require a coreceptor, in addition to the
primary receptor, for entry. 

Many viruses, belonging to different families, have been
shown to bind to heparan sulfate (Table 1.4), which is
expressed on the surface of many cells. In at least some
cases, however, best studied for human herpes simplex
virus (HSV) (family Herpesviridae), heparan sulfate is not
absolutely required for the entry of the virus. Cells that do
not express heparan sulfate or from which it has been
removed can still be infected by HSV. Heparan sulfate does
dramatically increase the efficiency of infection, however.
The current model is that HSV first binds to heparan sulfate
with low affinity and is then transferred to the primary
receptor for entry. In this model, heparan sulfate serves an
accessory function, which can be dispensed with.
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The primary receptor for HSV has now been identified
as a protein belonging to the Ig superfamily (Fig. 1.4). This
protein is closely related to CD155, and, in fact, CD155 will
serve as a receptor for some herpesviruses, but not for HSV.
The story is further complicated by the fact that more than
one protein can serve as a receptor for HSV. Two of these
proteins, one called HIgR (for herpesvirus Ig-like receptor)
and the other called either PRR-1 (for poliovirus receptor
related) or HveA (for herpesvirus entry mediator A), appear
to be splice variants that have the same ectodomain.

Heparan sulfate may serve as an accessory receptor for
the other viruses shown in Table 1.4, or it may serve as a
primary receptor for some or all. It is thought that it may be
a primary receptor for dengue virus (family Flaviviridae).
In the case of Sindbis virus, the situation is complex and
interesting. Primary isolates of the virus do not bind to
heparan sulfate. Passage of the virus in cultured cells
selects for viruses that do bind to heparan sulfate, which
infect cultured cells more efficiently. It is thought that
heparan sulfate serves as an accessory receptor in this case.

Many viruses absolutely require a coreceptor for entry,
in addition to the primary receptor to which the virus first
binds. The best studied example is HIV, which requires one
of a number of chemokine receptors as a coreceptor. Thus a
mouse cell that is genetically engineered to express human
CD4 will bind HIV, but binding does not lead to entry of
the virus into the cell. Only if the cell is engineered to
express both human CD4 and a human chemokine receptor
can the virus both bind to and enter into the cell.

The requirement for a coreceptor has important implica-
tions for the pathology of HIV. Chemokines are small pro-
teins, secreted by certain cells of the immune system, that
serve as chemoattractants for lymphocytes. They are impor-
tant regulators of the immune system and are described in
Chapter 8. Different classes of lymphocytes express recep-
tors for different chemokines at their surface. To simplify the
story, macrophage-tropic (M-tropic) strains of HIV, which is
the virus most commonly transmitted sexually to previously
uninfected individuals, require a coreceptor called CCR5 (a
receptor for � chemokines). Human genetics has shown that
two mutations can block the expression of CCR5. One is a
32-nucleotide deletion in the gene, the second is a mutation
that results in a stop codon in the CCR5 open reading frame.
The deletion mutation is fairly common, present in about
20% of Caucasians of European descent, whereas the stop
codon mutation has been reported in only one individual.
Individuals who lack functional CCR5 because they are
homozygous for the deleted form, or in the case of one indi-
vidual, heterozygous for the deletion but whose second copy
of CCR5 has the stop codon, are resistant to infection by HIV.
Heterozygous individuals who have only one functional copy
of the CCR5 gene appear to be partially resistant. Although
they can be infected with HIV, the probability of transmis-
sion has been reported to be lower, and once infected, pro-

gression to AIDS is slower. During the course of infection by
HIV, T-cell-tropic strains (T-tropic) of HIV arise that require a
different coreceptor, called CXCR4 (a receptor for �
chemokines). After the appearance of T-tropic virus, both M-
tropic and T-tropic strains cocirculate. The requirement for a
new coreceptor is associated with mutations in the surface
glycoprotein of HIV. The presence of T-tropic viruses is asso-
ciated with more rapid progression to severe clinical disease.

Entry of Plant Viruses

Many plant viruses are important pathogens of food
crops and have been intensively studied. No specific recep-
tors have been identified to date, and it has been suggested
that virus penetration of plant cells requires mechanical
damage to the cell in order to allow the virus entry. Such
mechanical damage can be caused by farm implements or
by damage to the plant caused by insects such as aphids or
leafhoppers that feed on the plants. Many plant viruses are
transmitted by insect or fungal pests, in fact, with which the
virus has a specific association. There remains the possibil-
ity that specific receptors will be identified in the future,
however, for at least some plant viruses.

Penetration

After the virus binds to a receptor, the next step toward
successful infection is the introduction of the viral
genome into the cytoplasm of the cell. In some cases, a
subviral particle containing the viral nucleic acid is intro-
duced into the cell. This particle may be the nucleocapsid
of the virus or it may be an activated core particle. For
other viruses, only the nucleic acid is introduced. The
protein(s) that promotes entry may be the same as the
protein(s) that binds to the receptor, or it may be a differ-
ent protein in the virion.

For enveloped viruses, penetration into the cytoplasm
involves the fusion of the envelope of the virus with a cellu-
lar membrane, which may be either the plasma membrane
or an endosomal membrane. Fusion is promoted by a fusion
domain that resides in one of the viral surface proteins.
Activation of the fusion process is thought to require a
change in the structure of the viral fusion protein that
exposes the fusion domain. For viruses that fuse at the
plasma membrane, interaction with the receptor appears to
be sufficient to activate the fusion protein. In the case of
viruses that fuse with endosomal membranes, the virus is
first endocytosed into clathrin-coated vesicles and proceeds
through the endosomal pathway. During transit, the clathrin
coat is lost and the endosomes become progressively
acidified. On exposure to a defined acidic pH (often ~5–6),
activation of the fusion protein occurs and results in fusion
of the viral envelope with that of the endosome. 
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FIGURE 1.5 The folded structure of the influenza hemagglutinin and its rearrangement when exposed to low pH.
(A) A schematic of the cleaved HA molecule. S is the signal peptide, TM is the membrane-spanning domain. HA1 is in
blue, HA2 is in red, and the fusion peptide is shown in yellow. The same color scheme is used in (B) and (C). (B) X-ray
crystallographic structure of the HA monomer. TM had been removed by proteolytic digestion prior to crystallization.
The receptor binding pocket in HA1 is shown with a green star. In the virion HA occurs as a trimeric spike. (C) The
HA2 monomer in the fusion active form. The fragment shown is produced by digesting with thermolysin, which
removes most of HA1 and the fusion peptide of HA2. Certain residues are numbered to facilitate comparison of the two
forms. The approximate location of the fusion peptide before thermolysin digestion is indicated with a yellow diamond.
(B′) Diagrammatic representation of the HA2 shown in (B), with � helices shown as cylinders and � sheets as arrows.
The disulfide link between HAl and HA2 is shown in ochre. The domains of HA2 are color coded from N terminus to C
terminus with a rainbow. (C′) Diagrammatic representation of the fusion-active form shown in (C). [Redrawn from
Fields et al. (1996, p. 1361).]

A dramatic conformational rearrangement of the HA
protein of influenza virus, a virus that fuses with internal
membranes, has been observed by X-ray crystallography of
HA following its exposure to low pH. HA, which is cleaved
into two disulfide-bonded fragments HA1 and HA2, forms
trimers that are present in a spike on the surface of the
virion. The atomic structure of an HA monomer is illus-
trated in Fig. 1.5. HA1 (shown in blue) contains the domain
(indicated with a star in the figure) that binds to sialic acid
receptors, whereas HA2 (shown in red) has the fusion
domain (yellow). The fusion domain, present at the N ter-
minus of HA2, is hidden in a hydrophobic pocket within the
spike near the lipid bilayer of the virus envelope. Exposure

to low pH results in a dramatic rearrangement of HA that
exposes the hydrophobic peptide and transports it more
than 100 Å upward, where it is thought to insert into the
cellular membrane and promote fusion. It is assumed that
similar events occur for all enveloped viruses, whether
fusion is at the cell surface or with an internal membrane. 

After fusion of the viral envelope with a cellular mem-
brane, the virus nucleocapsid is present in the cytoplasm of
the cell. Virus entry by fusion can be very efficient. In some
well-studied cases using cells in culture, almost all parti-
cles succeed in initiating infection.

For nonenveloped viruses, the mechanism by which the
virus breaches the cell membrane is less clear. After binding
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FIGURE 1.6 General replication scheme for a DNA virus. After a DNA
virus attaches to a cellular membrane receptor, the virus DNA enters the
cell and is transported to the cell nucleus. There it is transcribed into
mRNA by host RNA polymerase. Viral mRNAs are translated by host
ribosomes in the cytoplasm, and newly synthesized viral proteins, both
structural and nonstructural, are transported back to the nucleus. After the
DNA genome is replicated in the nucleus, either by the host DNA poly-
merase or by a new viral-encoded polymerase, progeny virus particles are
assembled and ultimately released from the cell. [Adapted from Mims
et al. (1993, p. 2.3).]

to a receptor, somehow the virus or some subviral compo-
nent ends up on the cytoplasmic side of a cellular mem-
brane, the plasma membrane for some viruses or the
membrane of an endosomal vesicle for others. It is believed
that the interaction of the virus with a receptor, perhaps
potentiated by the low pH in endosomes for those viruses
that enter via the endosomal pathway, causes conforma-
tional rearrangements in the proteins of the virus capsid that
lead to the penetration of the membrane. In the case of
poliovirus, it is known that interactions with receptors in
vitro will lead to conformational rearrangements of the
virion that result in the release of one of the virion proteins,
called VP4. The N terminus of VP4 is myristylated and thus
hydrophobic [myristic acid = CH3(CH2)12COOH]. It is pro-
posed that the conformational changes induced by receptor
binding result in the insertion of the myristic acid on VP4
into the cell membrane and the formation of a channel
through which the RNA can enter the cell. It is presumed
that other viruses also have hydrophobic domains that allow
them to enter. A number of other viruses also have a struc-
tural protein with a myristilated N terminus that might
promote entry. In some viruses, there is thought to be a
hydrophobic fusion domain in a structural protein that pro-
vides this function. The entry process may be very efficient.
The specific infectivity of reoviruses assayed in cultured
cells can be almost one (all particles can initiate infection).
In other cases, entry may be less efficient. The specific
infectivity of poliovirus in cultured cells is usually less than
1%. Whether the specific infectivity of the virus is low
when infecting humans is not clear, however.

Following initial penetration into the cytoplasm, further
uncoating steps must often occur. It has been suggested that,
at least in some cases, translation of the genomic RNA of
plus-strand RNA viruses may promote its release from the
nucleocapsid. In other words, the ribosomes may pull the
RNA into the cytoplasm. In other cases, specific factors in the
host cell, or the translation products of early viral transcripts,
have been proposed to play a role in further uncoating.

It is interesting to note that bacteriophage face the
problem of penetrating a rigid bacterial cell wall, rather than
one of simply penetrating a plasma membrane or endosomal
membrane. Many bacteriophage have evolved a tail by which
they attach to the cell surface, drill a hole into the cell, and
deliver the DNA into the bacterium. In some phage, the tail
is contractile, leading to the analogy that the DNA is injected
into the bacterium. Tailless phage are also known that intro-
duce their DNA into the bacterium by other mechamisms.

Replication and Expression of the Virus Genome

The replication strategy of a virus, that is, how the
genome is organized and how it is expressed so as to lead to
the formation of progeny virions, is an essential component
in the classification of a virus and in understanding the

basic details of how it replicates. Moreover, it is necessary
to understand the replication strategy in order to decipher
the pathogenic mechanisms of a virus and, therefore, to
design strategies to interfere with viral disease.

DNA Viruses

A simple schematic representation of the replication of a
DNA virus is shown in Fig. 1.6. After binding to a receptor
and penetration of the genome into the cell, the first event
in the replication of a DNA virus is the production of
mRNAs from the viral DNA. For all animal DNA viruses
except poxviruses, the infecting genome is transported to
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the nucleus where it is transcribed by cellular RNA poly-
merase. The poxviruses replicate in the cytoplasm and do
not have access to host cell polymerases. Thus, in
poxviruses, early mRNA is transcribed from the incoming
genome by a virus-encoded RNA polymerase that is present
in the virus core. For all animal viruses, translation of early
mRNA is required for DNA replication to proceed. Early
gene products may include DNA polymerases, proteins that
bind to the origin of replication and lead to initiation of
DNA replication, proteins that stimulate the cell to enter S
phase and thus increase the supply of materials required for
DNA synthesis, or products required for further disassem-
bly of subviral particles. 

The initiation of the replication of a viral genome is a
specific event that requires an origin of replication, a
specific sequence element that is bound by cellular and
(usually) viral factors. Once initiated, DNA replication pro-
ceeds, catalyzed by either a cellular or a viral DNA poly-
merase. The mechanisms by which replication is initiated
and continued are different for different viruses.

DNA polymerases, in general, are unable to initiate a
polynucleotide chain. They can only extend an existing
chain, following instructions from a DNA template.
Replication of cellular DNA, including that of bacteria,
requires the initiation of polynucleotide chains by a specific
RNA polymerase called DNA polymerase �-primase, or
primase for short. The resulting RNA primers are then
extended by DNA polymerase. The ribonucleotides in the
primer are removed after extension of the polynucleotide
chain as DNA. Removal requires the excision of the ribonu-
cleotides by a 5′ → 3′ exonuclease, fill-in by DNA poly-
merase, and sealing of the nick by ligase. Because DNA
polymerases can synthesize polynucleotide chains only in a
5′ → 3′ direction, and cannot initiate a DNA chain, removal
of the RNA primer creates a problem at the end of a linear
chromosome. How is the 5’ end of a DNA chain to be gen-
erated? The chromosomes of eukaryotic cells have special
sequences at the ends, called telomeres, that function in
replication to regenerate ends. The telomeres become short-
ened with continued replication, and eukaryotic cells that
lack telomerase to repair the telomeres can undergo only a
limited number of replication events before they lose the
ability to divide. 

Viruses and bacteria have developed other mechanisms
to solve this problem. The chromosomes of bacteria are cir-
cular, so there is no 5′ end to deal with. Many DNA viruses
have adopted a similar solution. Many have circular
genomes (e.g., poxviruses, polyomaviruses, papillo-
maviruses). Others have linear genomes that cyclize before
or during replication (e.g., herpesviruses). Some DNA
viruses manage to replicate linear genomes, however.
Adenoviruses use a virus-encoded protein as a primer, which
remains covalently linked to the 5′ end of the linear genome.
The single-stranded parvovirus DNA genome replicates via

a foldback mechanism in which the ends of the DNA fold
back and are then extended by DNA polymerase. Unit sized
genomes are cut from the multilength genomes that result
from this replication scheme and packaged into virions.

Once initiated, the progression of the replication fork is
different in different viruses, as illustrated in Fig. 1.7. In
SV40 (family Polyomaviridae), for example, the genome is
circular. An RNA primer is synthesized by primase to initi-
ate replication, and the replication fork then proceeds in
both directions. The product is two double-strand circles. In
the herpesviruses, the genome is circular while it is repli-
cating but the replication fork proceeds in only one direc-
tion. A linear double-strand DNA is produced by what has
been called a rolling circle. For this, one strand is nicked by
an endonuclease and used as a primer. The strand displaced
by the synthesis of the new strand is made double stranded
by the same mechanism used by the host cell for lagging
strand synthesis. In adenoviruses, in contrast, the genome is
linear and the replication fork proceeds in only one direc-
tion. A single-strand DNA is displaced during the progres-
sion of the fork and coated with viral proteins. It can be
made double stranded by an independent synthetic event.
These different mechanisms will be described in more
detail in the discussions of the different DNA viruses in
Chapter 6.

As infection proceeds, most DNA viruses undergo a
regular developmental cycle, in which transcription of early
genes is followed by the transcription of late genes.
Activation of the late genes may result from production of a
new RNA polymerase or the production of factors that
change the activity of existing polymerases. The develop-
mental cycle is, in general, more elaborate in the larger
viruses than in the smaller viruses. 

Plus-strand RNA Viruses

A simple schematic of the replication of a plus-strand
RNA virus is shown in Fig. 1.8. The virus example shown is
enveloped and gives rise to subgenomic RNAs (see below).
Although the details of RNA replication and virus release are
different for other viruses, this scheme is representative of
the steps required for gene expression and RNA replication.

Following entry of the genome into the cell, the first
event in replication is the translation of the incoming
genomic RNA, which is a messenger, to produce proteins
required for synthesis of antigenomic copies, also called
minus strands, of the genomic RNA. Because the replica-
tion cycle begins by translating the RNA genome to
produce the enzymes for RNA synthesis, the naked RNA is
infectious, that is, introduction of the genomic RNA into a
susceptible cell will result in a complete infection cycle.
The antigenomic copy of the genome serves as a template
for the production of more plus-strand genomes. For some
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FIGURE 1.8 Replication of an enveloped, plus-strand RNA virus. After the virus attaches to a
cellular receptor, fusion of the virus envelope with the cell plasma membrane or with an endocytic
vesicle releases the nucleocapsid into the cytoplasm. The genome RNA is an mRNA, and is trans-
lated on cytoplasmic ribosomes into the proteins required for RNA synthesis. The synthetase
complex can both replicate the RNA to produce new genomes and synthesize viral subgenomic
mRNAs from a minus-strand copy of the genome. The viral structural proteins are then translated
from these subgenomic mRNAs. In the example shown, the capsid protein assembles with the
genome RNA to form a capsid, while the membrane glycoproteins are transported to the cell
plasma membrane. In the final maturation step the nucleocapsid buds out through areas of
modified membrane to release the enveloped particle. [Adapted from Mims et al. (1993, p. 2.3)
and Strauss and Strauss (1997, Fig. 2.2).]

plus-strand viruses, the genomic RNA is the only mRNA
produced, as illustrated schematically in Fig. 1.9A. It is
translated into a polyprotein, a long, multifunctional protein
that is cleaved by viral proteases, and sometimes also by
cellular proteases, to produce the final viral proteins. For
other plus-strand RNA viruses, one or more subgenomic
mRNAs are also produced from the antigenomic template
(Fig. 1.9B). For these viruses, the genomic RNA is trans-
lated into a polyprotein required for RNA replication (i.e.,
the synthesis of the antigenomic template and synthesis of
more genomic RNA) and for the synthesis of the subge-

nomic mRNAs. The subgenomic RNAs are translated into
the structural proteins required for assembly of progeny
virions. Some viruses, such as the coronaviruses (family
Coronaviridae), which produce multiple subgenomic
RNAs, also use subgenomic RNAs to produce nonstructural
proteins that are required for the virus replication cycle, but
that are not required for RNA synthesis. 

The replication of the genome and synthesis of subge-
nomic RNAs require recognition of promoters in the viral
RNAs by the viral RNA synthetase. This synthetase con-
tains several proteins encoded by the virus, one of which is
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FIGURE 1.9 Schematic of mRNA transcription and translation for the four major types of RNA viruses.

an RNA polymerase. Cellular proteins are also components
of the synthetase. 

All eukaryotic plus-strand RNA viruses replicate in the
cytoplasm. There is no known nuclear involvement in their
replication. In fact, where examined, plus-strand viruses
will even replicate in enucleated cells. However, it is known
that for many viruses, virus-encoded proteins are trans-
ported to the nucleus. These proteins may inhibit nuclear

functions. For example, a poliovirus protein cleaves tran-
scription factors in the nucleus.

Minus-Sense and Ambisense RNA Viruses

The ambisense RNA viruses and the minus-sense
viruses are closely related. One family, the Bunyaviridae,
even contains both types of viruses as members. The
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viral synthetase first synthesizes mRNAs, which are translated into the viral proteins required for syn-
thesis of full-length complementary RNAs (vcRNAs). These vcRNAs are the templates for minus-strand
genome RNA synthesis. Throughout replication minus-strand genomes and plus-strand vcRNAs are
present in nucleocapsids. Viral mRNAs are also translated into membrane glycoproteins that are trans-
ported to the cell plasma membrane (or in some cases specialized internal membranes). In the final
maturation step, the nucleocapsid buds out through areas of modified membrane to release the
enveloped particle. [Adapted from Strauss and Strauss (1997, Fig. 2.3).]

ambisense strategy is, in fact, a simple modification of the
minus-sense strategy, and these viruses are generally
lumped together as “negative-strand” or “minus-strand”
RNA viruses (Table 1.2).

A simple schematic of the replication of a minus-sense
or ambisense RNA virus is shown in Fig. 1.10. All of
these viruses are enveloped. After fusion of the virus enve-
lope with a host cell membrane (some enter at the plasma
membrane, some via the endosomal pathway), the virus

nucleocapsid enters the cytoplasm. The nucleocapsid is
helical (Chapter 2). It remains intact and the viral RNA is
never released from it. Because the viral genome cannot
be translated, the first event after entry of the nucleocapsid
must be the synthesis of mRNAs. Thus, the minus-sense
or ambisense strategy requires that the viral RNA syn-
thetase be incorporated into the virion if it is to be infec-
tious, and the naked RNA is not infectious if delivered
into a cell.
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Multiple mRNAs are synthesized by the enzymes present
in the nucleocapsid. Each mRNA is usually monocistronic
in the sense that it is translated into a single protein, not into
a polyprotein (illustrated schematically in Fig. 1.9C).
mRNAs are released from the nucleocapsid into the cyto-
plasm, where they are translated. The newly synthesized
proteins are required for the replication of the genome.

Replication of the RNA requires the production of a
complementary copy of the genome, as is the case for all
RNA viruses, but the antigenomic or vcRNA (for virion
complementary) is distinct from mRNA (Fig. 1.9C).
Although technically plus sense, it is not translated and is
always present in nucleocapsids with the associated RNA
synthetic machinery. Replication requires ongoing protein
synthesis to supply protein for encapsidation of the nascent
antigenomic RNA during its synthesis. In the absence of
such protein, the system defaults to the synthesis of
mRNAs. The antigenomic RNA in nucleocapsids can be
used as a template to synthesize genomic RNA, if proteins
for the encapsidation of the nascent genomic RNA are
available.

In the ambisense viruses, the antigenomic RNA can also
be used as a template for mRNA (Fig. 1.9D). Thus,
ambisense viruses modify the minus-sense strategy by syn-
thesizing mRNA from both the genome and the
antigenome. Neither the genome nor the antigenome serves
as mRNA. The effect is to delay the synthesis of mRNAs
that are made from the antigenomic RNA, and thus to intro-
duce a timing mechanism into the virus life cycle.

The mRNAs synthesized by minus-sense or ambisense
viruses differ in several key features from their templates.
First, the mRNAs lack the promoters required for encapsi-
dation or replication of the genome or antigenome. Thus,
they are not encapsidated and do not serve as templates
for the synthesis of minus strand. Second, as befits their
function as messengers, the mRNAs of most of these
viruses are capped and polyadenylated, whereas genomic
and antigenomic RNAs are not. Third, the mRNAs of the
viruses in the families Orthomyxoviridae, Arenaviridae,
and Bunyaviridae have 5′ extensions that are not present in
the genome or antigenome, which are obtained from cellu-
lar mRNAs. Fourth, although most minus-strand and
ambisense RNA viruses replicate in the cytoplasm,
influenza virus RNA replication occurs in the nucleus.
Thus, influenza RNAs have access to the splicing enzymes
of the host, and two of the mRNAs of influenza viruses
are exported in both an unspliced and a singly spliced
version.

Double-Stranded RNA Viruses

The Reoviridae, the best studied of the double-strand
RNA viruses, comprise a very large family of viruses that

infect vertebrates, insects, and plants (Table 1.2). The
genome consists of 10–12 pieces of double-strand RNA.
The incoming virus particle is only partially uncoated. This
partial uncoating activates an enzymatic activity within the
resulting subviral particle or core that synthesizes an
mRNA from each genome fragment. These mRNAs are
extruded from the subviral particle and translated by the
usual cellular machinery. Thus, the reoviruses share with
the minus-strand RNA viruses the attribute that the incom-
ing virus genome remains associated with virus proteins in
a core that has the virus enzymatic machinery required to
synthesize RNA, and the first step in replication, following
entry into a cell, is the synthesis of mRNAs.

The mRNAs also serve as intermediates in the replica-
tion of the viral genome and the formation of progeny
virions. After translation, the mRNAs become associated
with virus proteins. At some point, complexes are formed
that contain double-stranded forms of the mRNAs; in these
complexes, the 10–12 segments are found in equimolar
amounts. These complexes can mature into progeny virions.
In other words, mRNAs eventually form the plus strands of
the double-strand genome segments. 

Retroviruses

An overview of the replication cycle of a retrovirus is
shown in Fig. 1.11. The retroviruses are enveloped and
enter the cell by fusion, some at the plasma membrane,
some at an endosomal membrane. After entry, the first
event is the production of a double-strand DNA copy of the
RNA genome. This requires the activities of the enzymes
RT and RNase H, which are present in the virion. RT syn-
thesizes DNA from either a DNA or an RNA template.
RNase H degrades the RNA strand of a DNA–RNA hybrid
and is essential for reverse transcription of the genome. The
mechanism by which the genome is reverse transcribed is
complicated and is described in detail in Chapter 5. 

The double-strand DNA copy of the genome is trans-
ported to the nucleus, where it integrates into host DNA.
Integration is essentially random within the host genome
and requires a recombinational event that is catalyzed by
another protein present in the virus, called integrase. The
integrated DNA copy, called a provirus, is transcribed by
cellular RNA polymerases to produce an RNA that is iden-
tical to the viral genome. This RNA is exported to the cyto-
plasm either unspliced or as one or more spliced mRNAs. 

The genomic RNA is a messenger for the translation of a
series of polyproteins. These polyproteins contain the trans-
lation products of genes called gag, pro, and pol. Gag
(group-specific antigen) proteins form the capsid of the
virus. Pro is a protease that processes the polyprotein pre-
cursors. Pol contains RT, RNase H, and integrase. The three
genes are immediately adjacent in the genomic RNA, sepa-
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FIGURE 1.11 Replication of a retrovirus. After entering the cell, the retrovirus RNA genome
is reverse transcribed into double-stranded DNA by RT present in the virion. The DNA copy
migrates to the cell nucleus and integrates into the host genome as the “provirus.” Viral mRNAs
are transcribed from proviral DNA by host cell enzymes in the nucleus. Both spliced and
unspliced mRNAs are translated into viral proteins in the cytoplasm. The capsid precursor
protein, “Gag,” and RT are translated from full-length RNA. The glycoproteins are translated
from spliced mRNA and transported to the cell plasma membrane. Immature virions containing
Gag, RT, and the genome RNA assemble near the modified cell membrane. The final maturation
step involves proteolytic cleavage of Gag by the viral protease and budding to produce enveloped
particles. [Adapted from Fields et al. (1996, p. 1786) and Coffin et al. (1997, p. 8).]

rated by translation stop codons whose arrangement and
number depend on the virus. The arrangement of stop
codons is described in detail in Chapter 5, and the mecha-
nisms by which readthrough of stop codons occurs to
produce longer polyproteins are described below. A simple
diagram of one retrovirus arrangement is shown in
Fig. 1.12 as an example. In this example, the polyproteins
translated from the genomic RNA are Gag and Gag–
Pro–Pol. These two polyproteins assemble with two copies
of the virus genome to form the capsid of the virus, usually
at regions of the plasma membrane where virus glycopro-
teins are present. During and immediately after virus assem-

bly by budding, the viral protease cleaves Gag into several
components and also separates the enzymes. Cleavage is
essential for the assembled virion to be infectious. Thus,
current inhibitors of HIV target the protease of the virus as
well as the RT, both of which are required for replication,
but neither of which is present in the uninfected cell.

The simple retroviruses also produce one spliced mRNA,
which is translated into a precursor for the envelope glyco-
proteins. In some retroviruses, notably the lentiviruses, of
which HIV is a member, differential splicing can also lead
to the production of mRNAs for a number of regulatory
proteins.
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Hepadnaviruses

A schematic of the replication of an hepadnavirus is
shown in Fig. 1.13. Hepadnaviruses, which are enveloped,
have a life cycle that also involves alternation of the infor-
mation in the genome between DNA and RNA. The incom-
ing genome is circular, partially double-stranded DNA. The
genome is transported to the nucleus where it is converted
to a covalently closed, circular, double-strand DNA
(cccDNA). Unlike the retroviruses, the DNA does not inte-
grate into the host genome but persists in the nucleus as a
nonreplicating episome. It is transcribed by cellular RNA
polymerases, using several different promoters in the
cccDNA, to produce a series of RNAs. These RNAs are
exported to the cytoplasm where they serve as mRNAs.
One of these RNAs, called the pregenomic (pg) RNA, is
slightly longer than unit length and serves as a template for
reverse transcription into DNA. Reverse transcription is
performed by RT and RNase H that are translated from the
viral mRNAs. It occurs in a core particle assembled from
viral capsid proteins, the viral enzymes, and pgRNA.
Reverse transcription, described in detail in Chapter 5,
resembles that which occurs in the retroviruses, but differs
in details.

A complete minus-sense DNA is first synthesized by
reverse transcription. Second strand plus-sense DNA is then
initiated but only partially completed, so that the core con-
tains partially double-stranded, circular DNA (i.e., the
genome). The core with its DNA can proceed through one
of two pathways. Early in infection, newly assembled cores
may serve to amplify the cccDNA present in the nucleus.
These cores contain genomic DNA and are essentially
indistinguishable from cores that enter the cytoplasm upon
infection by a virion. Thus, their genomic DNA can be
transported to the nucleus and be converted into cccDNA.

Note that amplification of cccDNA occurs only through an
RNA intermediate, using the pathway just described; there
is no direct replication of the DNA in the nucleus. Later in
infection, the cores mature into virions by budding through
the endoplasmic reticulum. The switch to budding appears
to be driven by the presence of viral envelope proteins. 

Cellular Functions Required for Replication and
Expression of the Viral Genome

The relationship between a virus and its host is an inti-
mate one, shaped by a long evolutionary history. Viruses
have small genomes and cannot encode all the functions
required for successful replication, and have borrowed
many cellular proteins as components of their replication
machinery. The nature of the interactions between virus
proteins and cellular proteins is an important determinant
of the host range and pathology of a virus. 

All animal DNA viruses, with the exception of the
poxviruses, replicate in the nucleus. They make use of the
cellular machinery that exists there for the replication of
their DNA and the transcription of their mRNAs. Some
viruses use this machinery almost exclusively, whereas
others, particularly the larger ones, encode their own DNA or
RNA polymerases. However, almost all DNA viruses encode
at least a protein required for the recognition of the origin of
replication in their DNA. The interplay between the viral
proteins and the cellular proteins can affect the host range of
the virus. The monkey virus SV40 (family Polyomaviridae)
will replicate in monkey cells but not in mouse cells,
whereas the closely related mouse polyomavirus (also family
Polyomaviridae) will replicate in mouse cells but not in
monkey cells. The basis for the host restriction is an incom-
patibility between the DNA polymerase �-primase of the
nonpermissive host and the T antigen of the restricted virus.
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FIGURE 1.13 Simplified scheme of hepadnavirus replication. In the
virion, the partially double-stranded DNA genome consists of one full-
length minus-strand DNA, and a plus-strand DNA of variable length. After
the virus enters the cell, the genome is repaired to a closed circular coiled
form (cccDNA) in the nucleus. RNAs of several sizes, including prege-
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in the cytoplasm. The pgRNA is encapsidated, then reverse transcribed into
minus-strand DNA. The last step before budding into the endoplasmic
reticulum is the partial synthesis of plus-strand DNA. [Scheme derived
from Fields et al. (1996, p. 2709).]

T antigens are large multifunctional proteins, one of whose
functions is to bind to the origin of replication. The T anti-
gens of the viruses form a preinitiation complex on the viral
origin of replication, which then recruits the primase into the
complex. Because the preinitiation complex containing
SV40 T antigen cannot recruit the mouse primase to form an
initiation complex, SV40 DNA replication does not occur in
mouse cells. However, replication will occur in mouse cells
if they are transfected with the gene for monkey primase.
Similarly, monkey primase is not recruited into the complex
containing mouse polyoma virus T antigen and mouse
polyoma virus does not replicate in monkey cells.

In the case of RNA viruses, there is no preexisting cel-
lular machinery to replicate their RNA, and all RNA

viruses must encode at least an RNA-dependent RNA
polymerase. This RNA polymerase associates with other
viral and host proteins to form an RNA replicase
complex, which has the ability to recognize promoters in
the viral RNA as starting points for RNA synthesis. Early
studies on the RNA replicase of RNA phage Q� showed
that three cellular proteins were associated with the viral
RNA polymerase and were required for the replication of
Q� RNA. These three proteins, ribosomal protein S1 and
two translation elongation factors EF-Ts and EF-Tu, all
function in protein synthesis in the cell. The virus appro-
priates these three proteins in order to assemble an active
replicase complex. Recent studies on animal and plant
RNA viruses have shown that a variety of cellular pro-
teins also appear to be required for their transcription and
replication. One interesting finding is that the animal
equivalents of EF-Ts and EF-Tu are required for the
activity of the replicase of vesicular stomatitis virus. This
suggests that the association of these two translation
factors with viral RNA replicases is ancient. Several
other cellular proteins have also been found to be associ-
ated with viral RNA polymerases or with viral RNA
during replication, but evidence for their functional role
is incomplete.

Although our knowledge of the nature of host factors
involved in the replication of viral genomes and the inter-
play between virus-encoded and host cell proteins is
incomplete, it is clear that such factors can potentially limit
the host range of a virus. The restriction of SV40 in cells
that do not make a compatible primase was cited above. As
a second example, the replication of poliovirus in a
restricted set of cells in the gastrointestinal tract and its
profound tropism for neurons if it reaches the CNS was
also described earlier. These tropisms exhibited by
poliovirus do not correlate with the distribution of recep-
tors for the virus, and are a result of restrictions on growth
after entry of the virus. Thus in addition to a requirement
for a specific receptor for the virus to enter a cell, there
may be a need for specific host factors to permit replication
once a virus enters a cell. The permissivity of a cell for
virus replication after its entry, as well as the distribution
of receptors for a virus, are major determinants of viral
pathogenesis.

Translation and Processing of Viral Proteins

Viral mRNAs are translated by the cellular translation
machinery. Most mRNAs of animal viruses are capped
and polyadenylated. Thus, the translation pathways are the
same as those that operate with cellular mRNAs, although
many viruses interfere with the translation of host mRNAs
to give the viral mRNAs free access to the translation
machinery. However, there are mechanisms of translation
and processing used by some viruses that have no known
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FIGURE 1.14 Schematic diagram of the secondary structures in the 5′-nontranslated regions of encephalomyocarditis
virus (EMCV) and poliovirus (PV). The internal ribosome entry sites, or IRES elements, are shaded. There is an element at
the 3′ border of the IRES consisting of a pyrimidine-rich tract Yn, a spacer Xm (usually 15–20 nucleotides), and an AUG
codon. In the Type II IRES this AUG is the initiating codon, but in a Type I IRES a second codon, in this case 123
nucleotides further down, is used for initiation. Predicted hydrogen-bonded stem-loop structures within the IRES element
are labeled A through N for EMCV and I through VI for PV. [Adapted from Wimmer et al. (1993, p. 374).]

cellular counterpart. These appear to have evolved because
of the special problems faced by viruses, and are
described below.

Cap-Independent Translation of Viral mRNAs

A 5′-terminal cap on an mRNA is normally required for
its translation. A cellular cap-binding protein binds the cap
as part of the translation initiation pathway. The mRNA is

then scanned by the initiation complex, starting at the cap,
and translation begins at a downstream AUG start codon
that is present in a favorable context. However, some
viruses, such as poliovirus and hepatitis C virus (genus
Hepacivirus, family Flaviviridae), have uncapped mRNAs
and use another mechanism for the intiation of translation.
The 5′ nontranslated region of poliovirus RNA, illustrated
schematically in Fig. 1.14, is long—more than 700
nucleotides. Within this 5′ region is a sequence of about
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400 nucleotides called an IRES (Internal Ribosome Entry
Site). Ribosomes bind to the IRES and initiate translation in
a cap-independent fashion. It is known that the secondary
structure of the IRES is critical for its function and that the
position of the initiating AUG with respect to the IRES is
important. 

Interestingly, IRES elements may have entirely different
sequences in different viruses and, hence, different apparent
higher order structures. The IRES elements of poliovirus
and encephalomyocarditis virus (EMCV), both members of
the family Picornaviridae, are compared in Fig. 1.14, illus-
trating the difference in apparent structure. Yet they
promote internal initiation in a similar fashion, and the
IRES elements of poliovirus and EMCV can be exchanged
to yield a viable virus.

The IRES elements of viruses are always found within the
5′ nontranslated region. However, if an IRES is placed in the
middle of an mRNA, it will function to initiate translation.
True polycistronic mRNAs have been constructed by placing
multiple IRES elements into mRNAs, or by combining cap-
dependent translation of a 5′ gene with an IRES-dependent
translation of a 3′ gene. Since it is possible to construct poly-
cistronic mRNAs using IRES elements, it is somewhat puz-
zling that animal viruses have never used them to do so.

Using an IRES allows a virus to preferentially translate
viral mRNAs. Thus, for example, poliovirus blocks cap-
dependent translation after infection by cleaving the cellu-
lar cap-binding protein. By blocking cap-dependent
translation, host mRNAs cannot be translated, whereas viral
mRNAs are not affected. This reserves the translation
machinery for translation of viral mRNAs and also blocks
many host defense mechanisms (Chapter 8). 

Ribosomal Frameshifting

Retroviruses, most plus-strand RNA viruses, and
certain other viruses expand the range of polyproteins
produced by having long open reading frames (ORFs)
interrupted by stop codons. Termination of the polypro-
tein at the stop codon leads to production of a truncated
polyprotein having certain functions, whereas readthrough
leads to the production of a longer polyprotein with addi-
tional functions. This was illustrated in Fig. 1.12 for a
retrovirus. Two mechanisms are used by different viruses
to ignore the stop codon. The first is simply to read the
stop codon as sense. In this case the downstream
sequences are in the same reading frame as the upstream
sequences. The mechanism of readthrough is thought to
involve wobble in the third codon position that allows a
tRNA to bind to and insert an amino acid at the stop
codon position. Both amber (UAG) and opal (UGA)
codons have been found in different readthrough posi-
tions. Readthrough efficiency is variable, although usually
between 5 and 20%.

The second mechansim for ignoring the stop codon is
ribosomal frameshifting, in which the reading frame is
shifted into the plus 1 or minus 1 frame upstream of the
stop codon. In this case, the downstream sequences are in a
different reading frame from the upstream sequences.
Fig. 1.15 shows the -1 frameshifting that occurs between
the gag and pol genes of avian leukosis virus (ALV).
Frameshifting occurs at a precise sequence known as a
“slippery” sequence, shown in green. Slippery sequences
have short strings of the same nucleotide and are often rich
in A and U. For ALV, termination at the UAG indicated
with the asterisk produces a polyprotein that contains the
sequences for Gag and Pro. Frameshifting results in move-
ment into the -1 frame at this point so that the codon fol-
lowing UUA (leucine) becomes AUA (isoleucine) rather
than UAG (stop), and translation of the downstream gene
(pol) follows to produce the polyprotein Gag–Pro–Pol.

Frameshifting usually requires a structural feature, such
as a hairpin, downstream of the slippery sequence in order
to slow the ribosome at this point and allow more time for
the frameshifting to take place. The structure that is
required for frameshifting in a yeast RNA virus called L-A
is shown in Fig. 1.16. The sizable hairpin just downstream
of the slippery sequence is further stabilized by a pseudo-
knot. In this case the slippery sequence, in which
frameshifting takes place, occurs about 110 nucleotides
upstream of the stop codon for the upstream reading frame
(Gag protein reading frame). Thus, these 110 nucleotides
are translated in two different reading frames: the Gag
reading frame if frameshifting does not occur, or the Pol
reading frame if frameshifting does occur. The sequence
illustrated in the figure is the minimum sequence required
for frameshifting. It can be placed in the middle of an unre-
lated mRNA, and -1 frameshifting will occur.

The efficiency of frameshifting is variable and depends
on the frameshifting sequences. Thus, the efficiency of
frameshifting can be modulated by mutations in the virus.
For example, the frameshifting sequence in Fig. 1.16 results
in frameshifting about 2% of the time. Changing the slip-
pery sequence from GGGUUU to UUUUUU results in
frameshifting 12% of the time. Frameshifting efficiencies
of from 2% to more than 20% have been observed at differ-
ent frameshift sites in different viruses. 

Processing of Viral Polyproteins

Many viruses produce polyproteins, as described above.
These polyproteins are cleaved into individual proteins by
viral enzymes, with the exception of precursors to viral
envelope proteins, which have access to cellular enzymes
present in subcellular compartments. Thus, the use of viral
enzymes to process polyproteins may be due in part to a
lack of appropriate proteases in the cytoplasm of eukary-
otes. However, the use of a viral protease also allows the
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FIGURE 1.15 Proposed mechanism of the (–1) ribosomal frameshift that occurs in ALV. The slippery sequence is shown
in green. The asterisk identifies the UAG codon that terminates the upstream (Gag–Pro) ORF. Frameshifting is thought to
require a pseudoknot downstream of the “slippery sequence” (illustrated in Fig. 1.16). [Adapted from Fields et al. (1996, 
p. 577) and Goff (1997, p. 156).]
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FIGURE 1.16 The site in L-A RNA that promotes –1 ribosomal
frameshifting to form the Gag–Pol fusion protein. The pseudoknot makes
the ribosome pause over the slippery site (nt 1958–1964 shown in green).
The gag and pol ORFs overlap for 130 nucleotides, and in the absence of
frameshifting the Gag protein terminates at nt 2072. [Adapted from Fields
et al. (l996, p. 566).]

virus to fine-tune the processing events, and this control is
often used to regulate the viral replication cycle. 

The viral proteases are components of the translated
polyproteins. Some cleavages catalyzed by these proteases

can occur in cis, in a monomolecular reaction in which the
polyprotein cleaves itself. Other cleavages occur in trans,
whereby a polyprotein, or a cleaved product containing the
protease, cleaves another polyprotein in a bimolecular reac-
tion. In many cases the series of cleavages effected by a
protease proceeds in a defined manner and serves to regu-
late the virus life cycle. 

Four types of virus proteases have been found in differ-
ent viruses. Proteases related to the serine proteases of
animals are common in animal RNA viruses. The animal
serine proteases, of which chymotrypsin is a well-studied
example, have a catalytic triad composed of histidine,
aspartic acid, and serine, which form the active site of the
enzyme. Where structures have been determined, the viral
proteases possess a fold related to that of chymotrypsin and
possess an active site with geometry identical to that of
chymotrypsin. The structure of protease 3Cpro of a human
rhinovirus (family Picornaviridae) is shown in Fig. 1.17 as
an example (another example is shown in Chapter 2,
Fig. 2.15). Although most viral serine-type proteases have a
catalytic triad composed of histidine, aspartic acid, and
serine, the rhinovirus protease has an active site composed
of histidine, glutamic acid, which replaces aspartic acid,
and cysteine which replaces serine. The replacement of the
active site serine by cysteine causes problems with nomen-
clature. Here we use serine protease (or serine-type pro-
tease) to refer to a protease whose structure and active site
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FIGURE 1.17 Divergent structures of viral proteases. (A) Ribbon
diagram of human rhinovirus 3Cpro. The beta strands are shown in blue
and the helical secondary structure is shown in yellow. The side chains that
make up the catalytic triad are shown: Cys-146 (with the sulfur atom
shown in yellow), His-40, and Glu-71 (with the atoms of the charged car-
boxyl group shown in red). The N and C termini are indicated “N” and
“C,” respectively in red. [From Matthews et al. (1994) with permission.]
(B) Ribbon diagram of the papain-like protease of adenovirus complexed
with its 11-amino-acid cofactor (red arrow at bottom). The protein trace is
colored from N terminus to C terminus as the visible spectrum from red to
violet. The locations of the amino acids making up the catalytic triad (Cys-
122, His-54, and Glu-71) are indicated with dots. [From Ding et al. (1996),
with permission.] (C) The HIV protease, a dimer of identical subunits, is
shown complexed with a non-amino-acid inhibitor in the active site. One
monomer is colored from red to green (N terminus to C terminus) while
the second one is colored from green to dark blue. [Adapted from
Rutenber et al. (1993).]

geometry are related to those of the animal serine pro-
teases, rather than as a description of the catalytic amino
acid. These similarities in structure make it likely that the
viruses acquired the protease from a host and modeled it to
fit their own needs. 

A second group of proteases is related to the papain-like
enzymes of plants and animals. These proteases have a cat-
alytic dyad consisting of histidine and cysteine. A third
residue is sometimes considered a part of the active site (as
described below) and the active site is then referred to as a
catalytic triad. Model folding studies have suggested that
these viral papain-like proteases are related to the cellular
counterparts. Such proteases are found in many plus-strand
RNA viruses and in adenoviruses. The structure of the ade-
novirus papain-like protease is shown in Fig. 1.17B. Notice
that the structure of this enzyme is very different from the

serine-type protease of rhinoviruses in Fig. 1.17A, even
though the active site is composed of the same three
residues, Cys, His, and Glu. In addition, the sequence of
the active site residues in the linear amino acid sequence of
serine-type proteases is His, Glu, Cys, whereas the order is
Cys, His, Glu in the adenovirus protease and in papain
(where the active site contains Asn rather than Glu). 

A third type of protease, known to be present only in
hepatitis C virus, is a metalloprotease. A divalent cation is a
component of the active site of this enzyme.

The retroviruses encode a protease to process the Gag
and Gag-Pol polyproteins during virus maturation. The pro-
tease is related to the aspartate proteases of animals, which
include pepsin, renin, and cathepsin D. The structure of the
HIV protease is shown in Fig. 1.17C. The active site of
aspartate proteases consists of two asparate residues. In the
animal enzymes, the two asparate residues are present in a
single polypeptide chain that folds to bring the aspartate
residues together to form the active site. In HIV, the active
site is formed by dimerization of two Pro protein monomers
of about 100 residues, each of which contributes one of the
asparate residues to the active site.

Assembly of Progeny Virions

The last stage in the virus life cycle is the assembly of
progeny virions and their release from the infected cell. The
assembly of viruses will be discussed in Chapter 2, after
the structure of viruses is described.

EFFECTS OF VIRUS INFECTION 
ON THE HOST CELL

Cells can be described as permissive, semipermissive, or
nonpermissive for virus replication. Semipermissive or non-
permissive cells lack factors required for a complete replica-
tion cycle. The term nonpermissive usually refers to a cell in
which no progeny virus are produced. A cell may be nonper-
missive because it lacks receptors for the virus or because it
lacks factors required by the virus after entry. In the latter
case, an abortive infection may occur in which virus replica-
tion begins but does not result in the production of progeny
virus. The term semipermissive usually refers to a cell in
which a small yield of progeny virus may be produced.

Several types of viral infection cycle can be distin-
guished. The infection may be lytic, latent, persistent, or
chronic. In some cases, virus infection results in the trans-
formation of a cell. 

Lytic Infection or Latent Infection

In a lytic infection, the virus replicates to high titer, host
cell macromolecular synthesis is shut down, and the host
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cell dies. Bacterial cells are usually actively lysed by the
elaboration of a specific lysis product during bacteriophage
infection. Animal viruses, in contrast, usually cause cell
death by inducing apoptosis or programmed cell death.
Apoptosis is a suicide pathway in which the mitochrondria
cease to function, the cell destroys its DNA, and the cell
fragments into small vesicles (Chapter 8). Cell death may
also be due to necrosis, a generalized loss of cell integrity
caused by virus interference with activities necessary for
the upkeep of the cell. Membrane integrity is lost during
necrotic cell death and cytoplasmic contents leak out of the
cell. Apoptosis is a normal event in animals and does not
result in an inflammatory response. In contrast, necrosis
does result in an inflammatory response. 

During lytic infection, profound changes in the condi-
tion of the cell occur well before it dies and fragments.
These changes may result in alterations that are observable
in the light microscope, such as changes in the morphology
of the cell, the formation of vacuoles within the cell, or the
fusion of cells to form syncytia. Such changes are given the
name cytopathic effect, or CPE. CPE is often an early sign
that the cell is infected.

In latent infections, no virus replication occurs. The best
understood case of latent infection is that of temperate bac-
teriophage, which express genes that repress the replication
of the virus. Once the lysogenic state is established, in which
viral replication is repressed, it can persist indefinitely.
Among vertebrate viruses, many of the herpesviruses are
capable of latently infecting specialized cells that are non-
permissive or semipermissive for virus replication. As one
example, herpes simplex virus type 1 establishes a lifelong,
latent infection of neurons of the trigeminal ganglia. In this
case it is thought that latent state arises because the neuron
lacks cellular factors required for the transcription and repli-
cation of the viral DNA, rather than because of the produc-
tion of a herpes protein that suppresses replication.
Reactivation of the virus at times leads to active replication
of the virus in epithelial cells innervated by the infected
neuron, resulting in fever blisters usually at the lip margin.

Persistent versus Chronic Infection

Persistent infection and chronic infection are often used
interchangeably, but these two terms will be distinguished
here in order to describe two types of infections that persist
by different mechanisms. In what is here referred to as a
persistent infection, an infected cell lives and produces
progeny virus indefinitely. The retroviruses represent the
best studied case of persistent infection. During infection
by retroviruses, the DNA copy of the genome is integrated
into the host cell genome. Continual transcription of the
genome and assembly of progeny virus, which bud from the
cell surface, occur without apparent ill effects on the host
cell. The infected cell retains its normal functions and can

divide. However, although infection by most retroviruses
does not lead to cell death, active replication of HIV can
result in cell death. 

Chronic infection is a property of a group of cells or of
an organism in which lytic infection is established in many
cells, but many potentially susceptible cells escape the
infection at any particular time, for whatever reason. The
infection is not cleared and the continual appearance of sus-
ceptible cells in the population leads to the continued pres-
ence of replicating virus. One well-known example of a
chronic infection in humans is HIV, in which the infection
cannot be cleared by the immune system and virus contin-
ues to replicate. AIDS results when the immune system is
finally overwhelmed by the virus. Hepatitis B and hepatitis
C viruses are also well known for their ability to establish
chronic liver infections that can persist for life.

Transformation of Cells

The normal outcome of the infection of a cell by a virus
is the death of the cell and the release of progeny virus. The
major exceptions are the persistent infection of cells by
retroviruses and the latent infection of cells by viruses such
as herpesviruses, in which the cell survives with its proper-
ties little altered except for the new ability to produce virus.
However, another possible outcome is the transformation of
the cell, which involves not only the survival of the cell but
an alteration in its growth properties caused by deregula-
tion of the cell cycle. Transformed cells may be able to
induce the formation of a tumor if they are produced within
an animal or are injected into an animal after formation ex
vivo. Transformation of a cell needs to be distinguished
from tumorigenicity, the ability of the transformed cell to
cause a tumor. Transformed cells may fail to cause a tumor
because they are rejected by the host’s immune system or
because the transformed cells lack some properties required
for the growth of a tumor in an animal, in which case addi-
tional mutations may eventually allow tumors to form. 

The avian and mammalian sarcoma viruses, specialized
retroviruses that arise when a cellular oncogene is incorpo-
rated into the retroviral genome, can transform cells in
culture and cause tumors in animals. It was this feature that
led to their discovery in the first place and resulted in inten-
sive study of the retroviruses. Cellular oncogenes encode
proteins that regulate the cell cycle. They induce the cell to
enter S phase, in which DNA replication occurs, on receipt
of appropriate signals. Following infection by a sarcoma
virus and intergration of the provirus into the host genome,
the overexpression of the incorporated oncogene, or expres-
sion of a mutated oncogene that continuously induces the
cell to multiply, results in transformation of the infected
cell. The incorporation of cellular oncogenes into a retro-
virus is an accident that results from recombination of the
viral genome with a cellular mRNA encoding an oncogene.
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The oncogene replaces viral genes in the genome and
almost all sarcoma viruses are defective, unable to undergo
a complete replication cycle without a helper. In nature
sarcoma viruses are able to cause a tumor in the animal in
which they arise but are not passed on, and thus die out.
The subject of sarcoma viruses will be covered in more
detail in Chapter 5, after a discussion of the genome organi-
zation of retroviruses and the details of their replication. 

Many DNA viruses also encode proteins that are
capable of transforming cells. These viral oncogenes
induce cycling in infected cells, providing an environment
suitable for the replication of the viral DNA. Whereas the
cellular oncogenes present in sarcoma viruses serve no
function in viral replication, the viral oncogenes in DNA
viruses are essential for viral replication. If the cell is not
induced to enter S phase, the virus replicates poorly or not
at all. Infection of a cell by a DNA virus normally leads to
the death of the cell caused by replication of the virus.
Thus, although transformed, the infected cell does not
survive. However, if the virus is unable to undergo a com-
plete lytic cycle, either because it is defective or because
the cell infected is nonpermissive or semipermissive, the
cell may survive as a transformed cell if the early (trans-
forming) genes continue to be expressed. We return to the
subject of viral oncogenes in Chapter 6, because they are
an ingredient of the replication cycle of DNA viruses.

Transformation of cells is accompanied by a number of
phenotypic changes. Cells maintained in culture are nor-
mally derived from solid tissues and require anchorage to a
solid substrate as well as a supply of nutrients, including
growth factors, for growth. Transformed cells have a
decreased requirement for a solid substrate and may have lost
such a requirement entirely, and thus may grow in soft agar
or in liquid culture. They have decreased requirements for
growth factors and will continue to divide in medium with
lowered amounts of such factors. They grow to higher densi-
ties in culture than do normal cells, and tend to pile up in
multilayers on the surface of the culture dish (loss of contact
inhibition or density-dependent growth). Transformed cells
may be immortal and able to divide indefinitely in culture,
whereas normal cells stop dividing after a limited number of
divisions. Many of these changes in growth properties are
reflected in changes in their cytoskeleton, their metabolism,
and in their interactions with the extracellular matrix.

Lymphocytes, which do not require anchorage for growth,
can also be transformed by the appropriate viruses. They may
become immortal and able to divide indefinitely in culture. In
the animal this may lead to leukemias or lymphomas.

EPIDEMIOLOGY: THE SPREAD OF 
VIRUSES FROM PERSON TO PERSON

Viruses must be able to pass from one infected organism
to another. The spread of specific viruses will be consid-

ered together with their other attributes in the chapters that
follow, but it is useful to consider virus epidemiology in
overview at this point. The tissues infected by a virus and
the seriousness of the disease caused by it are attributes that
determine in part the mechanism of spread of a virus. Thus,
knowledge of the epidemiology of a virus is important for
understanding the biology of its replication and pathology. 

We can discriminate several general ways in which
animal viruses are spread: oral–fecal, airborne, blood-borne
(including viruses that are spread by blood-sucking arthro-
pods), sexual, and congenital. We can also distinguish
human viruses that have humans as their major or only host,
and viruses that are also associated with other animals.

Viruses spread by an oral-fecal route are disseminated by
ingestion of contaminated food or water. Infection begins in
the gut, and it may or may not spread to other organs. Many
of these viruses cause gastroenteritis. Virus is excreted in
feces or urine to continue the cycle. Such viruses are usually
fairly stable outside the organism because they may have to
persist in an infectious form for long periods of time before
being ingested by the next victim.

Airborne or respiratory viruses are spread when virus
present in the respiratory tract is expelled as aerosols or in
mucus. Infection begins when contaminated air is inhaled or
when virus present in mucosal secretions, for example on
doorknobs or on a companion’s hands, is contacted and the
virus is transferred to mucosal surfaces in the nose, mouth, or
eyes. These viruses are often unstable outside the body; spread
thus requires close person-to-person contact. Infection begins
on mucosal surfaces in the upper respiratory tract or the eye.
Many of these viruses are restricted to growth in the upper
respiratory tract, but some are able to spread to other organs.
Respiratory tract disease is caused by many of these viruses.

Blood-borne viruses establish a viremia in which infec-
tious virus circulates in the blood. Some are transmitted by
blood-sucking arthropods, which act as vectors, whereas
others are transmitted by exposure to contaminated blood or
other bodily fluids. Arboviruses (e.g., yellow fever virus,
genus Flavivirus, family Flaviviridae) can replicate in both
arthropods, such as ticks or mosquitoes, and in vertebrates.
The arthropod may become infected when it takes a blood
meal from a viremic vertebrate. After replication of the
virus in the arthropod, it can be transmitted to a vertebrate
when the arthropod takes another blood meal. Although
arboviruses tend to have broad host ranges, a virus is
usually maintained in only one or a few vertebrate hosts
and vectored by a limited set of arthropods. 

Therapeutic blood transfusion, use of hypodermic injec-
tions, and intravenous drug use are methods of spread of
many blood-borne viruses. HIV and hepatitis B (family
Hepadnaviridae) and C (genus Hepacivirus, family
Flaviviridae) viruses, for example, are commonly spread
among drug users through sharing of contaminated needles.
Transfusion with contaminated blood is still possible
despite diagnostic tests to identify infected blood products.
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In developed countries, the blood supply is screened for
HIV and hepatitis B and C viruses, as well as other viral
agents for which tests exist, but in developing countries
contaminated blood is often still a major problem. Blood-
borne viruses that are not arboviruses are often spread sex-
ually as well as by the methods above, but in some cases it
is not clear how the viruses were spread before the intro-
duction of blood transfusion and hypodermic needles.

Because of the need to establish a significant viremia,
which requires extensive viral production in organs that can
shed virus into the bloodstream, blood-borne viruses often
cause serious disease. Furthermore, because spread is
direct, these viruses need not be stable outside the body and
usually have a short half-life outside an organism.

Many viruses are transmitted by sexual contact. Virus
may be present in warts in the genital area (e.g., herpes
simplex virus type 2 and human papillomaviruses) or in
semen or vaginal secretions (e.g., HIV, hepatitis B virus).
Infection begins in the genital mucosa but may spread to
other organs. Because the opportunity for spread by sexual
contact is much more restricted than for spread by other
routes, viruses spread by sexual transmission almost invari-
ably set up long-term persistent infections that cause only
mild disease, at least early in infection. This allows the
virus to be disseminated over long periods of time.

Many viruses can be spread vertically. Congenital infec-
tion of the fetus in utero or during passage of the infant
through the birth canal occurs with viruses such as HIV,
cytomegalovirus (family Herpesviridae), and rubella virus
(genus Rubivirus, family Togaviridae). Vertical transmis-
sion can also occur shortly after birth, by breast feeding for
example. HTLV I (family Retroviridae), which causes
leukemia in humans, is such a virus.

Many of the viruses that cause human disease infect
only humans in nature, or are maintained only in humans
(e.g., all of the human herpesviruses, HIV, hepatitis B,
poliovirus). Thus, spread is from one person to another.
Many others are associated with wildlife and spread is
often from animal to man (e.g., most of the arboviruses,
rabies virus, the hantaviruses, and the arenaviruses). The
hantaviruses (family Bunyaviridae) and arenaviruses
(family Arenaviridae) are associated with small rodents,
in which they cause little disease. Humans, in which
these viruses cause serious illness, can become infected
by inhaling aerosols containing excreta from such
rodents (e.g., Lassa fever virus; Junin virus, the causative
agent of Argentine hemorrhagic fever; and Sin Nombre
virus, the causative agent of hantavirus pulmonary syn-
drome). Rabies virus (family Rhabdoviridae) is associ-
ated with unvaccinated domestic dogs and with many
species of wildlife, including foxes, coyotes, skunks,
racoons, and bats. It is spread by the bites of infected
animals. The virus is present in salivary fluid of the
infected animal, and the disease induces an infected

animal to become aggressive and bite potential hosts.
Interestingly, although many humans die worldwide of
rabies each year contracted from the bites of rabid
animals, human-to-human transmission does not occur.
Some recent human infections have been contracted from
wildlife only indirectly. Nipah virus (family
Paramyxoviridae) is associated with flying foxes, large
fruit-eating bats. The virus recently caused an epidemic
of disease in pigs in Malayasia and Singapore, and pig
farmers contracted the disease from the pigs. Before the
epidemic died out, 258 humans developed encephalitis,
of whom 40% died.
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INTRODUCTION

Virus particles, called virions, contain the viral genome
encapsidated in a protein coat. The function of the coat is to
protect the genome of the virus in the extracellular environ-
ment as well as to bind to a new host cell and introduce the
genome into it. Viral genomes are small and limited in their
coding capacity, which requires that three-dimensional
virions be formed using a limited number of different pro-
teins. For the smallest viruses, only one protein may be used
to construct the virion, whereas the largest viruses may use
30 or more proteins. To form a three-dimensional structure
using only a few proteins requires that the structure must be
regular, with each protein subunit occupying a position at
least approximately equivalent to that occupied by all other
proteins of its class in the final structure (the principle of
quasi-equivalence). Such a regular three-dimensional struc-
ture can be formed from repeating subunits using either
helical symmetry or icosahedral symmetry principles. In the
case of the smallest viruses, the final structure is simple and
quite regular. Larger viruses with more proteins at their dis-
posal can build more elaborate structures. Enveloped viruses
may be quite regular in construction or may have irregular
features, because the use of lipid envelopes allows some
irregularities in construction.

Selected families of vertebrate viruses are listed in Table
2.1 grouped by the morphologies of the virions. Also shown
for each family is the presence or absence of an envelope in
the virion, the triangulation number (defined below) if the
virus is icosahedral, the morphology of the nucleocapsid or
core, and figure numbers where the structures of members of
a family are illustrated. Electron micrographs of five DNA
viruses belonging to different families and of five RNA

viruses belonging to different families are shown in Fig. 2.1.
The viruses chosen represent viruses that are among the
largest known and the smallest known, and are all shown to
the same scale for comparison. For each virus, the top micro-
graph is of a virus that has been negatively stained, the
middle micrograph is of a section of infected cells, and the
bottom panel shows a schematic representation of the virus.
The structures of these and other viruses are described below.

HELICAL SYMMETRY

Helical viruses appear rod shaped in the electron micro-
scope. The rod can be flexible or stiff. The best studied
example of a simple helical virus is tobacco mosaic virus
(TMV). The TMV virion is a rigid rod 18 nm in diameter
and 300 nm long (Fig. 2.2B). It contains 2130 copies of a
single capsid protein of 17.5 kDa. In the right-hand helix,
each protein subunit has six nearest neighbors and each
subunit occupies a position equivalent to every other capsid
protein subunit in the resulting network (Fig. 2.2A), except
for those subunits at the very ends of the helix. Each capsid
molecule binds three nucleotides of RNA within a groove
in the protein. The helix has a pitch of 23 Å and there are
161/3 subunits per turn of the helix. The length of the TMV
virion (300 nm) is determined by the size of the RNA
(6.4 kb). 

Many viruses are constructed with helical symmetry and
often contain only one protein or a very few proteins. The
popularity of the helix may be due in part to the fact that
the length of the particle is not fixed and RNAs or DNAs of
different sizes can be readily accommodated. Thus the
genome size is not fixed, unlike that of icosahedral viruses.
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ICOSAHEDRAL SYMMETRY

Virions can be approximately spherical in shape, based
on icosahedral symmetry. Since the time of Euclid, there
have been known to exist only five regular solids in which
each face of the solid is a regular polygon: the tetrahedron,
the cube, the octahedron, the dodecahedron, and the icosa-
hedron. The icosahedron has 20 faces, each of which is a
regular triangle, and each face thus has threefold rotational
symmetry (Fig. 2.3A). There are 12 vertices where 5 faces
meet, and thus each vertex has fivefold rotational symme-
try. There are 30 edges in which 2 faces meet, and each
edge possesses twofold rotational symmetry. Thus the
icosahedron is characterized by twofold, threefold, and
fivefold symmetry axes. The dodecahedron, the next

simpler regular solid, has the same symmetry axes as the
icosahedron and is therefore isomorphous with it in sym-
metry: the dodecahedron has 12 faces which are regular
pentagons, 20 vertices where three faces meet, and 30
edges with twofold symmetry. The three remaining regular
solids have different symmetry axes. The vast majority of
regular viruses that appear spherical have icosahedral
symmetry.

In an icosahedron, the smallest number of subunits per-
missible to form the three-dimensional structure is 60 (5
subunits at each of the 12 vertices, or viewed slightly differ-
ently, 3 units on each of the 20 triangular faces). Some
viruses do in fact use 60 subunits, but most use more sub-
units in order to provide a larger shell capable of holding
more nucleic acid. The number of subunits in an icosahedral
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TABLE 2.1 Selected Vertebrate Virus Families by Morphology

Morphology of particle Enveloped Triangulation Morphology of Figure numbers
number nucleocapsid

Icosahedral

Adenoviridae No T = 25 Not applicable Figs. 2.1, 2.5, 2.12

Reoviridae No T = 13la Icosahedral Figs. 2.1, 2.5, 2.11

Papillomaviridae No P = 7da,b Not applicable Fig. 2.5

Polyomaviridae No P = 7da,b Not applicable Figs. 2.5, 2.9

Parvoviridae No T = 1 Not applicable Figs. 2.1, 2.5

Picornaviridae No P = 3b Not applicable Figs. 2.1, 2.5, 2.7, 2.8

Astroviridae No T = 3 Not applicable

Caliciviridae No T = 3 Not applicable

Herpesviridae Yes T = 16 Icosahedral Figs. 2.1, 2.5, 2.16

Togaviridae Yes T = 4 Icosahedral Figs. 2.5, 2.14, 2.15

Flaviviridae Yes T = 3 Icosahedral Fig. 2.5

Irregular

Poxviridae (ovoid) Yes Dumbbell Figs. 2.1, 2.20

Rhabdoviridae (bacilliform) Yes Coiled helix Figs. 2.1, 2.19

Spherical

Retroviridae Yes ? Icosahedral? Figs. 2.1, 2.17

Roundc

Coronaviridae Yes Helical or tubular

Paramyxoviridae Yes Helical Fig. 2.18

Orthomyxoviridae Yes Helical Figs. 2.1, 2.18

Bunyaviridae Yes Helical

Arenaviridae Yes Helical

Hepadnaviridae Yes T = 3 & 4 Icosahedral

Filamentousc

Filoviridae Yes Helical Fig. 2.19

aTwo mirror image structures can be formed using T = 13 or T = 7, a symmetry referred to as “d” or “I”.
bBecause the subunits are not exactly equivalent, Papillomaviridae, Polyomaviridae, and as well as poliovirus have “pseudo-triangulation numbers” so are
referred to as P = 7, P = 7, and P = 3 symmetries respectively.
cVirions are often pleiomorphic
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FIGURE 2.1 Relative size and shape of representative (A) DNA-containing and (B) RNA-containing viruses. In
each panel the top row shows negatively stained virus preparations, the second row shows thin sections of virus-
infected cells, and the bottom row illustrates schematic diagrams of the viruses. Magnification of the electron micro-
graphs is 50,000. [From Granoff and Webster (1999, Vol. 1, p. 401).]



structure is 60T, where the permissible values of T are given
by T = H2 + HK + K2, where H and K are integers, and T is
called the triangulation number. Permissible triangulation
numbers are 1, 3, 4, 7, 9, 12, 13, 16, and so forth. Note that
a subunit defined in this way is not necessarily formed by
one protein molecule, although in most cases this is how a
structural subunit is in fact formed. Some viruses that form
regular structures that are constructed using icosahedral
symmetry principles do not possess true icosahedral sym-

metry. In such cases they are said to have pseudo-triangula-
tion numbers. Examples are described below.

Structural studies of viruses have shown that the capsid
proteins that form the virions of many plant and animal
icosahedral viruses have a common fold. This fold, an
eight-stranded antiparallel � sandwich, is illustrated in
Fig. 2.3B. The presence of a common fold suggests that
these capsid proteins have a common origin even if no
sequence identity is detectable. The divergence in sequence
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FIGURE 2.2 Structure of TMV, a helical plant virus. (A) Schematic diagram of a TMV particle showing about 5%
of the total length. (B) Electron micrograph of negatively stained TMV rods. [From Murphy et al. (1995, p. 434).]
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FIGURE 2.3 A simple icosahedral virus. (A) Diagram of an icosahedral capsid made up of 60 identical copies of a
protein subunit, shown as blue trapezoids labeled “A.” The twofold, threefold, and fivefold axes of symmetry are shown
in yellow. This is the largest assembly in which every subunit is in an identical environment. (B) Schematic representa-
tion of the subunit building block found in many RNA viruses, known as the eight-stranded antiparallel � sandwich.
The � sheets, labeled B though I from the N terminus of the protein, are shown as yellow and red arrows; two possible
� helices joining these sheets are shown in green. Some proteins have insertions in the C–D, E–F, and G–H loops, but
insertions are uncommon at the narrow end of the wedge (at the fivefold axis). [From Plate 31 in color, Granoff and
Webster (1999, Vol. 3), contributed by Johnson (1996).]
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FIGURE 2.4 Structure of three vertebrate virus protein subunits that assemble into icosahedral shells. The N and C
termini are labeled with the residue number in parentheses. The � barrels are shown as red arrows, � helices are gray coils,
and the subunit regions involved in quasi-symmetric interactions that are critical for assembly are colored green. SV40 and
poliovirus have triangulation numbers of “pseudo-T = 7” or P = 7 and “pseudo-T = 3” or P = 3, respectively. [Adapted from
Plate 32, Granoff and Webster (1999, Vol. 3).]

while maintaining this basic fold is illustrated in Fig. 2.4,
where capsid proteins of three viruses are shown. SV40
(family Polyomaviridae), poliovirus (family Picornaviridae),
and bluetongue virus (family Reoviridae) are a DNA virus, a
single-strand RNA virus, and a double-strand RNA virus,
respectively. Their capsid proteins have insertions into the
basic eight-stranded antiparallel �-sandwich structure and
serve important functions in virus assembly. However, they
all possess a region exhibiting the common �-sandwich fold,
and may have originated from a common ancestral protein.
Thus, once a suitable capsid protein arose that could be used
to construct simple icosahedral particles, it may ultimately
have been acquired by many viruses. The viruses that
possess capsid proteins with this fold may be related by
descent from common ancestral viruses, or recombination
may have resulted in the incorporation of this successful
ancestral capsid protein into many lines of viruses. 

Because the size of the icosahedral shell is fixed by geo-
metric constraints, it is difficult for a change in the size of a
viral genome to occur. A change in size will require a
change in the triangulation number or changes in the
capsid proteins sufficient to produce a larger or smaller
internal volume. In either case, the changes in the capsid
proteins required are relatively slow to occur on an evolu-
tionary timescale and the size of an icosahedral virus is
“frozen” for long periods of evolutionary time. For this
reason, as well as for other reasons, most viruses have opti-
mized the information content in their genomes, as will be
clear when individual viruses are discussed in the follow-
ing chapters.

Comparison of Icosahedral Viruses

Cryoelectron microscopy has been used to determine
the structure of numerous icosahedral viruses to about 20- to

25-Å resolution. For this, a virus-containing solution on an
electron microscope grid is frozen very rapidly so that the
sample is embedded in amorphous frozen water. The sample
must be maintained at liquid nitrogen temperatures so that
ice crystals do not form and interfere with imaging.
Unstained, slightly out-of-focus images of the virus are cap-
tured on film using a low dose of electrons. These images are
digitized and the density measured. Mathematical algorithms
that take advantage of the symmetry of the particle are used
to reconstruct the structure of the particle.

A gallery of structures of viruses determined by cryoelec-
tron microscopy is shown in Fig. 2.5. All of the images are to
scale so that the relative sizes of the virions are apparent. The
largest particle is the nucleocapsid of herpes simplex virus,
which is 1250 Å in diameter and has T=16 symmetry (the
virion is enveloped but only the nucleocapsid is regular). The
rotavirus and reovirus virions are smaller and have T=13.
Human papillomavirus and mouse polyoma virus are pseudo-
T=7. Ross River virus (family Togaviridae) is enveloped but
has regular symmetry, with T=4. Several examples of viruses
with T=3 or pseudo-T=3 are shown (dengue 2, flock house,
rhino-, polio-, and cowpea mosaic viruses, of which dengue 2
is enveloped but regular and the rest are not enveloped). B19
parvovirus has T=1. The general correlation is that larger par-
ticles are constructed using higher triangulation numbers,
which allows the use of larger numbers of protein subunits.
Larger particles accommodate larger genomes.

Atomic Structure of T=3 Viruses

Because the simple viruses are regular structures, they
will often crystallize, and such crystals may be suitable
for X-ray diffraction. Several viruses formed using icosa-
hedral symmetry principles have now been solved to
atomic resolution. Among T=3 viruses, the structures of
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FIGURE 2.5 Gallery of three-dimensional reconstructions of icosahedral viruses from cryoelectron
micrographs. All virus structures are surface shaded and are viewed along a twofold axis of symmetry.
All of the images are of intact virus particles except for the herpes simplex structure, which is of the
nucleocapsid of the virus. [Most of the images are taken from Baker et al. (1999), except the images of
Ross River virus and of dengue virus, which were kindly provided by Drs. R. J. Kuhn and T. S. Baker.]

several plant viruses, including tomato bushy stunt virus
(TBSV), turnip crinkle virus (TCV), and Southern bean
mosaic virus (SBMV), which represent more than one
family, have been solved. All three of these viruses have
capsid proteins possessing the eight-stranded antiparallel
� sandwich. T=3 means that 180 identical molecules of

capsid protein are utilized to construct the shell. The
structures of two insect viruses have also been solved. The
T=3 capsid of the insect nodavirus, flock house virus, is
illustrated in Fig. 2.6. 

The 180 subunits in these T=3 structures interact with
one another in one of two different ways, such that the



protein shell can be thought of as being composed of an
assembly of 60 AB dimers and 30 CC dimers (Fig. 2.6A).
The bond angle between the two subunits of the dimer is
more acute in the AB dimers than in the CC dimers (Figs.
2.6B and C). For the plant viruses, there are N-terminal and
C-terminal extensions from the capsid proteins that are
involved in interactions between the subunits and with the
RNA. The N-terminal extensions have a positively charged,
disordered domain for interacting with and neutralizing the
charge on the RNA and a connecting arm that interacts with
other subunits. In the case of the CC dimers, the connecting
arms interdigitate with two others around the icosahedral
threefold axis to form an interconnected internal frame-
work. In the case of the AB conformational dimer, the arms
are disordered, allowing sharper curvature. For flock house
virus, the RNA plays a role in controlling the curvature of
the CC dimers, as illustrated in Fig. 2.6. 

Atomic Structure of Viruses Having 
Pseudo-T=3 Symmetry

The structures of several picornaviruses and of a plant
comovirus (cowpea mosaic virus) have also been solved to
atomic resolution. The structures of these viruses are similar
to those of the plant T=3 viruses, but the 180 subunits that
form the virion are not all identical. A comparison of the

structure of a T=3 virus with those of poliovirus and of
cowpea mosaic virus is shown in Fig. 2.7. Poliovirus has 60
copies of each of three different proteins, whereas the
comovirus has 60 copies of an L protein (each of which fills
the niche of two units) and 60 copies of an S protein. All three
poliovirus capsid proteins have the eight-stranded antiparallel
�-sandwich fold. In the comoviruses, the L protein has two �-
sandwich structures fused to form one large protein, and the S
protein is formed from one � sandwich. The structures of the
picornavirus and comovirus virions are called pseudo-T=3 or
P=3, since they are not true T=3 structures.

The picornavirus virion is 300 Å in diameter. The 60
molecules of each of the three different proteins have dif-
ferent roles in the final structure, as illustrated in Fig. 2.8, in
which the structure of a rhinovirus is shown. Notice that
five copies of VP1 are found at each fivefold axis (compare
Fig. 2.7 with Fig. 2.8). VP1, VP2, and VP3 are structurally
related to one another, as stated, all possessing the common
�-sandwich fold. There exists a depression around each
fivefold axis of rhinoviruses that has been termed a
“canyon.” This depression is believed to be the site at which
the virus interacts with the cellular receptor during entry,
as illustrated in Fig. 2.9. This interaction is thought to lead
to conformational changes that open a channel at the
fivefold axis, through which VP4 is extruded, followed by
the viral RNA.
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FIGURE 2.6 Diagrammatic representation of a T = 3 virus, flock house virus. The positions of the three
identical proteins that make up a triangular face are only quasi-equivalent. The angle between the A and B5
units (shown with an red oval and in diagram C) is more acute than that along the C–C2 edge, shown with a
blue oval, and diagram B. This difference in the angles is due to the presence of an RNA molecule located
under the C–C2 edge. [From Johnson (1996, Fig. 4).]
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FIGURE 2.8 Three-dimensional space-filling model of the human rhi-
novirus 14 virion, based on X-ray crystallographic data. VP1 is shown in
blue, VP2 in yellow-green, and VP3 in red. VP4 is interior and not visible
in this view. (This figure was kindly provided by Dr. Michael Rossmann.)

the 72 pentamers lie on the fivefold axes and the remaining
60 fill the intervening surface in a closely packed array
(Fig. 2.10). These latter pentamers are thus sixfold coordin-
ated and the proteins in the shell are not all in quasi-equiva-
lent positions, a surprising finding for our understanding of
the principles by which viruses can be constructed. The
pentamers are stabilized by interactions of the � sheets
between adjacent monomers in a pentamer (Fig. 2.10C).
The pentamers are then tied together by C-terminal arms
of VP1 that invade monomers in an adjacent pentamer
(Figs. 2.10B and C). Because each pentamer that is sixfold
coordinated has five C-terminal arms to interact with six
neighboring pentamers, the interactions between monomers
in different pentamers are not all identical (Fig. 2.10B).
Flexibility in the C-terminal arm allows it to form contacts
in different ways.

Atomic Structure of Bluetongue Virus

Members of the reovirus family are regular T=13 icosa-
hedral particles. They are composed of two or three concen-
tric protein shells. Cryoelectron microscopy has been used
to solve the structure of one or more members of three
genera within the Reoviridae, namely, Reovirus, Rotavirus,
and Orbivirus, to about 25-Å resolution. Structures of a
reovirus and of a rotavirus are shown in Fig. 2.5. The com-
plete structure of virions has not been determined because
of their large size, but in a remarkable feat the atomic struc-
ture of the core of bluetongue virus (genus Orbivirus) has
now been solved. This is the largest structure determined to
atomic resolution to date. Solution of the structure was pos-
sible because the virus particle had been solved to 25 Å by
cryoelectron microscopy, and the structure of a number of
virion proteins had been solved to atomic resolution. Fitting

FIGURE 2.7 Arrangement of the coat protein subunits of comoviruses compared with those of simple T = 3 viruses
and picornaviruses. In simple viruses, the asymmetric unit contains three copies of a single protein � sandwich, labeled
A, B, and C in order to distinguish them. In picornaviruses such as poliovirus the asymmetric unit is made up of three
similar but not identical proteins, all of which have the �-sandwich structure. In comoviruses such as cowpea mosaic
virus, two of the �-sandwich subunits are fused to give the L protein. [Adapted from Granoff and Webster (1999,
p. 287).]

Atomic Structure of Polyomaviruses

The structures of both mouse polyoma virus and of
SV40 virus, two members of the family Polyomaviridae,
have now been solved to atomic resolution. Both viruses
possess pseudo-T=7 icosahedral symmetry. Although T=7
symmetry would require 420 subunits, these viruses contain
only 360 copies of a major structural protein known as VP1.
These 360 copies are assembled as 72 pentamers. Twelve of
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the atomic structure of the proteins into the 25-Å structure
gave a preliminary reconstruction at high resolution, which
allowed the interpretation of the X-ray data to atomic
resolution.

Core particles are formed following infection, when the
outer layer is proteolytically cleaved (described in more
detail in Chapter 3). The structure of the inner surface of
the bluetongue virus core is shown in Fig. 2.11A and of the
outer surface in Fig. 2.11B. The outer surface is formed by
780 copies of a single protein, called VP7, in a regular
T=13 icosahedral lattice. The inner surface is surprising,
however. It is formed by 120 copies of a single protein,
called VP3. These 120 copies have been described as
forming a T=2 lattice. Because T=2 is not a permitted trian-
gulation number, these 120 copies, strictly speaking, form a
T=1 lattice in which each unit of the lattice is composed of
two copies of VP3. However, the interactions are not sym-
metrical, leading to the suggested terminology of T=2.

It has been suggested that the inner core furnishes a tem-
plate for the assembly of the T=13 outer surface. The rea-
soning is that a T=13 structure may have difficulty in
forming, whereas the T=2 (or T=1) structure could form
readily. In this model, the threefold symmetry axis of the

inner surface could serve to nucleate VP7 trimers and
organize the T=13 structure.

Structure of Adenoviruses

Cryoelectron microscopy has also been applied to
adenoviruses, which have a triangulation number of 25
or pseudo-25. Various interpretations of the structure
of adenoviruses, both schematic and as determined by
microscopy or crystallography, are shown in Fig. 2.12.
Three copies of a protein called the hexon protein, whose
structure has been solved to atomic resolution, associate to
form a structure called a hexon (Fig. 2.12C). The hexon is
the basic building block of adenoviruses. Five hexons,
called peripentonal hexons, surround each of the 12 vertices
of the icosahedron (which, as has been stated, have fivefold
rotational symmetry). Between the groups of peripentonal
hexons are found groups of 9 hexons, which are sixfold
coordinated. Each group of 9 hexons forms the surface of
one of the triangular faces. Thus, there are 60 peripentonal
hexons and 180 hexons in groups of nine.

The structure of the hexon trimer has been solved to
atomic resolution by X-ray crystallography (Fig. 2.12C).

FIGURE 2.9 Binding of the rhinovirus receptor, ICAM-1, to the “canyon” at a fivefold vertex of a virion of a major
group human rhinovirus. The colors of the three virion proteins are the same as those shown in the surface view in Fig.
2.8. The distal two domains of ICAM-1 are represented schematically as they were in Fig. 1.4. The amino-terminal
domains of the five VP3 molecules around the fivefold axis form a five-stranded � cylinder on the virion’s interior and
are thought to stabilize the pentamer. Below the canyon is the hydrophobic pocket where certain antiviral drugs (indi-
cated schematically in black) are known to bind. [Adapted from Kolatkar et al. (1999).]
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The hexon protein has two eight-strand � sandwiches to
give the trimer an approximately sixfold symmetry. There
are long loops that intertwine to form a triangular top.
These structures can be fitted uniquely into the envelope of
density determined by cryoelectron microscopy, which
produces a structure refined to atomic resolution for most

of the capsid. The minor proteins can be fitted into this
structure.

From the 12 vertices of the icosahedron project long
fibers. Each fiber terminates in a spherical extension that
forms an organ of attachment to a host cell (Fig. 2.12A).
The length of the fiber differs in the different adenoviruses.

FIGURE 2.10 Organization of the capsid of the polyomavirus SV40. (A) Arrangement of the strict pentamers (white) and
quasi-pentamers (colored) on the T = 7d icosahedral lattice. (B) Schematic showing the pattern of interchange of arms in the
virion. The central pentamer shares “arms” with six neighboring pentamers. (C) A single VP1 subunit, viewed normal to the
pentamer axis. The N-terminal domain is green, the C-terminal domain is yellow, and the � sandwich is shown as arrows of
blue and red. The central yellow C-terminal domain (outlined in black) comes from an adjacent pentamer and the � sheet out-
lined in black comes from the neighboring VP1 within the same pentamer. [From Stehle et al. (1996, Fig. 1) and Fields et al.
(1996, Colorplate 4).]
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FIGURE 2.11 The essential features of the orbivirus native core parti-
cle. The asymmetric unit is indicated by the white lines forming a triangle
and the fivefold, threefold, and twofold axes are marked. (A) The inner
capsid layer of the bluetongue virus (BTV) core is composed of 120 mole-
cules of VP3, arranged in what has been called T = 2 symmetry. Note the
green subunit A and the red subunit B, which fill the asymmetric unit.
(B) The core surface layer is composed of 780 copies of VP7 arranged as
260 trimers, with T = 13 symmetry. The asymmetric unit contains 13
copies of VP7, arranged as five trimers, labeled P, Q, R, S, and T, with
each trimer a different color. Trimer T in blue sits on the icosahedral three-
fold axis and thus contributes only a monomer to the asymmetric unit.
[From Plate 17, Granoff and Webster (1999).]

NONENVELOPED VIRUSES WITH MORE
COMPLICATED STRUCTURAL FEATURES

In addition to the nonenveloped viruses that possess rel-
atively straightforward icosahedral symmetry or helical
symmetry, many viruses possess more complicated symme-

tries made possible by the utilization of a large number of
structural proteins to form the virion. The tailed bacterio-
phages are prominent examples of this (Fig. 2.13). Some of
the tailed bacteriophages possess a head that is a regular
icosahedron (or, in at least one case, an octahedron) con-
nected to a tail that possesses helical symmetry. Other
appendages, such as baseplates, collars, and tail fibers, may
be connected to the tail. Other tailed bacteriophages have
heads that are assembled using more complicated patterns.
For example, the T-even bacteriophages have a large head,
which can be thought of as being formed of two hemi-
icosahedrons possessing regular icosahedral symmetry,
which are elongated in the form of a prolate ellipsoid by
subunits arranged in a regular net connecting the two icosa-
hedral ends of the head of the virus.

ENVELOPED VIRUSES

Many animal viruses and some plant viruses are
enveloped; that is, they have a lipid-containing envelope
surrounding a nucleocapsid. The lipids are derived from the
host cell. Although there is some selectivity and reorganiza-
tion of lipids during virus formation, the lipid composition
in general mirrors the composition of the cellular mem-
brane from which the envelope was derived. However, the
proteins in the nucleocapsid, which may possess either
helical or icosahedral symmetry, and the proteins in the
envelope are encoded in the virus. The protein–protein
interactions that are responsible for assembly of the mature
enveloped virions differ among the different families and
the structures of the resulting virions differ. The virions of
alphaviruses, and possibly of flaviviruses, are uniform
structures that possess icosahedral symmetry. Poxviruses,
rhabdoviruses, and retroviruses also appear to have a
regular structure, but there is flexibility in the composition
of the particle and the mature virions do not possess icosa-
hedral symmetry. The herpesvirus nucleocapsid is a regular
icosahedral structure (Fig. 2.5), but the enveloped her-
pesvirions possess irregularities. Other enveloped viruses
appear irregular, often pleiomorphic, and are heterogeneous
in composition to a greater or lesser extent. The structures
of different enveloped viruses that illustrate these various
points are described below. 

The Nucleocapsid

The nucleocapsids of enveloped RNA viruses are fairly
simple structures that contain only one major structural
protein, often referred to as the nucleocapsid protein. This
protein is usually quite basic or has a basic domain. It
binds to the viral RNA and encapsidates it to form the
nucleocapsid. For most RNA viruses, nucleocapsids can
be recognized as distinct structures within the infected
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FIGURE 2.12 Structure of adenovirus particles. (A) Schematic drawing of the outer shell of an adenovirus
(left), and a schematic cross section through an adenovirus particle, showing the locations of minor polypep-
tide components (right). The virus is composed of 60 peripentonal hexons at the bases of the fibers at the 5-
fold vertices, and groups of nine hexons, one on each triangular face of the icosahedron. (B) Cryoeletron
microscopic reconstruction of an adenovirus virion, viewed down the threefold axis. (C) Space-filling model of
the hexon trimer, with each subunit in a different color. The atomic structure of the hexon has been solved and
fitted into the cryoelectron microscopic reconstruction. The locations of the minor constitutents, indicated
schematically in (A), were deduced by subtraction. [(A) is from Fields et al. (1996, p. 80), (B) is from Stewart
et al. (1991), and (C) is from Athappilly et al. (1994).]

cell, and can be isolated from virions by treatment with
detergents that dissolve the envelope. The nucleocapsids
of alphaviruses, and probably flaviviruses and arteri-
viruses as well, are regular icosahedral structures, and
there are no other proteins within the nucleocapsid other
than the nucleocapsid protein. In contrast, the nucleocap-
sids of all minus-strand viruses are helical and contain, in
addition to the major nucleocapsid protein, two or more
minor proteins that possess enzymatic activity. As
described, the nucleocapsids of minus-strand RNA
viruses remain intact within the cell during the entire

infection cycle and serve as machines that make viral
RNA. The coronaviruses also have helical nucleocapsids,
but being plus-strand RNA viruses they do not need to
carry enzymes in the virion to initiate infection. The
helical nucleocapsids of RNA viruses appear disordered
within the envelope of all viruses except the rhabdo-
viruses, in which they are coiled in a regular fashion (see
below).

The nucleocapsids of retroviruses also appear to be
fairly simple structures. They are formed from one major
precursor protein, the Gag polyprotein, that is cleaved
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FIGURE 2.13 Morphology of some bacteriophages (members of the Caudovirales). (A) Enterobacteria phage T4, in
the family Myoviridae. The head is an elongated pentagonal structure. (B) Enterobacteria phage T7, a member of the
Podoviridae. (C) Enterobacteria phage �, a member of the Siphoviridae. All electron micrographs are stained with
uranyl acetate, and all bars shown are 100 nm. [Adapted from Murphy et al. (1995, pp. 51, 60, 55).]



46 Structure of Viruses

during maturation into four or five components. The pre-
cursor nucleocapsid is spherically symmetric but lacks
icosahedral symmetry, as does the mature nucleocapsid
produced by cleavage of Gag. The nucleocapsid also con-
tains minor proteins, produced by cleavage of Gag-pro-pol,
as described in Chapter 1. These minor proteins include the
protease, RT, RNase H, and integrase that are required to
cleave the polyprotein precursors, to make a cDNA copy of
the viral RNA, and to integrate this cDNA copy into the
host chromosome.

The two families of enveloped DNA viruses that we con-
sider here, the poxviruses and the herpesviruses, contain
large genomes and complicated virus structures. The nucle-
ocapsids of herpesviruses are regular icosahedrons but
those of poxviruses are complicated structures containing a
core and associated lateral bodies. 

Envelope Glycoproteins

The external proteins of enveloped virions are virus-
encoded proteins that are anchored in the lipid bilayer of the
virus or whose precursors are anchored in the lipid bilayer.
In the vast majority of cases these proteins are glycopro-
teins, although examples are known that do not contain
bound carbohydrate. These proteins are translated from
viral mRNAs and transported by the usual cellular
processes to reach the membrane at which budding will
occur. When budding is at the cell plasma membrane, the
glycoproteins are transported via the Golgi apparatus to the
cell surface. Some enveloped viruses mature at intracellular
membranes, and in these cases the glycoproteins are
directed to the appropriate place in the cell. Both Type I
integral membrane proteins, in which the N terminus of the
protein is outside the lipid bilayer and the C terminus is
inside the bilayer, and Type II integral membrane proteins,
which have the inverse orientation with the C terminus
outside, are known for different viruses.

Following synthesis of viral glycoproteins, during which
they are transported into the lomen of the endoplasmic
reticulum in an unfolded state, they must fold to assume
their proper conformation, and assume their proper oxida-
tion state by formation of the correct disulfide bonds. This
process often occurs very quickly, but for some viral glyco-
proteins it can take hours. Folding is often assisted by chap-
eronins present in the endoplasmic reticulum. It is believed
that at least one function of the carbohydrate chains
attached to the protein is to increase the solubility of the
unfolded glycoproteins in the lumen of the ER, so that they
do not aggregate prior to folding. During folding, the solu-
bility of the proteins is increased by hiding hydrophobic
domains within the interior of the protein and leaving
hydrophilic domains at the surface.

The glycoproteins possess a number of important func-
tions in addition to their structural functions. They carry the

attachment domains by which the virus binds to a suscept-
ible cell. This activity is thought to be related to the ability
of many viruses, nonenveloped as well as enveloped, to bind
to and agglutinate red blood cells, a process called hemag-
glutination. The protein possessing hemagglutinating activ-
ity is often called the hemagglutinin or HA. The viral
glycoproteins also possess a fusion activity that promotes
the fusion of the membrane of the virus with a membrane of
the cell. The protein possessing this activity is sometimes
called the fusion protein, or F. The glycoproteins, being
external on the virus, are also primary targets of the
humoral immune system, in which circulating antibodies
are directed against viruses; many of these are neutralizing
antibodies that inactivate the virus.

The glycoproteins of some enveloped viruses also
contain enzymatic activities. Many orthomyxoviruses and
paramyxoviruses possess a neuraminidase that will remove
sialic acid from glycoproteins. The primary receptor for
these viruses is sialic acid. The neuraminidase may allow
the virus to penetrate through mucus to reach a susceptible
cell. It also removes sialic acid from the viral glycoproteins,
so that these glycoproteins or the mature virions do not
aggregate, and from the surface of an infected cell, prevent-
ing virions from binding to it. The viral protein possessing
neuraminidase activity may be called NA, or in the case of
a protein that is both a neuraminidase and hemagglutinin,
HN.

The structure of most enveloped viruses is not as rigor-
ously constrained as that of icosahedral virus particles. The
glycoproteins are not required to form an impenetrable
shell, which is instead a function of the lipid bilayer. They
appear to tolerate mutations more readily than do proteins
that must form a tight icosahedral shell and appear to
evolve rapidly in response to immune pressure. However,
the integrity of the lipid bilayer is essential for virus
infectivity, and enveloped viruses are very sensitive to
detergents.

Other Structural Proteins in Enveloped Viruses

In some enveloped viruses, there is a structural protein
that underlies the lipid envelope but which does not form
part of the nucleocapsid. Several families of minus-strand
RNA viruses possess such a protein, called the matrix
protein. This protein may serve as an adapter between the
nucleocapsid and the envelope. It may also have regula-
tory functions in viral RNA replication. The her-
pesviruses also have a protein underlying the envelope
that is called the tegument protein. This protein forms a
thick layer, the tegument, between the nucleocapsid and
the envelope. The thickness of the tegument is not
uniform within a virion, giving rise to some irregularity
in its structure.
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FIGURE 2.14 Structure of Ross River virus reconstructed from cryo-
electron microscopy. (A) Cutaway view of the cryoelectron microscopic
reconstruction illustrating the multilayered structure of the virion.
Envelope glycoproteins are shown in blue, the lipid bilayer in green, the
ordered part of the nucleocapsid (Fig. 2.15) in yellow, and the remainder
of the nucleocapsid in orange. (B) The fit of the Sindbis capsid protein
C� trace (yellow), determined by X-ray diffraction (Fig. 2.15), into the
electron density of Ross River virus (blue) determined by cryoelectron
microscopy. [From Strauss et al. (1995, Fig. 4).]

Structure of Alphaviruses

The alphaviruses, a genus in the family Togaviridae, are
exceptional among enveloped RNA viruses in the regularity
of their virions, which are uniform icosahedral particles.
Virions of two alphaviruses have been crystallized, and the
crystals diffract to 30–40 Å. Higher resolution has been
obtained from cryoelectron microscopy, which has been
used to determine the structures of several alphaviruses to
9–25 Å (Fig. 2.5). 

A more detailed reconstruction of Ross River virus,
derived from a combination of cryoelectron microscopy of
the intact virion and X-ray crystallography of the virus
capsid protein, is shown in Fig. 2.14. The nucleocapsid has a
diameter of 400 Å, and is a regular icosahedron with T=4
symmetry. It is formed from 240 copies of a single species
of capsid protein of size 30 kDa. The structure of the the
capsid protein itself has been solved to atomic resolution by
conventional X-ray crystallography (Fig. 2.15). It has a
structure that is very different from the eightfold � sandwich
described above (compare Fig. 2.15 with Figs 2.3B and 2.4).
Instead, its fold resembles that of chymotrypsin, and it has
an active site that consists of a catalytic triad whose geome-
try is identical to that of chymotrypsin. The capsid protein is
an active protease that cleaves itself from a polyprotein pre-
cursor. The interactions between the capsid protein subunits
that lead to formation of the T=4 icosahedral lattice have
been deduced by fitting the electron density of the capsid
protein at 2.5-Å resolution into the electron density of the
nucleocapsid found by cryoelectron microscopy (Fig.
2.14B). The combined approaches of X-ray crystallography
and cryoelectron microscopy thus define the structure of the
shell of the nucleocapsid to atomic resolution.

The envelopes of alphaviruses contain 240 copies of
each of two virus-encoded glycoproteins. These two glyco-
proteins form a heterodimer and both span the lipid bilayer
as Type I integral membrane proteins (having a membrane-
spanning anchor at or near the C terminus). The C-terminal
cytoplasmic extension of one of the glycoproteins interacts
in a specific fashion with a nucleocapsid protein, and the
240 glycoprotein heterodimers form a T=4 icosahedral
lattice on the surface of the particle. Three glycoprotein het-
erodimers associate to form a trimeric structure called a
spike, easily seen in Figs. 2.5 and 2.14. The apex of the
spike contains the domains that attach to receptors on a sus-
ceptible cell. The structure of the virion is so ordered that it
can be thought of as being composed of a protein lattice in
which a lipid bilayer is embedded. 

Structure of Other Enveloped Viruses with
Icosahedral Nucleocapsids

The flaviviruses, like the alphaviruses, appear to be
regular icosahedral stuctures (Fig. 2.5). The arteriviruses

possess icosahedral nucleocapsids, but the mature virion
does not appear to be regular in structure. 

The herpesviruses are large DNA viruses that have a
T=16 icosahedral nucleocapsid (Fig. 2.5). A schematic
diagram of an intact herpesvirion is shown in Fig. 2.16A.
Underneath the envelope is a protein layer called the tegu-
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FIGURE 2.16 Two views of herpes simplex virus. (A) Cutaway schematic representation showing the
outer envelope with projecting spikes, the irregular inner margin of the envelope due to the tegument, and the
icosahedral core containing 162 capsomeres in a T = 16 arrangement. (B) Negatively stained electron micro-
graph of an intracellular particle without the outer envelope. One of the triangular faces of the icosahedron is
outlined in red in each case. [Adapted from Murphy et al. (1995, p. 114) and Dalton and Haguenau (1973,
p. 92), respectively.]

ment. The tegument does not have a uniform thickness, and
thus the virion is not uniform. An electron micrograph of a
negatively stained nucleocapsid is shown in Fig. 2.16B,
which can be compared with the cryoelectron microscopic
reconstruction in Fig. 2.5.

The retroviruses have a nucleocapsid that forms ini-
tially using spherical symmetry principles. Cleavage of

Gag during virus maturation results in a nucleocapsid that
is not icosahedral and that is often eccentrically located in
the virion. Figure 2.17A presents a schematic of a retro-
virus particle that illustrates the current model for the
location of the various proteins after cleavage of Gag and
Gag–Pol. Figures 2.17B and C show electron micrographs
of budding virus particles and of mature extracellular

FIGURE 2.15 Ribbon diagram of the X-ray crystallographic structure of the Sindbis virus capsid
protein, with � sheets represented by large arrows. Only the carboxy-terminal domain, which starts at
Arg-114, is ordered in crystals. The active site residues of the autoprotease, Ser-215, His-141, and
Asp-163, are shown in red. The carboxy-terminal Trp-264, which is the P1 residue of the cleavage
site, lies within the active site of the enzyme. The seven residues shown in yellow-green may interact
with the cytoplasmic domain of glycoprotein E2 during budding of the nucleocapsid. [From Strauss 
et al. (1995, Fig. 3).]
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FIGURE 2.17 Structure of retrovirus particles. (A) Schematic cross
section through a retrovirus particle. The lipid bilayer surrounds the particle
and has imbedded in it trimeric spikes composed of surface (SU) and trans-
membrane (TM) envelope proteins. The internal nonglycosylated proteins
are encoded by the gag gene and include NC, the nucleocapsid protein com-
plexed with the genomic RNA; CA, the major capsid protein; and MA, the
matrix protein that lines the inner surface of the membrane. Other compo-
nents include RT, the reverse transcriptase; IN, the integrase; and PR, the
protease. [Adapted from Coffin et al. (1997, p. 2).] (B) Electron micrographs
of mouse mammary tumor virus particles (betaretrovirus). Top: intracyto-
plasmic particles; middle: budding particles; bottom: mature extracytoplas-
mic particles. (C) Electron micrographs of murine leukemia virus particles
(gammaretrovirus). Top: budding particles; bottom: mature extracytoplasmic
particles. [Adapted from Coffin et al. (1997, p. 30).]

virions for two genera of retroviruses. Betaretrovirus parti-
cles usually mature by the formation of a nucleocapsid
within the cytoplasm that then buds through the plasma
membrane. This process is shown in Fig. 2.17B for mouse
mammary tumor virus. In the top micrograph in Fig.
2.17B, preassembled capsids are seen in the cytoplasm. In
the middle micrograph, budding of the capsid through the
plasma membrane is illustrated. In the bottom micrograph,
a mature virion with an eccentrically located capsid is
shown.

In gammaretroviruses, the capsid forms during budding,
and the nucleocapsid is round and centrally located in the
mature virion. This process is illustrated in Fig. 2.17C for
murine leukemia virus. The top micrograph shows a
budding particle with a partially assembled capsid. The
bottom micrograph shows a mature virion. 

In the lentiviruses, of which HIV is a member, the capsid
also forms as a distinct structure only during budding. After
cleavage of Gag, the capsid usually appears cone shaped or
bar shaped.

Mason–Pfizer monkey virus is a betaretrovirus whose
capsid is cone shaped and centrally located in the mature
virion. A single amino  acid change in the matrix protein
MA determines whether the capsid preassembles and then
buds, or whether the capsids assemble during budding.
Thus, the point at which capsids assemble does not reflect a
fundamental difference in retroviruses. Preassembly of
capsids or assembly during budding appears to depend on
the stability of the capsid in the cell. Stable capsids can pre-
assemble. Unstable capsids require interactions with other
viral components to form as a recognizable structure.

Enveloped Viruses with Helical Nucleocapsids

The coronaviruses and the minus-strand RNA viruses
have nucleocapsids with helical symmetry. The structures
of the mature virions are irregular, with the exception of the
rhabdoviruses, and the glycoprotein composition is not
invariant. Because of the lack of regularity in these viruses,
as well as the lack of symmetry, detailed structural studies
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FIGURE 2.18 Morphology of orthomyxoviruses and paramyxoviruses. (A) Schematic of the genome organization of
a paramyxovirus, Sendai virus. The names of the gene products and symbols to be used in the diagram below are indi-
cated. Also shown are the comparable gene products of influenza virus, an orthomyxovirus. (B) Schematic cutaway
view of an orthomyxovirus or paramyxovirus particle. The nucleocapsid consists of a helical structure made up of the
RNA complexed with many copies of the nucleocapsid protein. This internal structure also contains a few molecules of
the RNA polymerase L (or PB1, PB2, PA in influenza virus) and P (or NS1). The nucleocapsid is enveloped in a lipid
bilayer derived from the host cell in which are embedded two different glycoproteins, F and HN (or HA and NA in
influenza virus), and which is lined on the inner surface with the matrix protein M. (C) Electron micrograph of a nega-
tively stained Sendai virion, which was sufficiently permeabilized to reveal the helical nucleocapsid. (D) Electron
micrograph of negatively stained intact influenza virions. [Electron micrographs are from Dalton and Haguenau (1973,
p. 217) and Granoff and Webster (1999, p. 1136).]

of virions have not been possible. The lack of regularity
arises in part because in these viruses there is no direct
interaction between the nucleocapsid and the glycoproteins.
The lack of such interactions permits these viruses to form
pseudotypes, in which glycoproteins from other viruses
substitute for those of the virus in question. Pseudotypes
are also formed by retroviruses. 

The structure of orthomyxoviruses and paramyxoviruses
is illustrated schematically in Fig. 2.18. The helical nucleo-
capsids contain a major nucleocapsid protein called N or NP,
and the minor proteins P (NS1) and L (PB1, PB2, PA), as
shown. There is a matrix protein M (M1) lining the inside of
the lipid bilayer and also two glycoproteins anchored in the

bilayer that form external spikes. Electron micrographs of
virions are shown in Figs. 2.18C and D. The particles in the
preparations shown are round and reasonably uniform, but
in other preparations the virions are pleomorphic bag-like
structures that are not uniform in appearance. In fact, clini-
cal specimens of some orthomyxoviruses and paramyx-
oviruses are often filamentous rather than round, illustrating
the flexible nature of the structure of the virion. Notice that
the paramyxovirus particle in Fig. 2.18C has been pene-
trated by the strain, revealing the lack of higher order struc-
ture in the internal helical nucleocapsid.

The structures of rhabdoviruses and filoviruses are illus-
trated in Fig. 2.19. The rhabdoviruses assemble into bullet-
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shaped or bacilliform particles in which the helical nucleo-
capsid is wound in a regular elongated spiral conformation
(Figs. 2.19B and C). The virus encodes only five proteins
(Fig. 2.19A), all of which occur in the virion (Fig. 2.19B).
The nucleocapsid contains the major nucleocapsid protein
N and the two minor proteins L and NS. The matrix protein

M lines the inner surface of the envelope, and G is an
external glycoprotein that is anchored in the lipid bilayer of 
the envelope. Budding is from the plasma membrane 
(Fig. 2.19D).

The filoviruses are so named because the virion is
filamentous. A schematic diagram of a filovirus is shown in
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FIGURE 2.19 Morphology of the Rhabdoviridae and Filoviridae. (A) Genome organization of vesicular stomatitis
virus (VSV), a vesiculovirus, with the symbols for the various viral components shown below. (B) Cutaway diagram of
a VSV particle. (C) A negatively stained electron micrograph of VSV virions. (D) Surface replica of a chicken embryo
fibroblast infected with VSV. Note that the magnification is approximately 1/10 of that shown in (C). (E) Diagram of a
filovirus, using the same color code for the components. (F) Negatively stained preparation of Marburg virus. (G)
Filamentous forms of Ebola (Reston) virus. [(B) and (C) are adapted from Murphy et al. (1995, p. 275); (F) and (G)
From Murphy et al. (1995, p. 289); and (D) is from Birdwell and Strauss (1974).]
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FIGURE 2.20 Morphology of orthopox and parapox virions. (A, B) Diagrams of orthopox and parapox virions. At
the far left and right are shown the surfaces of the particles as they are isolated from infected cells, with the outer
tubules or the outer filament shown in turquoise. The inner parts of each diagram show the enveloped particle in cross
section illustrating the core membrane, the lateral bodies, and the nucleoprotein. [Adapted from Fenner and Nakano
(1988).] (C) Purified vaccinia virus negatively stained with phosphotungstate. Magnification is 120,000. [From Dalton
and Haguenau (1973, p. 111).] (D) Thin section of a particle in an agglutinated clump of vaccinia. L, lateral bodies; C,
core. The membrane is completely coated with antibody. [From Dalton and Haguenau (1973, p. 116).] (E) Outer
surface of nonenveloped parapox virus with a single long filament wound around the particle. [From Murphy et al.
(1995, p. 79).]

Fig. 2.19E, and electron micrographs of two filoviruses,
Marburg virus and Ebola virus, are shown in Figs. 2.19F
and G. Notice that in the electron microscope, filovirus
virions often take the shape of the number 6. 

Vaccinia Virus

The poxviruses, large DNA-containing viruses, also
have lipid envelopes. In fact, they may have two lipid-con-
taining envelopes. The structures of poxviruses belonging
to two different genera, Orthopox and Parapox, are illus-
trated in Fig. 2.20. Electron micrographs of the orthopox
virus vaccinia virus and of a parapox virus are also shown.

Vaccinia virus has been described as brick shaped. The
interior of the virion consists of a nucleoprotein core and two
proteinaceous lateral bodies. Surrounding these is a lipid-con-
taining surface membrane, outside of which are several virus-
encoded proteins present in structures referred to as tubules.

This particle is called an intracellular infectious virion. As its
name implies, it is present inside an infected cell, and if freed
from the cell it is infectious. A second form of the virion is
found outside the cell and is called an extracellular enveloped
virion. This second form has a second, external lipid-contain-
ing envelope with which are associated five additional vac-
cinia proteins. This form of the virion is also infectious.

Parapox virions are similiar to orthopox virions.
However, their morphology is detectably different, as illus-
trated in Fig. 2.20.

ASSEMBLY OF VIRIONS

Self Assembly

Virions self-assemble within the infected cell. In most
cases, assembly appears to begin with the interaction of one
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or more of the structural proteins with an encapsidation
signal in the viral genome, which ensures that viral
genomes are preferentially packaged. After initiation,
encapsidation continues by recruitment of additional struc-
tural protein molecules until the complete helix or icosahe-
dral structure has been assembled. Thus, packaging of the
viral genome is coincident with assembly of the virion, or
of the nucleocapsid in the case of enveloped viruses. The
requirement for a packaging signal may not be absolute. In
many viruses that contain an encapsidation signal, RNAs
or DNAs lacking such a signal may be encapsidated, but
with lower efficiency. For some viruses, there is no evi-
dence for an encapsidation signal. 

Assembly of the TMV rod (Fig. 2.2) has been well
studied. Several coat protein molecules, perhaps in the form
of a disk, bind to a specific nucleation site within TMV
RNA to initiate encapsidation. Once the nucleation event
occurs, additional protein subunits are recruited into the
structure and assembly proceeds in both directions until the
RNA is completely encapsidated. The length of the virion is
thus determined by the size of the RNA. 

The assembly of the icosahedral turnip crinkle virion has
also been well studied. Assembly of this T=3 structure is
initiated by formation of a stable complex that consists of
six capsid protein molecules bound to a specific encapsida-
tion signal in the viral RNA. Additional capsid protein
dimers are then recruited into the complex until the struc-
ture is complete.

It is probable that most other viruses assemble in a
manner similar to these two well-studied examples. At least
some viruses deviate from this model, however, and assem-
ble an empty particle into which the viral genome is later
recruited. It is also known that many viruses will assemble
empty particles if the structural proteins are expressed in
large amounts in the absence of viral genomes, even if
assembly is normally coincident with encapsidation of the
viral genome in infected cells.

Enveloped Viruses

The nucleocapsids of most enveloped viruses form
within the cell by pathways assumed to be similar to those
described above. They can often be isolated from infected
cells, and for many viruses the assembly of nucleocapsids
does not require viral budding or even the expression of
viral surface glycoproteins. After assembly, the nucleocap-
sids bud through a cellular membrane, which contains viral
glycoproteins, to acquire their envelope. Budding retro-
viruses were illustrated in Fig. 2.17 and budding rhab-
doviruses in Fig. 2.19. A gallery of budding viruses
belonging to other families is shown in Fig. 2.21. The mem-
brane chosen for budding depends on the virus and
depends, in part if not entirely, on the membrane to which
the viral glycoproteins are directed by signals within those

glycoproteins. Many viruses bud through the cell plasma
membrane (Figs. 2.21B–F); in polarized cells, only one side
of the cell may be used. Other viruses, such as the coron-
aviruses and the bunyaviruses, use the endoplasmic reticu-
lum or other internal membranes. The herpesviruses
replicate in the nucleus and the nucleocapsid assembles in
the nucleus; in this case, budding is through the nuclear
membrane (Fig. 2.21A).

Although the nucleocapsid of most enveloped viruses
assembles independently within the cell and then buds to
acquire an envelope, exceptions are known. The example of
retroviruses, some of which assemble a nucleocapsid during
virus budding, was discussed above. In these viruses, mor-
phogenesis is a coordinated event. 

The forces that result in virus budding are not well
understood for most enveloped viruses. In the case of the
alphaviruses, there is evidence for specific interactions
between the cytoplasmic domains of the glycoproteins and
binding sites on the nucleocapsid proteins. The model for
budding of these viruses is that the nucleocapsid first binds
to one or a few glycoprotein heterodimers at the plasma
membrane. By a process of lateral diffusion, additional gly-
coprotein heterodimers move in and are bound until a full
complement is achieved and the virus is now outside the
cell. Additional free energy for budding is furnished by
lateral interactions between the glycoproteins, which form a
contiguous layer on the surface (Fig. 2.14). This model
accounts for the regularity of the virion, the one-to-one
ratio of the structural proteins in the virion, and the require-
ment of the virus for its own glycoproteins in order to bud. 

In other enveloped viruses, however, there is little evi-
dence for nucleocapsid–glycoprotein interactions. The
protein composition of the virion is usually not fixed, but can
vary within limits. In fact, glycoproteins from unrelated
viruses can often be substituted. In the extreme case of retro-
viruses, noninfectious virus particles will form that are com-
pletely devoid of glycoprotein. The matrix proteins appear
to play a key role in the budding process, as do other
protein–protein interactions that are yet to be determined.

Maturation Cleavages in Viral Structural Proteins

For most animal viruses, there are one or more cleav-
ages in structural protein precursors during assembly of
virions that are required to activate the infectivity of the
virion. Interestingly, these cleavages may either stabilize or
destabilize the virion in the extracellular environment,
depending on the virus. Many of these cleavages are
effected by viral proteases, whereas others are performed
by cellular proteases present in subcellular organelles.
Virions are formed by the spontaneous assembly of compo-
nents in the infected cell, sometimes with the aid of assem-
bly factors (“scaffolds”) that do not form components of the
mature virion. For most nonenveloped viruses, complete
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FIGURE 2.21 Gallery of budding figures of viruses representing several different families.
(A) Thin section of a herpes simplex virion (Herpesviridae) in an infected Hep-2 cell. The particle is
apparently coated with an inner envelope and is in the process of acquiring its outer envelope from
the nuclear membrane. [From Roizman (1969).] (B) Row of SV5 virions (Paramyxoviridae)
budding from the surface of a monkey kidney cell. Cross sections of the nucelocapsid can be seen
within several of the particles. [From Compans et al. (1966).] (C) Influenza virions
(Orthomyxoviridae) budding at the surface of a chicken embryo fibroblast. There are distinct projec-
tions on the surface of the budding virions, but not on the adjacent membrane. [From Compans and
Dimmock (1969).] (D) Machupo virus (Arenaviridae) budding from a Raji cell. [From Murphy
et al. (1969).] (E) Sindbis virus (Togaviridae) budding from the plasma membrane of an infected
chicken cell. [From Strauss et al. (1995).] (F) Rubella virions (Togaviridae) budding from the
surface of a BHK cell. [From Higashi et al. (1976).]
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assembly occurs within the cell cytoplasm or nucleoplasm.
For enveloped viruses, final assembly of the virus occurs by
budding through a cellular membrane. In either case, the
virion must subsequently disassemble spontaneously on
infection of a new cell. The cleavages that occur during
assembly of the virus potentiate penetration of a susceptible
cell after binding of the virus to it, and the subsequent dis-
assembly of the virion on entry into the cell. A few exam-
ples will be described below that illustrate the range of
cleavage events that occurs in different virus families. 

In the picornaviruses, a provirion is first formed that is
composed of the viral RNA complexed with three viral pro-
teins, called VP0, VP1, and VP3. During maturation to form
the virion, VP0 is cleaved to VP2 and VP4. No protease has
been found that performs this cleavage, and it has been pos-
tulated that the virion RNA may catalyze it. Cleavage to
produce VP4, which is found within the interior of the
capsid shell, as illustrated schematically in Fig. 2.9, is
required for the virus to be infectious. As described in
Chapter 1, VP4 appears to be required for entry of the virus
into the cell. This maturation cleavage has another impor-
tant consequence. Whereas the provirion is quite unstable,
the mature virion is very stable. The poliovirus virion will
survive treatment with proteolytic enzymes and detergents,
and survives exposure to the acidic pH of less than 2 that is
present in the stomach. Only on binding to its receptor
(Figs. 1.4 and 2.9) is poliovirus destabilized such that VP4
can be released for entry into the host cell.

Similarly, the insect nodaviruses first assemble as a pro-
capsid containing the RNA and 180 copies of a single
protein species called �(44 kDa). Over a period of many
hours, spontaneous cleavage of � occurs to form �
(40 kDa) and �(4 kDa). This cleavage is required for the
particle to be infectious. These events in nodaviruses have
been well studied because it has been possible to assemble
particles in vitro, and the structures of both cleaved and
uncleaved particles have been solved to atomic resolution.

Rotaviruses, which form a genus in the family
Reoviridae, must be activated by cleavage with trypsin after
release from an infected cell in order to be infectious.
Trypsin is present in the gut, where the viruses replicate,
and activation occurs normally during the infection cycle
of the virus in animals. When the viruses are grown in cul-
tured cells, however, trypsin must be supplied exogenously. 

A different type of cleavage event occurs during assem-
bly of retroviruses and adenoviruses, as well as of a number
of other viruses. During assembly of retroviruses, the Gag
and Gag–Pol precursor polyproteins are incorporated,
together with the viral RNA, into a precursor nucleocapsid.
These polyproteins must be cleaved into several pieces by a
protease present in the polyprotein if the virus is to be
infectious. An analogous situation occurs in adenoviruses,
where a viral protease processes a protein precursor in the
core of the immature virion.

In most enveloped viruses, one of the envelope proteins is
produced as a precursor whose cleavage is required to acti-
vate the infectivity of the virus. This cleavage may occur
prior to budding, catalyzed by a host enzyme called furin, or
may occur after release of the virus, catalyzed by other host
enzymes. The example of the hemagglutinin of influenza
virus was described in Chapter 1. This protein is produced
as a precursor called HA0, which is cleaved to HA1 and HA2

(Fig. 1.5). Cleavage is required to potentiate the fusion activ-
ity present at the N terminus of HA2. As a second example,
alphaviruses produce two envelope glycoproteins that form a
heterodimer. One of the glycoproteins is produced as a pre-
cursor. The heterodimer containing the uncleaved precursor
is quite stable, so that a particle containing uncleaved het-
erodimer is not infectious. The cleaved heterodimer, which
is required for virus entry is much less stable and dissociates
readily during infection. Thus, in contrast to the poliovirus
maturation cleavage, the alphavirus cleavage makes the
virion less stable rather than more stable. Maturation
cleavages also occur in the envelope glycoproteins of retro-
viruses, paramyxoviruses, flaviviruses, and coronaviruses.

Neutralization of Charge on the Virion Genome

DNA or RNA has a high net negative charge, and there is
a need for counterions to neutralize this charge in order to
form a virion. In many viruses, positively charged polymers
are incorporated that neutralize half or so of the nucleic acid
charge. The DNA in the virions of the polyomaviruses is
complexed with cellular histones. The viral genomes in
these viruses have been referred to as minichromosomes. In
contrast, the adenoviruses encode their own basic proteins
that complex with the genome in the core of the virion.
Another strategy is used by the herpesviruses, which incor-
porate polyamines into the virion. Herpes simplex virus has
been estimated to incorporate 70,000 molecules of spermi-
dine and 40,000 molecules of spermine, which would be
sufficient to neutralize about 40% of the DNA charge.
Among RNA viruses, the nucleocapsid proteins are often
quite basic and neutralize part of the charge on the RNA. As
one example, the N-terminal 110 amino acids of the capsid
protein of Sindbis virus have a net positive charge of 29. The
positive charges within this domain of the 240 capsid pro-
teins in a nucleocapsid would be sufficient to neutralize
about 60% of the charge on the RNA genome. This charged
domain is thought to penetrate into the interior of the nucle-
ocapsid and complex with the viral RNA.

STABILITY OF VIRIONS

Virions differ greatly in stability, and these differences
are often correlated with the means by which viruses infect
new hosts. Viruses that must persist in the extracellular
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environment for considerable periods, for example, must be
more stable than viruses that pass quickly from one host to
the next. As an example of such requirements, consider the
closely related polioviruses and rhinoviruses, members of
two different genera of the family Picornaviridae. These
viruses shared a common ancestor in the not too distant past
and have structures that are very similar. The polioviruses
are spread by an oral–fecal route and have the ability to
persist in a hostile extracellular environment for some time
where they may contaminate drinking water or food.
Furthermore, they must pass through the stomach, where
the pH is less than 2, to reach the intestinal tract where they
begin the infection cycle. It is not surprising, therefore, that
the poliovirion is stable to storage and to treatments such as
exposure to mild detergents or to pH < 2. In contrast, rhi-
noviruses are spread by aerosols or contaminated mucus,
and spread normally requires close contact. The rhinovirion
is less stable than the poliovirion. It survives for only a
limited period of time in the external environment and is
sensitive to treatment with detergents or exposure to pH 3.
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INTRODUCTION

The plus-strand RNA [(+)RNA] viruses comprise a very
large group of viruses belonging to many families. Among
these are viruses that cause epidemic disease in humans,
including encephalitis, hepatitis, polyarthritis, yellow fever,
dengue fever, poliomyelitis, and the common cold. The
number of cases of human disease caused by these viruses
each year is enormous. As examples, dengue fever afflicts
more than 100 million people each year; most humans
suffer at least one rhinovirus-induced cold each year, with
the cases therefore numbering in the billions; and most
humans during their lifetime will suffer several episodes of
gastroenteritis caused by astroviruses or caliciviruses. In
terms of frequency and severity of illness, the (+)RNA
viruses contain many serious human pathogens, and we will
begin our description of viruses with this group. 

The human (+)RNA viruses belong to six families
(Table 3.1). These six families also contain numerous non-
human viruses, of which many are important pathogens of
domestic animals. Large numbers of (+)RNA viruses that
infect plants are also known; in fact, most plant viruses
contain (+)RNA genomes. The plant viruses, however,
belong to different families and are currently classified by
the International Committee on Taxonomy of Viruses
(ICTV) into six families plus many unassigned genera.
Because of their importance as disease agents of domestic
crops, much is known about these viruses. Other families of
(+)RNA viruses include a family of bacterial viruses and
two families of insect viruses (the nodaviruses, in particu-
lar, have been intensively studied). Thus, the (+)RNA
viruses have evolved into many distinctly different families
and must have arisen long ago. In this chapter, the six fami-
lies of viruses that include human viruses as members are
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TABLE 3.1 Families of Plus-Strand RNA Viruses That Contain Human Pathogens

Family Size of genome Other vertebrate Representative human pathogensa

(nucleotides) hosts

Picornaviridae ~7500 Cattle, monkeys, mice Poliovirus, human rhinovirus, hepatitis A virus

Caliciviridae ~7500 Rabbits, swine, cats Norwalk virusb

Astroviridae 6800–7900 Cattle, ducks, sheep, swine Human astrovirus

Togaviridae ~11,600 Mammals, birds, horses Ross River virus,

WEE, VEE, EEE, Mayaro, rubella

Flaviviridae 9500–12,500 Swine, cattle, primates, birds Dengue, yellow fever, JE, MVE, TBE, hepatitis C
Coronaviridae 20,000–30,000 Mice, birds, swine, cattle Human coronavirus

aAbbreviations: WEE, VEE, EEE, Western, Venezuelan, Eastern equine encephalitis viruses, respectively; JE, Japanese encephalitis virus; MVE, Murray
Valley encephalitis virus; TBE, tick-borne encephalitis virus.
bHepatitis E virus was formerly classified as a member of Caliciviridae, on the basis of genome size and morphology of particle, but is currently
unassigned as to family, and belongs to the floating genus “hepatitis E-like” viruses.
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TABLE 3.2 Picornaviridae

Genus/members Virus name Usual Transmission Disease World
abbreviationa host(s) distribution

Enterovirus

Poliovirus (3) PV Humans Oral/fecal, contact Paralysis, Originally worldwide,
aseptic meningitis extirpated in Americas

Echovirus (29) Humans Oral/fecal, contact Aseptic meningitis, Worldwide
paralysis, encephalitis

Coxsackie (23A and 6B) Humans Oral/fecal, contact Common cold, Worldwide
myocarditis

Enterovirus Humans, cattle, Oral/fecal, contact Aseptic meningitis, Worldwide
(4 human, 30 other) monkeys, swine conjunctivitis (type 70)

Parechovirus

Human parechovirus HPeV Humans Oral/fecal Gastroenteritis Worldwide

(formerly echovirus 22)

Rhinovirus

Human rhinoviruses HRV-A, HRV-B Humans Aerosols, contact Common cold Worldwide
(>100 serotypes)

Aphthovirus

Foot-and-mouth disease FMDV Cattle, swine Oral/fecal, contact Lesions on Worldwide (except U.S.)
mouth and feet

Cardiovirus

Encephalomyocarditis EMCV Mice Oral/fecal, contact Encephalitis, Worldwide
myocarditis

Kobuvirus

Aichi AiV Humans Oral/fecal Gastroenteritis Isolated in Japan (oysters)

Hepatovirus

Hepatitis A HAV Humans Oral/fecal Hepatitis Endemic worldwide

Teschovirus

Porcine teschovirus PTV Swine Oral/fecal Paralysis, porcine Britain, Central and 
(formerly porcine  encephalomyelitis Eastern Europe
enterovirus 1 or PEV-1)

Erbovirus

Equine rhinotracheitis B ERBV Horses ? ? ?

aStandard abbreviations are given for either the virus listed (such as poliovirus) or for the type member of the genus.

considered, followed by a brief discussion of the relation-
ships of these viruses to the plant viruses and what this
means in terms of virus evolution.

Viruses that contain double-stranded (ds) RNA as their
genome will also be considered in this chapter. Although
several families of dsRNA viruses are known, only the
Reoviridae contain members that infect humans and cause
human disease. Of the diseases caused by viruses in this
family, gastroenteritis induced by rotaviral infection is the
most widespread and significant. Infection by rotaviruses
results in more than 1 billion cases of human gastroenteritis
yearly with 1 million or more deaths, particularly of chil-
dren in developing countries. 

FAMILY PICORNAVIRIDAE

The picornaviruses are so named because they are small
(pico = small), RNA-containing viruses. Nine genera of
picornaviruses, five of which contain human pathogens, are
currently recognized (Table 3.2), and more will probably be
recognized as new viruses are isolated and described. A
dendrogram that illustrates the relationship of seven genera
to one another, as well as the relationships of a number of
viruses within the various genera, is shown in Fig 3.1. This
dendrogram makes clear that all picornaviruses are closely
related. They share significant nucleotide and amino acid
sequence identity and form a well-defined taxon. 
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FIGURE 3.1 Relationships between 17 representative picornaviruses. The viruses shown have been classified into six
recognized genera, and one provisional genus, Kobuvirus. Comparable data are not available for members of the two
other provisional genera, Teschovirus and Erbovirus; therefore, these genera are not included in the tree. The tree was
generated from the amino acid sequences of the 3Dpol proteins. [Adapted from Yamashita et al. (1998).]

As described in Chapter 2, the structures of several
picornaviruses have been solved to atomic resolution by X-
ray crystallography. The picornavirus virion is composed of
60 copies of each of four different proteins (called VP1–4)
that form an icosahedral shell having T=3 symmetry (or
pseudo-T=3) and a diameter of approximately 30 nm (see
Figs. 2.1, 2.5, 2.7 and 2.8). 

Organization and Expression of the Genome

The structure of the genome of poliovirus and compari-
son of it with the genomes of the other genera are shown in
Fig. 3.2. The picornaviral genome is a single RNA mole-
cule of about 8 kb. It contains one open reading frame
(ORF) and is translated into one long polyprotein. This
polyprotein is cleaved by two virus-encoded proteinases to
form more than 25 different polypeptides, including pro-
cessing intermediates (not all of which are shown in the
figure) as well as final cleavage products. The ORF in the
genome contains three regions, called 1 (the 5′ region), 2
(the middle region), and 3 (the 3′ region). Region 1 encodes
the structural proteins and regions 2 and 3 encode proteins
required for RNA replication. The genome organization of
all picornaviruses is similar, but each genus differs in
important details. For example, the aphthoviruses and the

cardioviruses have a poly(C) tract near the 5′ end of the
RNA that is important for virus replication. These two
genera also have a leader polypeptide that precedes the
structural protein region. The aphthovirus leader peptide is
a papain-like protease that cleaves itself off the polyprotein
and has a role in the shutoff of cellular protein synthesis.
The function of the cardiovirus leader is not known.
Hepatitis A virus, Aichi virus, and echovirus 22, representa-
tives of three other genera, also have leaders.

The picornaviral genome has a small protein, VPg, cova-
lently bound to the 5′ end, which is the primer for initiation
of RNA synthesis. VPg is normally removed from RNA
that serves as mRNA by a cellular enzyme, but its removal
is not required for its translation. The 3′ end of the RNA is
polyadenylated. As described in Chapter 1, the 5′ nontrans-
lated region of a picornaviral RNA possesses an IRES
(internal ribosome entry site) and the RNA is translated by
a cap-independent mechanism. The translation of picor-
naviral RNA is greatly favored in the infected cell because
picornaviruses interfere with host cell macromolecular syn-
thesis and, in particular, interfere with host protein synthe-
sis. Infection with entero-, rhino-, and aphthoviruses leads
to proteolytic cleavage of cap-binding protein by 2Apro

(entero- and rhinoviruses) or the leader protease (aph-
thoviruses), which results in inhibition of the translation of
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FIGURE 3.2 (A) Genome organization of poliovirus showing the proteolytic processing steps. Both the 3Cpro and
2Apro proteases are “serine-like proteases” with cysteine in the catalytic site. (B) Comparative genome organizations of
representatives of seven of the nine genera of Picornaviridae. [Adapted from Murphy et al. (1995, p. 300) and
Yamashita et al. (1998).]

RNAs that require the cap-binding protein complex, that is,
capped cellular mRNAs. The cardioviruses, which are also
cap-independent, interfere with translation of host mRNAs
in a different way, by interfering with phosphorylation of
cap-binding protein. Poliovirus may also interfere with
other initiation factors in addition to the cap-binding

protein in order to achieve the profound inhibition of host
protein synthesis that is observed. 

The viral 3Cpro and its precursor 3CDpro make multiple
cleavages in the polyprotein translated from the genome, as
illustrated for poliovirus in Fig. 3.2. Some cleavages occur
in cis and some in trans. The crystal structures of 3Cpro of
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poliovirus and of a rhinovirus have been solved to atomic
resolution, and their core structure resembles that of chy-
motrypsin (Fig. 1.17). The catalytic center has the same
geometry as that of chymotrypsin, but in 3Cpro the catalytic
serine has been replaced by cysteine. Moreover, in many,
but not all, picornaviruses the aspartic acid in the catalytic
triad has been replaced by glutamic acid. Thus 3Cpro is
related to cellular serine proteases and may have originated
by the capture of a cellular serine protease during
evolution. 

Poliovirus possesses a second protease, 2Apro. 2Apro, like
3Cpro, is thought to be a serine protease in which the active
site serine has been replaced by cysteine. 2Apro catalyzes
one essential cleavage in the polyprotein, that between P1
and P2. This cleavage occurs in cis. 2Apro also cleaves the
cellular translation initiation factor eIF-4G, which results in
the shutoff of cellular protein synthesis. The proteolytic
activity of 2Apro is also required for other functions during
poliovirus replication, the nature of which have not been
established. An interesting experiment is illustrated in 
Fig. 3.3 because it illustrates the power of molecular genet-
ics and the tricks that modern virologists can play with

viruses. This experiment will serve as a prelude to the dis-
cussion of the uses of viruses as vectors in Chapter 9. A
poliovirus was constructed in which a stop codon was
placed after the structural protein domain (region 1), so that
2Apro was not needed to remove P1 from the polyprotein
precursor. The stop codon was followed by an IRES and a
new AUG start codon, so that P2A and the rest of the
genome could be translated from the polycistronic RNA.
This virus was viable. However, when the 2A proteinase
was inactivated by changing the active site cysteine, the
resulting virus was dead, showing that the proteolytic activ-
ity of P2A is required not only to separate regions 1 and 2
of the polyprotein but also for other function(s). 

Protein 2A of rhinoviruses is also a protease. The crystal
structure of protein 2A of human rhinovirus type 2 reveals
that this protease is unrelated to 2Apro of polioviruses,
however. Thus, these two proteases in closely related viruses
have different origins, and the viruses have solved the
problem of how to separate regions 1 and 2 in the polypro-
tein in different ways. Still another solution to this problem
has been adopted by the cardio- and aphthoviruses. Protein
2A is not a protease in these viruses. Indeed, 2A is only 18
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FIGURE 3.3 Diagrammatic illustration of constructs used to unravel the functions of protein 2A in poliovirus repli-
cation. cDNA copies of the virus RNA can be manipulated by genetic engineering to insert IRES elements or make
specific mutations. RNA can be transcribed from the clones in vitro and used to infect cells, which is possible for plus-
strand RNA viruses because the first event after infection is translation of the genomic RNA. The wild-type construct
pT7PVXL2 is shown in the top line. The 2A proteolytic activity normally cleaves the bond between domains P1 and P2
of the translated polyprotein. If this function is rendered nonessential, as in construct pT7PVE2A, by the insertion of a
stop codon at the C terminus of P1 (solid diamond), followed by a second IRES and an initiation AUG at the beginning
of 2A, virus is still produced, but forms small plaques. Thus, separation of the structural region and the nonstructural
region in this way results in viable virus. However, if the proteolytic activity of 2A is inactivated by mutation of the cat-
alytic cysteine to alanine as in pT7PVE2AX, no virus is produced, demonstrating that the proteolytic activity of 2Apro is
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to the 5′ end of the RNA. [Adapted from Lu et al. (1995) and Molla et al. (1993).]
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residues long, and cleavage between P1 and P2 is catalyzed
by 3Cpro. Another interesting feature of these viruses is that
the cleavage 2A/2B occurs spontaneously, catalyzed by the
specific amino acid sequence at the scissile bond.

In addition to these cleavages catalyzed by 2Apro and
3Cpro, VP0 is cleaved to VP2 and VP4 during virion matura-
tion. Available evidence suggests that this cleavage is not
catalyzed by a protease.

Functions of the Picornavirus Proteins

The cleavage product P1 consists of a polyprotein pre-
cursor for the four structural proteins of the virus, VP1–4.
P1 is first cleaved in trans to VP0, VP1, and VP3 by
3CDpro (Fig. 3.2A). VP0 is later cleaved to VP2 and VP4
during virus assembly. The cleavage products of P2 and P3
are required for RNA replication. 2Apro has been described.
2CATPase has been shown to be an ATPase, not a GTPase,
and contains sequence motifs characteristic of helicases.
Many, but not all, RNA viruses encode helicases to unwind
duplex RNA during replication, and it is assumed that
2CATPase performs such a function. The precursor to
2CATPase, a protein called 2BCATPase, has a different role in
RNA replication. It is required for proliferation of mem-
branous structures in poliovirus-infected cells that serve as
sites for RNA replication. 

Region 3 encodes VPg, 3CDpro/3Cpro, and the viral RNA
polymerase 3Dpol. Cleavages effected by 3Cpro are illus-
trated in Fig. 3.2. 3Cpro may also have a regulatory role in
the virus life cycle, because the cleavage intermediate
3CDpro, which is fairly long lived, has properties that differ
from 3Cpro. One function of 3CDpro is to bind the viral RNA
in conjunction with 3AB, the precursor for VPg, or with a
cellular protein, poly(C)-binding protein. Formation of a
complex with the viral RNA is essential for its replication,
and differential cleavage of the 3C–3D bond during the
infection cycle may regulate replication. A strategy in
which precursor proteins perform different functions than
those performed by the final cleavage products, such as
those illustrated by 2BCATPase and 3CDpro, allows the virus
to optimize the coding capacity of its small genome,
because a given sequence is used for more than one
function.

Replication of Picornaviruses

The replication of poliovirus has been particularly well
studied and the virus has served as a model for the replication
of RNA viruses. All nonstructural poliovirus proteins, includ-
ing cleavage intermediates, have been purified and studied for
their possible function as enzymes or RNA-binding proteins.
These studies have been complemented by studies of replica-
tion complexes isolated from infected cells, studies using
replicons in which the luciferase gene replaces the P1 coding
region, and studies of processes that occur in infected cells.

During replication of poliovirus RNA, a full-length com-
plementary copy of the genomic RNA is produced that
serves as a template for the synthesis of genomic RNA
(illustrated schematically in Fig. 1.9A). This complemen-
tary RNA template has been variously called minus-strand
RNA [abbreviated (–)RNA], antigenomic RNA, or virion-
complementary (vc) RNA. Much more (+)RNA than
(–)RNA is produced, since (+)RNA is needed for transla-
tion and encapsidation into progeny as well as for replica-
tion, whereas (–)RNA is needed only as a template for
making (+)RNA. The mechanisms by which disproportion-
ate amounts of (+) and (–) strands are made are not yet
understood.

The RNA-dependent RNA polymerase 3Dpol is strictly
primer dependent. In the presence of template, 3Dpol can
uridylate VPg on a specific tyrosine residue. This
nucleotidyl peptide then functions as a primer for the initia-
tion of RNA synthesis. It is of interest that several viruses
belonging to other families, such as hepatitis B virus (a
virus that uses reverse transcription during the replication
of its genome) and adenovirus (a DNA virus), have also
adopted the strategy of using a protein primer for initiation
of nucleic acid synthesis.

The nature and function of the promoters in the
poliovirus genome that are involved in the initiation of
RNA replication are still poorly understood. A 5′-terminal
sequence that forms a cloverleaf, which binds protein com-
plexes containing 3CDpro, is essential for RNA replication.
A second essential cis-acting sequence element has been
discovered recently in rhinoviruses and poliovirus; intrigu-
ingly, this element is internal, located within the ORF of
the polyprotein.

It has been possible to achieve a complete replication
cycle of poliovirus in an extract of uninfected HeLa cells.
RNA from poliovirus virions added to such an extract will
direct the synthesis of all the poliovirus proteins, and these
in turn will replicate the input RNA and encapsidate the
progeny genomes. This cell-free, de novo synthesizing
system for poliovirus, is as yet unique in virology.

In cell culture, most picornaviruses complete their repli-
cation cycle in about 6 hr. The infection is cytolytic, and
large quantities of virus are produced. An exception is
hepatitis A virus, which establishes chronic infections in
cell culture and grows to very low titers.

Genus Enterovirus

Enteroviruses replicate primarily in the enteric tract
where they usually cause only mild disease. More serious
enteroviral disease may develop after spread to other
organs, for example, the central nervous system or the
heart. Enteroviruses are normally contracted though inges-
tion of the virus, either in contaminated food or water or by
exposure to the virus through contacts with individuals that
are excreting the virus. The epidemiology of poliovirus has
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been the most intensively studied among the enteroviruses.
Poliovirus is present in oropharyngeal secretions early after
infection and is excreted in feces over a period of weeks
following infection. The virus spreads readily and rapidly
through households, which demonstrates the importance of
close contacts in virus spread. The virus also has the ability
to persist in the external environment for weeks under
favorable conditions, and this may represent another source
of infection during epidemics. Sewage surveys, for example,
have been used to follow poliovirus epidemics, and
poliovirus has been found in lakes and swimming pools. 

In general, enteroviruses have a fairly narrow host range.
Most of the well-studied viruses are human viruses, because
humans take a particular interest in the viruses that cause
them the most trouble, but enteroviruses of nonhuman pri-
mates, pigs, cattle, and insects are known. The more than 70
known human enteroviruses, many of which are important
pathogens, normally infect only humans, but poliovirus will
infect Old World monkeys. It has been suggested that the
virus may be a natural pathogen of these monkeys but it is
unlikely that nonhuman primates constitute a reservoir for it,
which is important in relation to efforts spearheaded by the
World Health Organization to eradicate poliovirus globally.

Polioviruses

The best known of the enteroviruses are the three
serotypes of poliovirus. These viruses are the causative
agents of poliomyelitis, a disease characterized by the death
of motor neurons in the spinal cord. Most poliovirus infec-
tions of susceptible humans are inapparent or result in a
mild febrile illness in which cells of the pharynx and the
gut are infected and recovery is uncomplicated. However, a
transient viremia is established following infection (viremia
= virus present in the blood), and in a small percentage
(<2%) of infections the virus invades the central nervous
system (CNS), where it infects motor neurons in the spinal
cord and, in severe cases, other regions of the CNS. Such
infection of the CNS can result in paralysis, which can be
severe enough to be fatal because of respiratory muscle
paralysis. The name poliomyelitis comes from the Greek
words polio = gray and myelo = spinal cord, from the
pathology caused by damage to the motor neurons in the
spinal cord, which are located in the gray matter.

Polioviruses have been important pathogens of humans
for a long time. The depiction of a lame priest on an
Egyptian stele that dates from 3500 years ago suggests that
poliovirus was present in ancient Egypt, and references to
clubfoot in ancient Greek and Roman writings probably
signifies that polio was present at these early times.
However, although it very likely that poliovirus has been
widespread in humans for thousands of years, there is no
firm evidence for poliomyelitis in human populations until
about 200 years ago, when the virus appears to have been
(or to have become) widespread. Serosurveys in the United

States in the 1930s and 1940s, before the introduction of
the Salk and Sabin vaccines, indicated that 80–100% of
adults had been infected by poliovirus at some time in their
lives. Studies in other areas of the world, including studies
of lameness in populations, also suggest that, at least in the
1900s, the majority of the world’s population had been
infected with poliovirus. 

Paradoxically, even though poliovirus was surely wide-
spread earlier, poliomyelitis epidemics of large proportions
evolved only during the 20th century and they were con-
centrated at first in countries practicing the highest stan-
dards of hygiene. This startling phenomenon has been
explained as resulting from changes in human behavior.
Originally, the highly infectious virus was contracted by
infants shortly after birth when they were still protected by
maternal antibodies. This natural infection served to immu-
nize the infant, protecting it from poliomyelitis for life.
However, when the chain of immunization was interrupted
upon removal of the virus from the environment by the
development of hygienic conditions, unprotected children
grew up, giving rise to susceptible populations. If the virus
invades such populations, epidemics rapidly evolve.

Notice that this scenario requires that infants be infected
very early, while still protected by maternal antibodies.
After these antibodies wane, the infant is susceptible to
poliomyelitis, although it has been thought that infection of
susceptible but very young children is less likely to cause
poliomyelitis. Statistics of the fraction of young children
who contract poliomyelitis in societies in which the virus is
endemic, rather than epidemic, are not well defined, in part
because of the high death rate of children in such societies
due to many infectious diseases. However, surveys con-
ducted in the 20th century of lameness in populations, most
of which is probably due to paralytic polio, found similar
extents of lameness whether the virus was endemic or
epidemic.

In any event, it is clear that changes in human behavior
can bring about serious complications relating to infectious
disease, and such scenarios have recurred many times
during the last century. However, it is important to note that
although higher standards of hygiene led eventually to epi-
demics of poliomyelitis, these standards also led to a reduc-
tion in diseases caused by numerous other infectious
agents, both viral and bacterial (see Fig. 1.1).

Before it was controlled with vaccines, epidemic
poliomyelitis was greatly feared, and it is hard now for
people to realize the extent of fear that the disease induced.
A great puzzle was the fact that the epidemics struck during
the summer only, during the summer breaks of schools or
universities. Many human pathogenic viruses are known to
prefer a season for attack on humans: influenza during the
winter, measles in early spring, enteroviruses during the
summer. It is thought that this phenomenon relates to air
temperature and humidity. For example, poliovirus infections
are correlated with humidity in the Americas and in Europe.



64 Plus-Strand and Double-Strand RNA Viruses

In the United States, there were huge poliovirus epidemics
every summer in the 1950s in which more than 50,000
people, mostly children or adolescents, became ill. Of these
cases, about 20,000 were paralytic and 2000–3000 people
died (Fig. 3.4). Death was often the result of the paralysis of
the muscles required for breathing, and iron lungs were intro-
duced for mechanical ventilation of poliomyelitis patients
until their muscles recovered sufficiently that they could
breathe on their own. Wards containing dozens of patients in
iron lungs became a common sight in the large epidemics of
the 1950s (Fig. 3.5). Of the survivors of poliomyelitis, many
were permanently paralyzed and confined to wheelchairs or
required the use of crutches for walking. One of the best
known poliomyelitis cases is that of Franklin D. Roosevelt,
who contracted poliovirus in 1921 at the age of 39 and was in
a wheelchair for the rest of his life, although he continued to
lead an active political life. 

Introduction of the Salk and Sabin vaccines in the 1950s
and 1960s led to the elimination of poliovirus in the United
States over a period of about two decades (Fig. 3.4) and more
recently has led to the elimination of poliovirus throughout
the Americas. The Salk vaccine, which was the first to be
developed, is an inactivated virus vaccine that is given as a

series of injections. Introduction of this vaccine resulted in a
rapid decrease in the number of poliovirus cases. However,
because the vaccine induces circulating antibodies but little
in the way of mucosal immunity (see Chapter 8), it prevents
poliomyelitis, the disease, by preventing spread of the virus
from the gastrointestinal (GI) tract to the CNS, but not infec-
tion of the GI tract by the virus. The virus thus remained in
circulation. The Sabin vaccine, introduced shortly thereafter,
is a live attenuated vaccine that is given orally. Its introduc-
tion led to a further rapid decline in paralytic poliomyelitis.
This vaccine has the drawback that it induces a very small
number of cases of paralytic disease, about 10 per year in the
United States since 1980 (Fig. 3.4), but its efficacy is very
high because it induces mucosal immunity as well as other
forms of immunity. It prevents subsequent infection by the
wild-type virus, thus allowing eradication of the wild-type
virus if coverage is sufficiently broad. Worldwide use of this
vaccine has resulted in the eradication of wild-type
poliovirus in the United States and throughout the Americas.
(The last case of indigenous poliovirus infection in the
Americas occurred in Peru in 1991.) Poliovirus is in the
process of being eradicated in other parts of the world,
although it is still endemic in areas of Africa and Asia
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FIGURE 3.4 Total number of cases of poliomyelitis in the United States from 1951 to 1994 and the number
of vaccine-related cases after the introduction of the live virus Sabin vaccine. [Data from Nathanson et al.
(1996, p. 556) and from Morbidity and Mortality Weekly Report (MMWR), Vol. 46, p. 79 (1997).]
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FIGURE 3.5 Ward of iron lungs and rocking beds at the poliomyelitis rehabilitation center in Rancho Los
Amigos, California. [From Halstead (1998) with the permission of the author and the publisher.]

(Fig. 3.6). The World Health Organization (WHO) had
announced a campaign to eradicate poliovirus worldwide by
the year 2000, and as shown in Fig. 3.6B in 2000 wild
poliovirus transmission was only present in 33 countries
worldwide. 

Although the virus has been eradicated from developed
countries, there is a large cohort of people infected in the
1950s who are or were paralyzed. Many paralyzed
poliomyelitis patients were ultimately able to resume almost
normal activities. Through a process of axonal sprouting
and reenervation of muscles by the motor neurons that sur-
vived the infection, many learned to walk and use their pre-
viously paralyzed limbs. However, a syndrome called
post-polio syndrome has emerged to plague a significant
fraction, perhaps 40%, of the survivors of paralytic
poliomyelitis. This syndrome appears 30–40 years after
polio infection and is characterized by fatigue, pain, and
weakness. The weakness may be severe enough to require
the use of a wheelchair. The syndrome results from the
degeneration of motor neurons, but the reasons for the
degeneration are not clear. The favored hypothesis is that it
is the result of overuse of the surviving motor neurons,
which are forced to do the work of many. A second possi-
bility is that the surviving neurons were damaged by the
original poliovirus infection and fail prematurely. A third
possibility is that poliovirus persists in neurons and is
somehow reactivated, even in the presence of anti-polio

antibody. In model studies using Sindbis virus infection of
mice, it has been found that the virus can persist in neurons
in a latent state for at least 1–2 years, but there is no evi-
dence that poliovirus might similarly persist in humans for
40 years. Other possible explanations for the failure of
motor neurons in post-polio syndrome have also been sug-
gested. Fortunately, paralytic poliomyelitis and its sequelae
will soon be a thing of the past.

Other Enteroviruses

Sixty-two other human enteroviruses are currently rec-
ognized. Many of these have been known for 50 years, but
it is only more recently that the association of many of these
viruses with significant human illness has been shown.

Poliovirus was first shown to be a filterable virus in 1908.
However, early experiments could only be conducted in
monkeys, because the virus will only infect primates. Thus,
the amount of information that could be obtained was
limited, but such studies eventually showed that more than
one poliovirus serotype existed. The development of
methods for the cultivation of viruses in cell culture in the
1940s made it possible to screen human stool samples in an
effort to type poliovirus isolates, which was necessary if a
vaccine was to be produced. Such screening resulted in the
discovery of other enteroviruses as well. The study of virol-
ogy in the United States owes much to the campaign to
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FIGURE 3.6 Maps showing the worldwide distribution of wild poliovirus and the effects of the global eradication
efforts. (A) Wild poliovirus transmission in 1988. [From the WHO web site, http://www.who.int/gpv-
surv/graphics/NY_graphics/global_polio_98.htm.] (B) Wild poliovirus transmission as of March 13, 2000. [From
Morbidity and Mortality Weekly Report (MMWR), Vol. 49, No. 16, p. 352 (2000).]

(A)

(B)
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develop a vaccine against poliomyelitis. This campaign gen-
erated a great deal of public support, which led to funding
through private as well as governmental agencies, and the
successful development of a vaccine reinforced this support. 

The first of these other enteroviruses to be found were
two Coxsackie viruses, found by screening patients in
Coxsackie, New York, who were suffering from paralysis
during a polio epidemic. Coxsackie viruses will infect
mice and are classified into two subgroups, called A and
B, which differ in their biological properties in mice. They
were simply given serial numbers in the order of their iso-
lation—23 Coxsackie A viruses and 6 Coxsackie B
viruses are now recognized. Another series of
enteroviruses that were first identified in these early
studies were called echoviruses (Enteric Cytopathic
Human Orphan virus), because these viruses infected the
enteric tract of humans, caused cytopathology in cultured
cells, and were orphans, not known to cause disease.
Echoviruses were distinguished from Coxsackie viruses by
their inability to infect suckling mice. Currently 29
echoviruses are recognized in the genus Enterovirus. The
latest human viruses to be isolated are now simply called
enteroviruses and given serial numbers. Four such viruses,
human enterovirus 68, 69, 70 and 71 are now recognized.
Numbering started with 68 because at the time there were
thought to be 67 polio, Coxsackie, and echoviruses.
However, 5 of these (one Coxsackie A virus and 4
echoviruses) were subsequently found to be misidentified,
and one (echovirus 22) is sufficiently distinct that it has
been renamed human parechovirus and classified into the
genus Parechovirus (Table 3.2).

When first isolated, Coxsackie viruses and echoviruses
were not known to cause human disease. However, it has
now been established that most enteroviruses do cause
disease, and many of them cause significant episodes of
serious disease (Table 3.3). Study of disease caused by
these viruses has been complicated by the fact that there
are so many enteroviruses, of which at least some have
multiple strains that may differ in disease-causing potential,
and by the fact that serious disease is an uncommon com-
plication of infection by most enteroviruses. This has made
it difficult to ascribe any particular disease to infection by
any particular virus. However, even though serious disease
is an uncommon complication, enteroviral infections are
very common, and the total number of cases of disease
caused by these viruses is large. These illnesses include
very infrequent paralytic disease essentially indistinguish-
able clinically from that caused by poliovirus; myocarditis
and pericarditis (caused especially by the Coxsackie B
viruses) that is usually subclinical but can be acute and
result in significant cardiac compromise; aseptic meningi-
tis; encephalitis; hepatitis; the common cold (perhaps a
quarter of summer colds are due to enteroviruses); diarrheal
disease; febrile illnesses; rash; hand-foot-and-mouth
disease (a common childhood illness caused by several
enteroviruses); and epidemic acute hemorrhagic conjunc-
tivitis (an epidemic disease caused by enterovirus 70 that
appeared recently and spread around the world). The
Coxsackie B viruses are also associated epidemiologically
with juvenile onset diabetes in humans but how (or even
whether) they cause diabetes is still unresolved. There are
no vaccines for any of these viruses. 

TABLE 3.3 Human Clinical Syndromes Associated with Enteroviruses

Clinical syndrome Poliovirus Coxsackievirus Echovirus Enterovirus
3 types 23 A types, 6 B types 29 types 4 types [68–71]

Paralysis 1, 2, 3 Rarely A7, 9 4, 6, 9, 11, 30 70, 71

Rarely B2–5 (1, 7, 13, 14, 16, 18, 31)

Aseptic meningitis — A2, 4, 7, 9, 10 All except 12, 24, 26, 29, 32, 33 —

Pericarditis, myocarditis — B1–5 1, 6, 9, 19 —

Encephalitis — B1–5 2, 6, 9, 19 70, 71

(3, 4, 7, 11, 14, 18)

Hepatitis — A4, 9 — —

B5

Upper respiratory disease, pneumonia — A21, 24 4, 9, 11, 20, 25 68

B4, 5 (91–3, 6–8, 16, 19)

Hand-foot-and-mouth disease — A5, 10, 16 — 71

Acute hemorrhagic conjunctivitis — A24 — 70

Undifferentiated febrile illness 1, 2, 3 B1–6 — —

Note: Numbers in the columns are the types exhibiting the symptomatology shown in the left column. Numbers in parentheses are types possibly involved
(not proven).
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Genus Rhinovirus

The rhinoviruses are the causative agents of about half
of human colds, the most characteristic symptom of which
is rhinitis (inflammation of the nasal mucous membrane
and characterized by a runny nose). One hundred serotypes
are currently recognized. These are not cross protective and
the result is that we are subject to many rhinovirus colds
during our lifetimes. Young children, not having been
exposed to rhinoviruses and other viruses that cause colds,
contract many colds a year. Adults, having become immune
to many of these viruses through hard experience, have
fewer colds per year, usually only about one. However, the
extent and duration of immunity to a particular rhinovirus
induced by infection are not well established. There are so
many rhinoviruses, and although rhinoviral disease may be
miserable it is not life threatening, that detailed studies on
cohorts of people over many years have not been done to
establish whether immunity to a particular rhinovirus fol-
lowing infection is long lived. For the same reasons, there
are no vaccines for any of these viruses.

Rhinoviruses replicate in the upper respiratory tract and
are transmitted by direct person-to-person contact.
Coughing and sneezing, common syndromes of rhinovirus
infection, help spread the virus to nearby contacts. It is not
clear how much of the spread is due to aerosolization of the
virus on coughing or sneezing followed by inhalation of the
aerosolized virus by a susceptible contact, and how much is
due to contact with mucus that contains virus, such as by
handshake or contact with contaminated doorknobs, fol-
lowed by transmission of the virus to the nose or mouth.

It is an interesting and informative historical fact that
early attempts to isolate rhinoviruses using standard cell
culture techniques were unsuccessful. Most cells in the body
are maintained at 37°C at a pH of 7.4, and cells in culture
are normally maintained under these conditions. However,
cells in the upper respiratory tract are maintained at a lower
temperature, about 33°C, because the inhalation of outside
air through the upper respiratory tract keeps this area cool,
and at a pH significantly less than 7.4 because of the high
concentration of CO2 in expired air. Rhinoviruses replicate
well in cultured cells under these altered conditions and
appear to require the lower temperature and lower pH for
efficient growth. In part because of this, rhinovirus infection
is limited to the upper respiratory tract, and rhinoviruses
almost never cause lower respiratory tract infections.

Rhinoviruses are also known for other animals. Most
rhinoviruses are species specific and infect only a single
host animal.

Genus Cardiovirus

The cardiovirus genus consists of several viruses of mice of
which encephalomyocarditis virus (EMC) has been exten-

sively studied as a model picornavirus. It is closely related
to other picornaviruses (Fig. 3.1) although differing in
certain important characteristics. The EMC IRES has
proven more useful that the poliovirus IRES in experiments
that require polycistronic mRNAs or that express proteins
in a cap-independent fashion in vertebrate expression
systems. Theiler’s virus, another member of this genus,
causes demyelinating disease in mice and has been exten-
sively studied as a model for this disease.

Genus Hepatovirus

Hepatitis in Man

Many different viruses, belonging to several virus fami-
lies, are known to cause hepatitis in man. These different
viruses have different modes of transmission and cause
illness of different degrees of severity (although all hepati-
tis is serious) that results from destruction of liver cells
caused by growth of these viruses in the liver as a target
organ. Hepatitis is characterized by fatigue and other symp-
toms that result from inadequate liver function, and it may
be fatal if sufficient destruction of the liver takes place. A
characteristic feature of acute hepatitis is the presence of
elevated levels of liver enzymes circulating in the blood that
results from the destruction of liver cells. Many cases of
hepatitis are accompanied by jaundice (turning yellow)
because of the destruction of the liver, which is responsible
for clearing bilirubin from the blood. 

The viruses whose primary disease syndrome in man is
hepatitis, or which are closely related to viruses that cause
such hepatitis, have been historically named hepatitis virus
followed by a letter, in the order of isolation. Thus we have
hepatitis A virus, the first to be isolated, hepatitis B virus,
the second, and so forth. Because these viruses belong to a
number of different families, confusion can arise because of
the similar names even though the viruses are unrelated. For
ease of reference, Table 3.4 presents a description of the cur-
rently known viruses whose name includes hepatitis. Figure
3.7 shows the incidence of hepatitis in the United States in
1997 caused by hepatitis viruses A, B, and C, which are the
most important causes of viral hepatitis in the United States.
Identification of which hepatitis virus is responsible for any
specific case of hepatitis requires immunological tests or
virus isolation, because symptoms are similar.

Hepatitis A virus is a picornavirus and will be consid-
ered here. The other viruses will be considered when their
respective families are introduced.

Hepatitis A Virus

Hepatitis A virus (HAV) is a causative agent of infectious
hepatitis in humans. The virus is worldwide in distribution.
Only one serotype is known, but isolates from different
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TABLE 3.4 Causative Agents of Viral Hepatitis

Virus Family/genus Genome type/ Transmission Chronicity? Long-term Annual U.S. Chronic hepatitis
size in kb effects cases/deathsa (millions of cases)

U.S./World

Hepatitis A Picornaviridae/ ss(+)RNA/ Fecal/oral Very little Few if any 25,000/ 90 0/0
Hepatovirus 7.5 kb

Hepatitis B Hepadnaviridae/ dsDNA (RT)/b Parenteral, sexual, 10% of adults, HCC,c cirrhosis 10,000/~900 1.25–350
Orthohepadnovirus 3.2 kb vertical 90% of neonates

Hepatitis C Flaviviridae/ ss(+)RNA/ Parenteral, sexual, >50% HCC,c cirrhosis 3500/~2500 3.9–170
Hepacivirus 9.4 kb vertical

Hepatitis D Deltavirus ss, circular RNA/ Parenteral Yes Exacerbates 0.07/?
1.7 kb (sexual, vertical?) symptoms of 

hepatitis B

Hepatitis E Unassigned ss(+)RNA/ Fecal/oral No Few if any Rare/0 0/0
(formerly Caliciviridae) 7.5 kb

Hepatitis F ?d

Hepatitis G Flaviviridae/ ss(+)RNA/9.4 kb Parenteral, Yes ?? ??/none ??
(Not assigned to a genus) other?

aAs reported in Summary of Notifiable Diseases in the United States, 1998 MMWR, (Vol. 47, No. 53 1999); These numbers may reflect significant underreporting.
bRT is reverse transcriptase. Nucleic acid in virion is partially dsDNA, consisting of a full-length minus-strand DNA of 3.2 kb and an incomplete plus-strand DNA that is variable

in length.
cHCC, hepatocellular carcinoma.
dIsolate from a fulminant case of hepatitis; not further characterized.

areas or different times can be grouped into different geno-
types or strains. The most distantly related HAV isolates
share about 75% nucleotide sequence identity, but most iso-
lates are much more closely related. HAV is a typical picor-
navirus but is the outlier of the family (Fig. 3.1). It shares
only 28% amino acid identity in its structural proteins with
any other picornavirus, whereas most picornaviruses are
more closely related to one another. 

The number of cases of hepatitis A in the world is esti-
mated to be more than 1.4 million each year. In 1998 in the
United States, ~37,000 cases of hepatitis were reported, of
which 2/3 were diagnosed as caused by HAV. The virus is
spread through contaminated food and water. Filter-feeding
shellfish like oysters are known to concentrate the virus,
and consumption of raw shellfish has been the cause of
many epidemics of hepatitis A. Infection by HAV usually
results in a self-limited illness in which the patient recovers
with relatively few sequelae. The illness can be quite
serious, even fatal, however, because 90% of the liver tissue
can be destroyed by virus infection, and liver function is
severely impaired until the liver recovers. The seriousness
of disease is age dependent. Very young children suffer
little disease but with advancing age infection by the virus
becomes more serious. The mortality rate in children
younger than 14 is only 0.1%, but HAV infection in people
older than 40 results in a fatality rate of 2.1%. 

Until recently, the only prophylaxis for HAV was injec-
tion of immune gamma globulin, which provided protection

from the virus for a few weeks. Recently, however, two
inactivated virus vaccines against HAV have been licensed
that promise to give long-lived protection. It is anticipated
that the introduction of these vaccines will result in a
decline in the importance of this disease in the developed
world, but it will remain endemic in many areas unless
inexpensive vaccines suitable for mass distribution in Third
World countries are developed.

Genus Aphthovirus

Foot-and-mouth disease viruses (FMDV) belong to
seven currently recognized serotypes. They cause a debili-
tating disease, foot-and-mouth disease, in cattle and other
animals, and are economically important pathogens.
FMDV was eliminated from the United States many years
ago by the simple expedient of killing all infected animals
until such time as the virus was extirpated. The last epi-
demic in the United States occured in 1929. The virus still
circulates in Europe, South America, and other parts of
the world, and the U.S. Department of Agriculture main-
tains strict quarantines in order to prevent the virus from
reappearing in this country. In the United States, work
with the virus is allowed only on Plum Island in Long
Island Sound, in order to prevent its accidental release.
Because of its agricultural importance, the molecular
biology of the virus has been intensively studied.
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FIGURE 3.7 Incidence of hepatitis A, B, and C (cases per year per 100,000 population) in the United
States in 1997, by state. This illustrates the noncoincidence of the three types. [From MMWR,
Summary of Reportable Diseases (1998).]
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In 2001, a large epidemic of FMDV occurred in
Western Europe. The epidemic began in February in
British sheep and spread to cattle and pigs in Britain and
on the continent. By June more than 2000 infected animals
had been detected. The epidemic was controlled by
restricting the movement of sheep, cattle and swine, and
culling of herds in which FMDV was found. Almost 4
million animals were destroyed in this process. The
damage to the British cattle industry was particularly dis-
tressful because this epidemic occurred only a few years
after widespread culling of cattle to control an epidemic of
a prion disease called “mad cow disease” (Chapter 7).
Beginning in March, many rural areas often  visited by
tourists were closed to prevent the spread of the virus, and
the United States Department of Agriculture was espe-
cially vigilant in examining travelers returning from
affected countries. British authorities considered vaccinat-
ing cattle with commercial vaccines to control the epi-
demic, but vaccines have not been used to date.
Vaccination for FMDV is used in some parts if the world,
but is controversial because it is then difficult to distin-
guish between vaccinated animals and infected animals.
Thus, for example, the United States does not allow the
importation of beef from areas where vaccination is prac-
ticed because it is not possible to rule out the presence of
FMDV infection. Although FMDV was thought to have
eradicated by June, 2001 and restriction were about to be
lifted, 16 new cases of FMDV have been found very
recently in Britain.

FAMILY CALICIVIRIDAE

The caliciviruses are nonenveloped viruses with icosahe-
dral symmetry and a diameter of about 30 nm. The name
comes from the Latin word for cup or goblet because there are
cup-like depressions in the surface of the virion when viewed
in the electron microscope. The characteristics of a number of
caliciviruses are shown in Table 3.5. Caliciviruses are cur-
rently classified into four genera, two of which, the Norwalk-
like viruses and the Sapporo-like viruses, contain agents that
cause human gastroenteritis. Hepatitis E virus was formerly
considered a calicivirus but has been removed from this
family recently; it will be considered here for convenience,
however, because it is currently unclassified as to family. 

The human caliciviruses have been difficult to study and,
as a consequence, we know less about them than we do
about such well-studied viruses as the picornaviruses. The
first calicivirus described was a virus of sea lions (San
Miguel sea lion virus, a vesivirus), but caliciviruses of
other mammals are now known (feline calicivirus, vesicular
exanthema virus of swine, rabbit hemorrhagic disease
virus, as well as the two human viruses). What we know of
the molecular biology of caliciviruses comes from studies
of the nonhuman viruses, but there has not been sufficient
interest in these particular viruses to warrant extensive
studies. The complete sequences of a number of the human
viruses have recently been obtained, which has greatly
expanded our knowledge of these viruses, but details of the
molecular biology of their replication are still lacking.

TABLE 3.5 Caliciviridae

Genus/members Virus name Usual Transmission Disease World
abbreviation host(s) distribution

Vesivirus

Swine vesicular exanthema VESV Swine Oral, contact Fever, lesions on snout and feet (flippers) United Statesa

San Miguel sea lion SMSLV Pinnipeds California

Feline calicivirus FCV Cats Contact Rhinitis, pneumonia, fever Worldwide

Lagovirus

Rabbit hemorrhagic disease RHDV Rabbits Water-borne, oral/fecal Hemorrhages China, Europe,

Australiab

Norwalk-like Viruses

Norwalk NV Humans Water-borne, oral/fecal Epidemic gastroenteritis Worldwide

Southampton

Many other small round structured viruses of humans

Sapporo-like Viruses

Sapporo/82 SV Humans Water-borne, oral/fecal Epidemic gastroenteritis Worldwide

Manchester

Parkville

aVESV was extirpated from swine by 1956; VESV and SMSLV are now thought to be the same virus.
bRHDV was inadvertently introduced into Australia.
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The caliciviruses are distant relatives of the picor-
naviruses. The (+)RNA genome of about 8 kb has a 5′-termi-
nal VPg and a 3′-terminal poly(A), as do the picornaviruses,
and calicivirus proteins share sequence identity with the
picornavirus 2CATPase, 3Dpol, and 3Cpro. Unlike the picor-
naviruses, however, most of the caliciviruses produce (at
least) one subgenomic mRNA. The genomes of most contain
three ORFs, as illustrated in Fig. 3.8. ORF 1, translated from
the genomic RNA, encodes a polyprotein that contains the
domains related to picornaviral 2CATPase, 3Dpol, and 3Cpro.
This polyprotein is presumably processed by 3Cpro. In
vesiviruses and the Norwalk-like viruses the subgenomic
mRNA is translated into the structural protein(s) of the
virus. There is evidence that, in at least some caliciviruses,
this capsid protein is produced as a precursor that is cleaved.
A third ORF is found in the 3′-terminal region of the
genome (or upstream of the coat protein gene in hepatitis E

virus). There is no firm evidence that this ORF is translated,
although it seems unlikely that an unused ORF would be
maintained in a virus with limited coding capacity.

Norwalk Group of Viruses

A number of human viruses causing gastroenteritis, the
Norwalk group, have recently been classified as human
caliciviruses. There is no cultured cell line in which to
propagate these viruses, nor even an animal model in which
to grow the virus, and studies have relied on human volun-
teers for their propagation. This has severely limited the
amount of information (and material) that can be obtained.
Thus, for example, it is assumed that the Norwalk viruses
possess a 5′-terminal VPg as does San Miguel sea lion
virus, but to date it has not been possible to prove this.
However, because of the power of modern gene cloning
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technology, the entire genome of Norwalk has been
sequenced, starting from stools of experimentally infected
human volunteers. These sequences tell us that Norwalk
virus is related to animal caliciviruses, and studies are
under way that express parts of the genome in various
systems in order to study the functions of the different
regions of the genome.

Several isolates of the Norwalk group of viruses have
been studied, all of which share more than 50% sequence
identity and which are named after the location where they
were first isolated. These include Norwalk virus, the Hawaii
agent, the Snow Mountain agent, and Southampton virus.
These viruses are extraordinarily infectious. In one epi-
demic investigated by the Centers for Disease Control
(CDC, now renamed the Centers for Disease Control and
Prevention) and local health authorities, a baker preparing
food for a wedding was ill with gastroenteritis. After using
the toilet, he washed his hands thoroughly before handling
food, but his hands were still contaminated with virus,
perhaps under the fingernails. He used his hands to stir a
very large pot of icing used to glaze cakes and doughnuts
that were distributed at the wedding reception, and
managed to contaminate the icing with virus. Every guest
at the reception who ate as much as a single doughnut con-
tracted gastroenteritis. 

The Norwalk viruses regularly cause epidemics of gas-
troenteritis. The incubation period is short (24 hr on
average) and the course of disease is also short (1–2 days).
Following recovery, immunity is established to the virus,
but the duration of immunity appears to be fairly short
(perhaps one or a few years). Studies of immunity are made
difficult by the finding that some fraction of the human
population seems to be resistant to any particular Norwalk
virus studied, perhaps because of a lack of receptors for the
virus, and by the fact that there are so many viruses that
cause gastroenteritis.

The Norwalk group of viruses is worldwide in its distri-
bution but epidemiological studies of these viruses are
limited. Some outbreaks have been associated with the
consumption of raw oysters. Other outbreaks have been
due to improper handling of food, as described above.
They are considered to be a common cause of gastroen-
teritis in humans.

Rabbit Hemorrhagic Disease Virus

The genome organization of rabbit hemorrhagic disease
virus is of interest because it seems to represent an interme-
diate state between caliciviruses and picornaviruses, in
which the capsid protein is fused to the ORF encoding the

FIGURE 3.9 Worldwide incidence of epidemic and endemic hepatitis E. In addition, serosurveys indicate that 1–2%
of blood donors in the United States and Western Europe have detectable IgG antibodies to hepatitis E. [Adapted from
Fields et al. (1996, p. 2838).]
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replicase genes. There are reports that the capsid protein
can be translated as a polyprotein together with the repli-
case genes, but there are other reports that a subgenomic
mRNA is produced, whose function is unknown. 

This rabbit calicivirus was being studied by Australian
scientists in a laboratory on an island offshore of the main-
land when it suddenly appeared on the mainland and began
to spread rapidly. The rapid spread is thought to have been
aided by local farmers who were trying to control the rabbit
population, a topic to which we will return in Chapter 6.

Hepatitis E Virus

Hepatitis E virus (HEV) was classified by the ICTV as a
calicivirus until very recently, but has now been removed
from this family and is currently unclassified. Its genome
organization and size resemble that of caliciviruses
(Fig. 3.8), but it probably represents yet another family of
SRVs (small round viruses). It may have a 5′-terminal VPg
like the caliciviruses, but its RNA genome has motifs sug-
gesting that the virus encodes a capping enzyme, which
would imply that the viral RNA is capped rather than

having a VPg. The virus-encoded protease, whose sequence
has been deduced from the sequence of the viral genome,
appears to be a papain-like protease rather than a 3Cpro-like
enzyme, another difference from the caliciviruses. 

HEV is one of several viruses that cause human hepati-
tis, in this case epidemic water-borne hepatitis. It is found
in Asia, Africa, Southern Europe, and Mexico, where it
causes thousands of cases of hepatitis each year (Fig. 3.9).
A dendrogram of various geographical isolates of HEV
illustrates that the New World strain has diverged
significantly from the Asian isolates (Fig. 3.10). Thus, there
is little or no circulation of virus between different geo-
graphic regions. The disease is severe but the fatality rate is
low (<1%), with the prominent exception that the fatality
rate in pregnant women can be 20%. There is no vaccine or
treatment for the virus at present.

FAMILY ASTROVIRIDAE

Astroviruses constitute a recently described family of
animal viruses. Some of these are human viruses that cause
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TABLE 3.6 Astroviridae

Genus/members Virus name Usual Transmission host(s) Disease World 
abbreviation host(s) distribution

Astrovirus

Human astrovirus (5) HAstV Humans Water-borne, oral/fecal Gastroenteritis Worldwide

Bovine astrovirus (2) BAstV Cattle Water-borne, oral/fecal Gastroenteritis Worldwide

Duck hepatitis virus type 2 DAstV Ducks Water-borne, oral/fecal Fatal hepatitis Worldwide

Ovine astrovirus 1 OAstV Sheep Water-borne, oral/fecal Gastroenteritis Worldwide

Porcine astrovirus 1 PAstV Swine Water-borne, oral/fecal Gastroenteritis Worldwide
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FIGURE 3.11 Genome organization of a human astrovirus. ORF 1a is in a different reading frame than ORF 1b.
Ribosomal frameshifting (arrows) during translation is required to produce the ORF 1b protein.

gastroenteritis, but astroviruses for cattle, pigs, sheep, and
ducks are also known (Table 3.6). The name comes from
the Greek word for star, from star-like structures on the
surface of the virion. Unlike the human caliciviruses, the
human astroviruses will grow in cultured cells, and
progress on understanding their molecular biology has been
more rapid. They are small viruses, 30 nm, with icosahedral
symmetry, and a genome of 7 kb. 

The replicase proteins of astroviruses are translated from
the genomic RNA as two polyproteins (Fig. 3.11). The
smaller translation product (1a) terminates at a stop codon;
ribosomal frameshifting (Chapter 1) at a retrovirus-like
slippery sequence allows read-through into a second
reading frame (1b) to produce a longer polyprotein (1ab). A
subgenomic mRNA is translated into the capsid protein of
the virus. 

Analysis of the sequence of astrovirus genomes sug-
gests that they contain a serine protease (with serine in the
active site) and an RNA polymerase related to other viral
RNA polymerases, but there is no evidence for a helicase
or a capping enzyme. It has been suggested that astro-
viruses contain a VPg, consistent with the lack of a
capping enzyme, but no domain encoding a VPg has been
identified.

There may be yet other small viruses that cause gas-
troenteritis in humans. Virus particles have been seen in
stools of humans suffering from gastroenteritis that have
not as yet been characterized and are referred to simply as
SRVs. Some of these may be members of families not yet
characterized. A summary of virus families known to
contain viruses that cause gastroenteritis and acute diarrhea
in humans and other vertebrates is shown in Table 3.7.
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TABLE 3.7 Viruses Causing Acute Diarrhea

Family Virusa Nucleic acid Host range

Caliciviridae Sapporo, Norwalk, feline calicivirus ss(+)RNA Humans, cattle, swine, chickens, dogs, cats

Astroviridae Numerous astroviruses ss(+) RNA Humans, cattle, swine, cats, dogs, birds

Coronaviridae PEDV, TGEV, and others ss(+)RNA Swine, cattle, foals, mice, rabbits, dogs, cats,

turkeys, (humans?)b

Numerous toroviruses ss(+)RNA Cattle, horses (goats, sheep, swine, rabbits,

mice, humans?)

Flaviviridae Pestivirus BVDV ss(+)RNA Cattle

Picornaviridae Aichi, human parechovirus 1 ss(+)RNA Humans

Paramyxoviridae Canine distemper ss(–)RNA Dogs

Newcastle disease Chickens, fowl

Adenoviridae Human Ad40,41 dsDNA Humans

Reoviridae Rotavirus dsRNA

Group A All mammals and birds

Group B Swine, cattle, sheep, rodents, humans

Group C Swine, ferrets, humans

Group D, F, G Birds

Group E Swine

Parvoviridae Numerous parvoviruses ssDNA Cattle, cats, dogs, mink (humans?)

Source: Adapted from Granoff and Webster (1999, p. 442).
a
Abbreviations: PEDV, porcine epidemic diarrhea virus; TGEV, transmissible gastroenteritis virus; BVDV, bovine viral diarrhea virus.

bThe role of the listed viruses in causing diarrhea has not been proven for species listed in parentheses.

FAMILY TOGAVIRIDAE

The family Togaviridae contains two genera, genus
Alphavirus and genus Rubivirus. The family name comes
from the Latin word for cloak, and the name was given to
them because they are enveloped. The 26 alphaviruses have
a (+)RNA genome of about 12 kb, whereas rubella virus,
the only member of the Rubivirus genus, has a genome of
10 kb. The genomes of alphaviruses and of rubella virus are
organized in a similar fashion, as illustrated in Fig. 3.12.
The virions of the two groups are also roughly similar in
size (70 nm for alphaviruses, 50 nm for rubiviruses) and
structure (icosahedral nucleocapsids surrounded by a
lipoprotein envelope). Structures of alphaviruses are illus-
trated in Figs. 2.5, 2.14, and 2.21. However, although the
two genera exhibit similarities, they are only distantly
related. As a historical footnote, the flaviviruses, described
after the togaviruses, were once classified as a genus within
the Togaviridae. When sequences of flaviviruses were deter-
mined, however, they were found to be unrelated to
alphaviruses and were placed into a new family.

Genus Alphavirus

The alphaviruses have a worldwide distribution. They get
their name from the Greek letter �, because they were once
known as the Group A arboviruses. Many cause important
illnesses in humans, and information for a representative
selection of these viruses is presented in Table 3.8. Because
of their importance as disease agents and aided by the fact
that alphaviruses grow well in cultured cells, this group of
viruses has been well studied. The genomes of many of
them have been sequenced in their entirety. All members of
the genus are closely related and share extensive amino acid
sequence identity. A dendrogram that illustrates their rela-
tionships is shown in Fig. 3.13. This dendrogram illustrates
the interesting fact that during evolution of alphaviruses,
there was a singular recombination event between Eastern
equine encephalitis virus and a Sindbis-like virus to produce
Western equine encephalitis virus. Recombination events in
which the recombinant virus persists and prospers appear to
be rare, but there is much evidence that recombination has
played an important role in the evolution of viruses. The
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TABLE 3.8 Togaviridae

Genus/members Virus name Usual Transmission Disease World
abbreviation hosts(s) distribution

Alphavirus

Sindbis SINV Mammalsa, birds Mosquito-borne Arthralgia, rash, fever Old World

Semliki Forest SFV Mammalsa Mosquito-borne Arthralgia, fever Africa

Ross River, Barmah Forest RRV, BFV Mammalsa Mosquito-borne Polyarthritis, fever, rash Australasia

Ft. Morgan, Buggy Creek FMV, — Birds Vectored by swallow ? North America
bug

Chikungunya, CHIKV, ONNV Humans Mosquito-borne Arthralgia, fever Africa
O’Nyong-nyong

Mayaro MAYV Mammalsa Mosquito-borne Arthralgia, fever South America

Eastern, Western, EEEV, WEEV, VEEV Horses, birds, Mosquito-borne Encephalitis Americas
Venezuelan equine humans
encephalitis

Rubivirus

Rubella RUBV Humans No arthropod vector Rash, congenital Americas, 
abnormalities Europe

a
Humans can be infected by these viruses, but humans are not the primary mammalian reservoir.
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dendrogram also illustrates the fact that there have only been
a limited number of transfers of alphaviruses between the
Americas and the Old World. In fact, three transfers between
the Americas and the Old World are sufficient to explain the
dendrogram, and the majority of members of the three major
lineages are restricted to either the Americas or to the Old
World. This contrasts with most virus families, where indi-
vidual viruses are often worldwide in distribution and evi-
dence is abundant for the mixing of lineages between these
two hemispheres.

Expression of the Genome 

The alphavirus genome, which is capped and polyadeny-
lated, is translated into a nonstructural polyprotein that is
cleaved into four polypeptides by a viral protease
(Fig. 3.12). Activities present in these proteins include a
capping activity in the N-terminal protein (nsP1), helicase
and papain-like protease activities in nsP2, and RNA poly-

merase in nsP4. A viral encoded capping activity appears to
be required to cap the viral mRNAs (the genomic RNA and
a subgenomic RNA) because replication occurs in the cyto-
plasm and the virus does not have access to cellular
capping enzymes. The RNA helicase is needed to unwind
the RNAs during replication and the protease to process the
precursor polyprotein. The RNA polymerase is needed to
synthesize viral RNA. All four nonstructural proteins are
required to synthesize the viral RNA. Replication of the
RNA and synthesis of a subgenomic mRNA follow the
pattern illustrated schematically in Figure 1.9B.

Studies of the viral nonstructural protease have shown
that the cleavages that process the polyprotein control viral
RNA replication. During or shortly after translation, the
full-length polyprotein precursor (called P1234) cleaves
itself in cis to produce P123 and nsP4. These form an RNA
synthetase, probably together with cellular proteins, that
can make complementary (–)RNA from the genomic RNA
template, but which cannot make (+)RNA efficiently.
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FIGURE 3.14 Growth curve of Sindbis virus infection in chicken cells
at 30°C. At the times shown, the medium was harvested and replaced with
fresh medium, and the titer was determined. The red line shows release of
infectious virus into the culture fluid. For determining the rate of RNA
synthesis, cells infected as for virus assay were pulsed with radioactive
uridine for 1 hr at the times shown. Monolayers were harvested and incor-
poration into total RNA (green line) and minus strand RNA (blue line)
was determined. [Adapted from Strauss and Strauss (1994, Fig. 5).]

Subsequent cleavage of P123 in trans, between nsP1 and
nsP2, gives rise to a synthetase that can make both (+)RNA
and (–)RNA. A second cleavage between nsP2 and nsP3
gives rise to a synthetase that can make only (+)RNA. Thus,
(–)RNA templates are made early, but as infection proceeds
and the concentration of protease builds up, trans cleavage
occurs and (–)RNA synthesis is shut down (Fig. 3.14). This
control mechanism probably evolved to make the infection
process more efficient, but it also has the effect that the
infected cell becomes resistant to superinfection by the
same or a related virus because no (–)RNA templates can
be made. The resistance to superinfection by the same or
related viruses is called superinfection exclusion or homol-
ogous interference.

The rate of cleavage of the early synthetase that makes
(–)RNA to convert it to one that can make (+)RNA is
thought to be controlled in part by a leaky stop codon
between nsP3 and nsP4 in most alphaviruses (Fig. 3.12).
Termination at this codon produces P123, which can act in
trans as a protease but cannot act as a synthetase because it
lacks the nsP4 RNA polymerase. In addition to a more
rapid buildup of protease that accelerates the rate of conver-
sion to (+)RNA synthesis, this additional P123 and its
cleavage products may serve to accelerate the rate of RNA
synthesis. There is evidence from genetic studies that
domains in nsP1 and nsP2, among others, are required for
the recognition of viral promoters and the initiation of RNA

synthesis, and additional helicase activity could speed up
the rate of RNA synthesis. 

During infection by alphaviruses, a subgenomic mRNA
is produced that serves as the message for the production of
the structural proteins of the virus, which consist of a
capsid protein and two glycoproteins. The 4.1-kb subge-
nomic RNA is transcribed by the viral replicase from the
(–)RNA template using an internal promoter of 24
nucleotides. The structural proteins are translated as a
polyprotein and cleaved by a combination of viral and cel-
lular enzymes. The capsid protein is itself a serine autopro-
tease that cleaves itself from the N terminus of the nascent
polyprotein. It has a fold that is similar to that of chy-
motrypsin (Fig. 2.15), suggesting that it was derived from a
cellular serine protease during evolution of the virus. After
release of the capsid protein, N-terminal signal sequences
and internal signal sequences in the glycoprotein polypro-
tein precursor lead to its insertion into the endoplasmic
reticulum. This precursor is cleaved by signalase, a cellular
enzyme that resides in the lumen of the endoplasmic reticu-
lum, to produce glycoprotein PE2 (a precursor to glycopro-
tein E2), 6K (a small hydrophobic peptide located between
E2 and E1), and glycoprotein E1. PE2 and E1 quickly form
a heterodimer. During transport of the heterodimer to the
cell plasma membrane, PE2 is cleaved by another cellular
enzyme, furin or a furin-like enzyme, to form E2 and E3.
E3 is a small glycoprotein that in most alphaviruses is lost
into the culture fluid. Cleavage by furin is required to acti-
vate the virus for infection of a cell.

Viral Promoters

The replication of alphaviral RNA requires the recogni-
tion of specific promoters in the viral RNA by the viral
RNA synthetase. These promoters act in cis, that is, they
must be present in the RNA to be used as a template, and
both viral and cellular proteins may be involved in the
recognition of these promoters. The best understood of
these promoters is that for the production of the subge-
nomic mRNA for the structural proteins. The basal pro-
moter consists of 24 nucleotides, of which 19 are upstream
of the transcription start site and 5 are copied into the
subgenomic RNA. The subgenomic promoter can be placed
in front of any RNA sequence and the viral synthetase will
use it to synthesize a subgenomic mRNA. This property of
the promoter has made alphaviruses useful as expression
vectors (Chapter 9). 

The promoters for synthesis of full-length genomic RNA
and the antigenomic RNA template are less well under-
stood. A sequence element at the 3′ end of the (+)RNA
genome is required for (–)RNA synthesis, and an element
at the 3′ end of the minus strand, which can form a stem-
loop structure, is required for genomic RNA synthesis from
the antigenomic template. There is also a requirement for
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FIGURE 3.15 Sequential steps necessary for a mosquito to transmit an arbovirus. (1) A female mosquito ingests an
infectious blood meal and virus enters the mesenteron. (2) Virus infects and multiplies in mesenteronal epithelial cells.
(3) Virus is released across the basal membrane of the epithelial cells and replicates in other tissues. (4) Virus infects
salivary glands. (5) Virus is released from the epithelial cells of the salivary glands and is transmitted in the saliva
during feeding. [From Monath (1988, p. 91).]

an element of 51 nucleotides present in the sequence of the
nsP1 gene for efficient RNA replication.

Assembly of Progeny Virions

The structure of alphaviruses has been described in
Chapter 2. Virions mature when a preassembled nucleocap-
sid consisting of the genomic RNA and 240 copies of
capsid protein buds through the cell plasma membrane to
acquire a lipoprotein envelope containing 240 copies of the
E1–E2 heterodimer (Fig. 2.21). The assembled virion has
icosahedral symmetry and a diameter of 70 nm (Figs. 2.5
and 2.14).

Alphaviruses Are Arboviruses

The alphaviruses are arboviruses (arthropod-borne
animal viruses) and were once referred to as the Group A
arboviruses. In nature, they alternate between replication in
arthropod vectors, usually mosquitoes, and higher verte-
brates. A mosquito may become infected on taking a blood
meal from a viremic vertebrate, which can have 108 or more
infectious particles per milliliter of blood. The infection in
the mosquito, which is asymptomatic and lifelong, begins in
the midgut and spreads to the salivary glands, as illustrated
in Fig. 3.15. After infection of the salivary glands, the mos-
quito can transmit the virus to a new vertebrate host when it
next takes a blood meal. Infection in the vertebrate begins in
the tissues surrounding the bite or in regional lymph nodes,
but then spreads to other organs. The infection is usually

self- limited and the vertebrate is capable of infecting mos-
quitoes for only a brief time, e.g. after viremia is established
but before an immune response limits circulating virus. The
necessity to alternate between two such different hosts has
constrained the evolution of arboviruses— changes that
adapt the virus to one host or that are neutral in one host are
often deleterious in the alternate host. Thus, the evolutionary
pressures on arboviruses are different from those on viruses
such as poliovirus, which infects only primates.

Different alphaviruses infect different spectra of mosqui-
toes and vertebrates in nature. It is useful to distinguish
between reservoir hosts in which the virus is maintained in
nature and dead-end hosts in which infection normally does
not lead to continuity of the infection cycle. We can also dis-
tinguish between enzootic cycles, in which the virus is con-
tinuously maintained in nature and which may or may not
result in disease in the enzootic host, and epizootic cycles, in
which the virus breaks out and causes epidemics of disease
that may die out with time. Two types of natural transmis-
sion cycles are illustrated in Fig. 3.16. In Fig. 3.16A, a
simple transmission cycle is illustrated, such as that of urban
yellow fever infection of humans (see the section on
flaviviruses below). In this cycle, humans are the only verte-
brate hosts and the virus alternates between infection of a
human and infection of the mosquito vector Aedes aegypti.
Figure 3.16B illustrates a complex transmission pattern,
using as an example the transmission of Eastern equine
encephalitis virus in North America. This virus has a verte-
brate reservoir consisting primarily of migratory songbirds
and is transmitted by the mosquito, Culiseta melanura, a
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common inhabitant of freshwater swamps in eastern North
America. However, the virus is capable of infecting other
mosquitoes and has even been isolated from naturally
infected chicken mites. It can also infect mammals, includ-
ing humans. On occasion, the virus breaks out of its
enzootic cycle to cause epidemics of disease in pheasants,
transmitted and maintained by an epizootic vector mosquito.
Either enzootic or epizootic vectors are capable of infecting
humans or domestic animals if they invade the areas in
which these mosquitoes are present, but these hosts are
usually dead-end hosts and do not further spread the virus.

Most alphaviruses are capable of infecting both
mammals and birds, and the nature of the vertebrate reser-
voir depends on the virus or even the strain of virus, which
may differ by geographic location. Thus, for example,

Sindbis virus in nature is normally maintained in birds,
which are its usual vertebrate reservoir. However, the virus
is capable of infecting mammals, including humans, and
has also been isolated from amphibians and reptiles.
Numerous species of mosquitoes form its insect reservoir,
but it has also been isolated from other hematophogous
arthropods, including mites. In contrast, Ross River virus is
maintained in small marsupial mammals in Australia and
does not appear to use birds as hosts. 

Arboviruses that are transmitted by mosquitoes, ticks,
sandflies, or other blood-sucking arthropods are known
from several families of viruses. A selection of arboviruses
from three virus families, most of which cause human
disease, are listed in Table 3.9, together with the diseases
they cause.

A. Simple Transmission Cycle

Domestic Vector Domestic Vector

Primary Vertebrate Host

FIGURE 3.16 Generalized transmission cycles of arboviruses. (A) Simple cycle, such as urban yellow fever, involv-
ing a single vector (Aedes aegypti mosquitoes) and a single vertebrate host (man). (B) Complex cycle, such as that for
Eastern equine encephalitis, where the virus is maintained in an enzootic host (passerine birds) with an enzootic vector
(Culiseta melanura), but can enter an epizootic vector (another insect) and be transmitted to epizootic hosts, and tan-
gentially to dead-end hosts like man. An intermediate type of cycle is illustrated in Fig. 3.48 for Colorado tick fever.
[From Monath (1988, p. 129).]

B. Complex transmission cycle

Enzootic Host
Passerine Bird

Epizootic Host

Epizootic Host
Pheasant

Enzootic Vector Epizootic VectorEnzootic Vector Epizootic Vector

Pheasant

Enzootic Host
Passerine Bird

Dead End Hosts
Man and Horses
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TABLE 3.9 Representative Arboviruses That Cause Human Disease

Predominant disease manifestationsa

Nonfatal systemic febrile illness Encephalitis Hemorrhagic fever (HF)

Family/virus Frequencyb % Mortalityc Frequencyb % Mortalityd

Togaviridae

Chikungunya Most cases, E Rare, E Rare

Mayaro Most cases, E

O’Nyong-nyong Most cases, E

Ross River Most cases, E

Sindbis Most cases, E

EEE Most cases Rare 50–70

VEE Most cases, E Rare 0.1–20e

WEE Most cases Rare 5–10

Flaviviridae

Dengue (1–4) Most cases, E Rare, E 3–12

West NileE NonE Rare

Japanese encephalitis <1% 30–40f

Kyasanur Forest NonE 5 NonE 5

Murray Valley E 20–70

Rocio E 13

St. Louis encephalitis E 4–20

Tick-borne encephalitis

Eastern Rare 30

Central European Rare 1–10

Omsk hemorrhagic fever NonE 1–2

Yellow fever Most cases 5–20

Bunyaviridae

Bunyamwera NonE

Germiston NonE

Sandfly fever E

Rift Valley fever E NonE 1–5

California encephalitis NonE 1

Crimean hemorrhagic fever NonE 15–20

aIn addition to the disease manifestations listed, most viruses in this table can cause mild febrile illness; some viruses are endemic (nonE), but others cause
occasional outbreaks or epidemics (E).
bFrequency relates to the relative number of cases exhibiting encephalitis or HF relative to the total number of infections. This number can be difficult to
estimate, since only the most seriously ill (for example, hospital patients in an epidemic) may be reported as infections.
cPercent mortality is the percent of those with encephalitis who succumb.
dPercent mortality is the percent of those with HF who succumb.
eMortality in children is at the high end of the range given.
fMortality generally lower in children.

Encephalitic Alphaviruses

Eastern (EEE), Western (WEE), and Venezuelan equine
encephalitis (VEE) viruses, three New World alphaviruses,
cause fatal encephalitis in horses. WEE and EEE regularly
cause encephalitis in humans as well, although the number
of cases is small (Table 3.9 and Fig. 3.17). Most human
infections by WEE or EEE are inapparent or result in

febrile illness that is usually mild. Encephalitis, which
occurs in only 1 of 1000 humans infected by WEE and at a
somewhat higher rate for EEE, is a complication that arises
when the virus manages to pass the blood–brain barrier and
infects neurons in the CNS. When encephalitis does
develop, it is fatal about half the time in EEE infection, and
survivors have neurological deficits. The encephalitis pro-
duced by WEE is less severe, but it is fatal in 5–10% of
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A. Western equine encephalitis
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 equine only

FIGURE 3.17 Geographic distribution of reported human cases of alphavirus encephalitis in the United
States from 1964 to 1993. Colors indicate the rate in cases per 100,000 population by state and the actual
numbers of cases are shown. Note there were two human cases of WEE in 1994, but none have been reported
since then. Reported cases of EEE since 1993 (no state locations given) are 1 in 1994, 4 in 1995, 5 in 1996,
and 14 in 1997 (of which 12 were in the South, 1 in New England, and 1 in the upper Midwest). [Adapted
from Fields et al. (1996, p. 875, using data from Tsai, 1991) and additional data from MMWR, Summary of
Notifiable Diseases in the United States for 1998. MMWR, 47, No. 53 (1999) pp. 23–25.]

cases. The tendency to develop encephalitis after infection
is age dependent, and young humans are much more sus-
ceptible than adults. These findings correlate with labora-
tory experiments in mice, in which many different
alphaviruses cause age-dependent encephalitis. 

WEE and EEE are both present in the United States
and cause small outbreaks of encephalitis, often only a
few cases per year (Fig. 3.17). They are less of a problem
than formerly, probably because the widespread use of
insect repellents and the adoption of air conditioning and
window screens has resulted in fewer bites by mosquitoes,
especially night flying mosquitoes, and because fewer
horses are used in farming. Of particular interest is the
fact that no case of WEE encephalitis has been reported
since 1994. No vaccines for these viruses are available for
widespread use, although experimental vaccines exist that

are given to laboratory personnel who work with the
viruses. In Central and South America, WEE and EEE are
more of a problem because the horse is still in widespread
use as a farm animal and window screens are less
common.

VEE is also a major problem in Latin America because
of its ability to cause fatal encephalitis in horses. The virus
is maintained in an enzootic cycle involving small
mammals, but epizootic outbreaks in horses occur that lead
to widespread epidemic disease. VEE infection often results
in a febrile illness in man that can be debilitating. It rarely
causes fatal infection or encephalitis in humans, however,
although an outbreak in 1995 resulted in a number of cases
of encephalitis in children. Both inactivated virus vaccines
and attenuated virus vaccines are in widespread use for the
immunization of horses against VEE. 
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Alphaviruses That Cause Polyarthritis

Several alphaviruses cause epidemic polyarthritis in man.
The best known of these is Ross River virus, which is wide-
spread in Australia, but strains of Sindbis virus found in
Northern Europe (called Ockelbo or Karelian fever virus)
and Mayaro virus of South America also cause polyarthritis.
The arthritis is characterized by pain, often accompanied by
frank swelling, in the small joints of the hands and feet and
in the knees. Arthritis (joint inflammation, from arth = joint
and itis = inflammation) or arthralgia (joint pain, from arth
and algia = pain) can last for almost a year with relapses of
severe arthritis being common during this period. 

Of particular interest was a wide-ranging epidemic of
Ross River polyarthritis that swept through the South
Pacific some years ago. The epidemic began when a single
viremic traveler from Australia landed in Fiji. The epidemic
began near the airport and eventually spread throughout the
island. From there it jumped to other islands having air
contact with Fiji. During this epidemic, it is believed that
humans were the primary or only vertebrate host, with the
disease being transmitted from mosquito to human to mos-
quito without the intervention of another animal reservoir
(the cycle illustrated in Fig. 3.16A). This epidemic was
explosive (most of the people on the affected islands con-
tracted the disease) but eventually burned itself out because
humans had become immune and the virus failed to estab-
lish an endemic cycle in other animals in the region.

Other Alphaviruses

Other alphaviruses cause disease characterized by
headache, fever, rash, and arthralgia, and only a few exam-
ples will be cited here. The prototype virus is Sindbis virus,
named after the town of Sindbis, Egypt, where it was first
isolated in 1953 from mosquitoes. This virus has been
widely studied as a model for alphavirus replication. Most
Sindbis strains cause no human illness but some strains
cause disease characterized by fever, rash, and arthralgia,
and others, as described above, cause polyarthritis. Semliki
Forest virus, named after the Semliki Forest in Uganda, has
also been extensively characterized as a model system.
Most strains cause no human illness, but strains from
central Africa cause a disease characterized by exception-
ally severe headache, fever, and rash. One known case of
fatal human encephalitis caused by this virus occurred in a
laboratory worker. Chikungunya virus causes large epi-
demics of arboviral illness in Africa and Asia whose most
characteristic symptom, in addition to rash, is a very
painful arthralgia and, frequently, arthritis. In urban settings
the virus is transmitted by A. aegypti, the only known case
of epidemic alphavirus transmission by this urban mos-
quito, and the virus may have been more widely distributed
previously. O’Nyong-nyong virus is an African virus,
closely related to Chikungunya, that caused an epidemic,

starting in the late 1950s, resulting in 2 million cases of
disease similar to that caused by Chikungunya. The virus
subsequently almost totally disappeared, with only sporadic
cases reported, until 1996, when another, smaller epidemic
occurred in south-central Uganda. In these epidemics the
virus was transmitted by Anopheles funestrus and
Anopheles gambiae, mosquitoes that are major vectors of
malaria, and these epidemics represent the only known
cases of epidemic transmission of an alphavirus by
Anopheline mosquitoes. 

Rubella Virus

Rubella virus is less well understood than alphaviruses
because it grows very poorly in cultured cells and its
genome possesses an extraordinarily high GC content
(70%), which retarded efforts to sequence and express the
viral genome. The complete sequences of several strains are
now known and detailed molecular studies are under way.
The genome is approximately 10 kb in size and is expressed
similarly to the alphavirus genome: The genomic RNA is
translated into a polyprotein cleaved by a papain-like pro-
tease into two pieces, and a subgenomic mRNA is trans-
lated into structural proteins consisting of a capsid protein
and two envelope glycoproteins (Fig. 3.12). 

Rubella virus infects only humans and there is no other
reservoir. Infection is by person-to-person contact, pri-
marily through aerosols. It causes a relatively benign
illness, sometimes called German measles, with a charac-
teristic rash and is (or was) one of the typical childhood
diseases. However, infection of a pregnant woman in the
first trimester of pregnancy can have devastating effects
on the developing fetus. The virus sets up a long-lived
infection in the fetus that often causes developmental
abnormalities resulting in children with severe handicaps
(congenital rubella syndrome). An attenuated virus
vaccine against rubella has been developed that is now
routinely given to children as part of mumps–measles–
rubella vaccination (MMR). Since the vaccine was intro-
duced, there has been a drastic reduction in the number of
cases of rubella in the United States (Fig. 3.18) and other
developed countries.

Because the postnatal disease caused by rubella virus is
trivial, the purpose of the rubella vaccine is to protect against
future birth defects rather than to protect the individual vac-
cinated. This raises interesting ethical questions about its use.
In some societies, only females were vaccinated, since they
would want to protect their future children from the effects of
rubella. However, because males remained susceptible to the
virus, it continued to circulate in the population and rubella-
caused birth defects continued to occur. To protect against
this, the only solution is to vaccinate the entire population so
as to eliminate the virus from the society.

The rubella vaccine has now been in use for many years
and is generally safe and effective when given to children.
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FIGURE 3.18 Incidence of rubella virus, by year, in the United States. [From Summary of Notifiable
Diseases in the United States for 1997 (MMWR), Vol. 46, No. 54, (1998).]

The present vaccine has a high incidence of side effects in
adults, however, especially arthralgia and arthritis, and is
seldom administered to adults. Thus, an adult woman who
becomes pregnant but is not immune to rubella is at risk in
the event of an epidemic, and the need exists to improve the
vaccine. Current efforts to understand the molecular
biology of the virus in more detail will hopefully lead to
the development of a better vaccine.

FAMILY FLAVIVIRIDAE

The Flaviviridae are so-called from the prototype virus
of the genus Flavivirus, yellow fever virus, flavus being the
Latin word for yellow. The Flaviviridae are divided into
three genera, the genus Flavivirus, the genus Pestivirus, and
the genus Hepacivirus. A partial listing of viruses in the
three genera is given in Table 3.10. In the discussion below,
the term flavivirus refers only to members of the genus
Flavivirus, unless otherwise specified.

The genome organizations of members of the three genera
are shown in Fig. 3.19. The genomes of the three genera are
similar in size (11 kb for flaviviruses, 12.5 kb for pes-
tiviruses, 9.4 kb for hepaciviruses) and organization. These
viruses, like the picornaviruses, have a genome that contains
only a single ORF. This ORF is translated into a long
polyprotein that is processed by cleavage into 10 or more
polypeptides. Processing of the precursor polyprotein is com-
plicated, as is clear from the figure. Cleavage is effected by a
combination of one or two viral encoded proteases and two

or more cellular proteases. The structural proteins are
encoded in the 5′-terminal region of the genome (like picor-
naviruses). However, all members of the Flaviviridae are
enveloped, unlike the picornaviruses, and the structural pro-
teins consist of a nucleocapsid protein and two or three enve-
lope glycoproteins. Cellular proteases make the cleavages
that separate the glycoproteins, but the cleavages in the non-
structural region of the polyprotein, which is required for
RNA replication, are made by one or two virus-encoded pro-
teases. Even so, cellular signalase makes at least one of the
cleavages in the nonstructural domain of flaviviruses. The
cleavage pathways in this genus are described in detail below.

All members of the Flaviviridae encode a serine protease
with a catalytic triad consisting of serine, histidine, and
aspartic acid. The protease resides in the nonstructural
region called NS3, just upstream of a helicase. The crystal
structure of the hepatitis C virus (HCV) protease has been
solved to atomic resolution and it possesses a fold similar
to chymotrypsin, as is the case for other viral serine pro-
teases whose structures have been solved. The enzyme is
interesting in that a second polypeptide is required for
activity, NS2B in flaviviruses and NS4A in HCV. From the
atomic structure of the HCV protease complexed with the
region of NS4A required for activity, it is clear that NS4A
forms an integral part of the folded protease. Thus, it is
puzzling that the protease consists of two cleaved products
rather than one continuous polypeptide chain. 

Flaviviruses encode only the NS3 protease, but pes-
tiviruses and hepaciviruses also encode a second protease.
In HCV, the second protease is known to be a metallopro-
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FIGURE 3.19 Genome organization of representatives of the three genera within the Flaviviridae. The cleavage sites
indicated with dashed lines have not been precisely localized. [Data for this figure came from Chambers et al. (1990),
Bartenschlager and Lohmann (2000), and Meyers and Thiel (1996).]

TABLE 3.10 Flaviviridae

Genus/members Virus name Usual hosts(s) Transmission Disease World
abbreviation distribution

Flavivirus

Dengue fever (types 1–4) DENV Humans Mosquito-borne Dengue fever, shock,  Worldwide
hemorrhage

Yellow fever YFV Primatesa Mosquito-borne Hemorrhage, liver destruction Africa, Americas

Japanese encephalitis JEV Mammalsa, Mosquito-borne Encephalitis Widespread in Asia
especially swine

St. Louis encephalitis SLEV Mammalsa, birds Mosquito-borne Encephalitis North America

Murray Valley encephalitis MVEV Mammalsa, birds Mosquito-borne Encephalitis Australia

Tick-borne encephalitis TBEV Mammalsa Tick-borne Encephalitis Europe, Asia

Pestivirus

Classical swine fever CSFV Swine Contact Fever, acute gastroenteritis Europe, Americas

Bovine viral diarrhea BVDV Cattle Contact Usually noneb Worldwide

Hepacivirus

Hepatitis C HCV Humans Parenteral, transfusion Hepatitis, liver cancer Worldwide

aIncluding humans.
bCalves infected in utero develop persistent infections that can lead to mucosal disease.



tease. This is the only example known of a metalloprotease
in viruses.

Flaviviruses have capped genomes whose translation is
cap-dependent. In contrast, the hepacivirus and pestivirus
genomes are not capped and have an IRES in the 5′ nontrans-
lated region. Members of Flaviviridae do not have a poly(A)
tail at the 3′ end of the RNA. A stable stem-loop structure
present at the 3′ end of the Flavivirus genome is illustrated in
Fig. 3.20. This structure is required for replication of the
genomic RNA and for its stability. No nucleotide or amino
acid sequence identity can be detected between members of
different genera except for isolated motifs that are signatures
of various enzymatic functions.

Viruses in the family are enveloped. They mature at intra-
cytoplasmic membranes rather than at the plasma membrane.

Genus Flavivirus

There are about 70 known flaviviruses, of which a represen-
tative sample is listed in Tables 3.9 and 3.10. All members
of the genus are closely related, as illustrated by the dendro-
gram in Fig. 3.21. They share significant amino acid
sequence identity in their proteins, which results in serolog-

ical cross reactivity. Historically, members of this genus
were assigned to it on the basis of these cross reactions.
Most are arthropod-borne, and they were once referred to as
Group B arboviruses. They can be divided into three major
groups based on the vector utilized: the mosquito-borne
group (which includes yellow fever, the dengue complex,
and the Japanese encephalitis complex), the tick-borne
encephalitis group (the TBE complex), and a group that
lacks an arthropod vector. The last are of limited medical
importance and will not be considered here. Notice that in
the phylogenetic tree in Fig. 3.21, the tick-borne viruses and
the mosquito-borne viruses belong to different lineages.
Thus, the viruses are adapted to a tick vector or to a mos-
quito vector, and interchange of vectors does not occur.

Expression of the Viral Genome

The genome organization of a typical flavivirus is illus-
trated in Fig. 3.19. The processing of the long polyprotein
produced from the genome is complicated and is illustrated
in Fig. 3.22 as an example of complex processing events
that can occur in viral polyproteins associated with lipid
bilayers. The nucleocapsid protein is 5′ terminal in the
genome and is removed from the precursor polyprotein by
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FIGURE 3.20 Two-dimensional structures that can be formed from the sequences at the 3′ ends of
flavivirus RNAs. Examples are shown for three flaviviruses: tick-borne encephalitis virus (TBE), yellow
fever virus (YF), and West Nile virus (WN). Although there is little sequence conservation, the struc-
tures are very similar and have similar predicted thermodynamic stabilities. Nucleotides are numbered
from the 3′ terminus. It is thought that YF and WN form a pseudo-knot by interactions between the small
5′ loop and a disordered region of the main stem, as indicated with the dashed lines. [Adapted from Shi
et al. (1996) and Rauscher et al. (1997).]
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the viral NS2B/NS3 protease. Two envelope proteins, prM
(precursor to M) and E (envelope), follow. Both are
anchored in the endoplasmic reticulum by C-terminal mem-
brane-spanning domains and are usually, but not always,
glycoproteins. A series of internal signal sequences is
responsible for the multiple insertion events required to
insert prM, E, and the following protein, NS1 into the
endoplasmic reticulum. After separation of these three pro-
teins by signalase, prM and E form a heterodimer. prM is
cleaved to M by furin during transport of the heterodimer or
during virus assembly. After cleavage, E forms a homod-
imer. These events are shown schematically in Fig. 3.23. If
cleavage of prM does not occur, an immature form of the
virion is produced that is not infectious.

Following the E protein is NS1 (NS for nonstructural).
NS1 is a glycoprotein and is required for RNA replication
(how is an interesting question since it is external to the
cell). Cleavage at its C terminus is by an unknown cellular
protease. Although lacking a C-terminal anchor, some frac-
tion of it remains cell associated. Next are two hydrophobic
polypeptides called NS2A and NS2B. These proteins are
cleaved by the viral NS2B/NS3 protease. They are associ-
ated with membranes and may serve to anchor parts of the
replication machinery to internal membranes in the cell.
NS2B forms a complex with NS3 that activates the serine
protease, which cleaves many bonds in the polyprotein. It

also has at least two other activities—the middle domain of
NS3 is a helicase, required for RNA replication, and the C-
terminal domain has RNA triphosphatase activity, an activ-
ity that is required for the capping of the viral genome.

NS4A and NS4B are hydrophobic polypeptides that are
associated with membranes. They may function in assembly
of the viral replicase on intracellular membranes. Both the
viral NS2B/NS3 protease and cellular signalase are
required to produce the final cleaved products. 

NS5 is the viral RNA polymerase. It also has methyl-
transferase activity required for capping of the viral
genome. Thus, the capping activity is divided between pro-
teins NS3 and NS5. NS5 appears to be a soluble cytoplas-
mic protein that associates with membranes through
association with other viral peptides. 

RNA replication is associated with the nuclear mem-
brane. The composition of the replicase complex is not
understood but is assumed to consist of many (most?) of the
viral nonstructural proteins with associated cellular proteins.

Structure of the Virion

The nucleocapsid is thought to be icosahedral in sym-
metry, perhaps having a triangulation number of 3. The
structure of E has been solved to atomic resolution for tick-
borne encephalitis virus (Fig. 3.24). Unlike the glycopro-
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FIGURE 3.21 Phylogenetic tree of the flaviviruses. The dendrogram illustrates the relationships among
flaviviruses, based on the nucleotide sequences encoding the NS5 protein. The cell-fusing agent is a dis-
tantly related flavivirus that was found as a contaminant in mosquito cell cultures. Its natural host range
and distribution are unknown. [From Marin et al. (1995) reported in Strauss and Strauss (1996, p. 115).]



Family Flaviviridae 89

FIGURE 3.22 Schematic illustration of the processing of the flavivirus polyprotein precursor into the structural pro-
teins (blue) and the nonstructural proteins (green). As described in the text, some of the cleavages are cotranslational,
while others are delayed. The proteases responsible for the various cleavages are colored as shown in the key and the
amino termini of the major proteins are labeled “N.” The cellular enzyme that cleaves following NS1, the first non-
structural protein, has not been identified. An alternative site of cleavage within NS2A is shown that might lead to an
anchored form of NS1. NS2B and NS3 form a complex that involves the central 40 amino acids of NS2B and is
required for expression of the proteolytic activity of NS3. This interaction also ties NS3 to the membrane. The orienta-
tion of NS4A and NS4B within the membrane has not been determined, but this model is consistent with the sequences
of these peptides. [Redrawn from Strauss and Strauss (1996).]

teins of other enveloped viruses, the homodimer lies flat
along the membrane rather than projecting upward as a
spike. Thus, the surface of the flavivirus lacks projecting
spikes and is relatively smooth (Fig. 2.5). This also has the
effect that the diameter of the flavivirion (about 50 nm) is
less than that of many enveloped viruses. For example, the
alphaviruses, which are otherwise fairly comparable to
flaviviruses, have a diameter of 70 nm). Very recent studies
have shown that E of flaviviruses and E1 of alphaviruses
have the same structure, and thus were derived from the
same ancestral protein. Although the protein structures are
the same, they are used in somewhat different ways to con-
struct the protein shell external to the lipid bilayer, as is
clear from a comparison of the cryoelectron reconstructions
of alphaviruses and flaviviruses in Fig. 2.5.

Flaviviruses mature at intracellular membranes. Budding
figures have been described only rarely and assembly may

be associated with the complex processing of the viral
polyprotein.

Diseases Caused by Flaviviruses

Many flaviviruses are important pathogens of humans.
Different viruses may cause encephalitis, hemorrhagic
fever with shock, fulminant liver failure, or disease charac-
terized by fever and rash. Several important viruses and
their diseases are listed in Tables 3.9 and 3.10. Many of
these viruses are individually described below.

Yellow Fever Virus

The type flavivirus is yellow fever virus (YFV), once
greatly feared and still capable of causing large epidemics.
The virus is viscerotropic in primates, the only natural hosts
for it. The growth of the virus in the liver, a major target
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FIGURE 3.24 Crystal structure (ribbon diagram) of the dimer of the E protein of tick-borne encephalitis virus. This
is a top view, looking down onto the surface of the virion. Numbered sites are those in which mutations alter the viru-
lence of the virus. [From Rey et al. (1995).]

E

prM M

Immature virion Mature virion

A. B.

FIGURE 3.23 Schematic representation of the configuration of membrane proteins of mature and imma-
ture flavivirions, with the heterodimers of prM and E on the left and homodimers of E following cleavage of
prM on the right. [Adapted from Heinz et al. (1994).]
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organ, causes the major symptoms of disease and the symp-
toms from which the name of the virus derives, jaundice fol-
lowing destruction of liver cells. The virus also replicates in
other organs, such as kidney and heart, and causes hemor-
rhaging. Illness is accompanied by high fever. Death occurs
in 20–50% of serious infections, usually on days 7–10 of
illness and usually as a result of extensive liver necrosis.

YFV is present today in Africa and Latin America. It
originated in Africa and spread to the Americas with
European colonization and the introduction of slaves. The
virus is maintained in two different cycles. In an endemic
or sylvan cycle, it is maintained in Aedes africanus and
other Aedes mosquitoes in Africa and in Haemogogus mos-
quitoes in the Americas. Monkeys form the vertebrate
reservoir. In this cycle, forest workers and other humans
who enter deep forests are at risk. Infection of humans can
lead to the establishment of an epidemic or urban cycle in
which the virus is transmitted by the mosquito A. aegypti
and man is the vertebrate reservoir. In this cycle, all urban
dwellers are at risk. Aedes aegypti is a commensal of man,
breeding around human habitation. It is widespread in the
warmer regions of the world, including the southern United
States, Central America and the Caribbean, large regions of
South America, sub-Saharan Africa, the Indian subconti-
nent, southeast Asia, Indonesia, and northern Australia. 

In the 1800s, YFV was continuously epidemic in the
Caribbean region, where it had a pronounced influence on
the development and settlement of the Americas by the
Europeans. Caucasians and Native Americans are very sen-
sitive to yellow fever, usually suffering a serious illness
with a high death rate. Black Africans, who were brought as
slaves to the New World to replace Native American slaves
who had died in large numbers from European diseases, in
general suffer less severe disease following yellow fever
infection, presumably having been selected for partial
resistence by millenia of coexistence with the virus. Their
relative resistance to yellow fever resulted in the importa-
tion of even more black slaves into yellow fever zones. The
high death rate among French soldiers sent to the Caribbean
region to control black slaves was probably responsible for
the decision by Napoleon to abandon the Louisiana terri-
tory by selling it to the United States. The high death rate
among French engineers and workers in the 1880s under
de Lesseps, who had previously supervised the construction
of the Suez Canal, led to the abandonment of the attempt by
the French to build a canal through Panama. The Panama
Canal through Panama was built by the United States only
after yellow fever was controlled.

From its focus in the Caribbean, yellow fever regularly
spread to port cities in the southern and southeastern
United States and as far north as Philadelphia, New York,
and Boston. Epidemic yellow fever even reached London.
The virus also spread up the Mississippi river from New
Orleans. The virus was transported from its focus in the

Caribbean by ships, which carried freshwater in which
mosquitoes could breed. If there was yellow fever on the
ship, the disease was maintained and could be transmitted
by the mosquitoes or by infected individuals to ports at
which the ships called. Yellow fever epidemics could afflict
most of the population of a city and result in death rates of
20% or more of the city’s original population. 

One telling account of an epidemic in Norfolk, Virginia,
in 1855 is described in the report of a committee of physi-
cians established to examine the causes of this epidemic.
Quarantine procedures to prevent the introduction of yellow
fever were often thwarted by captains who concealed the
presence of the disease to avoid a lengthy quarantine, even
going to the extreme of secretly burying crew members who
died while in quarantine. On June 6, 1855, the steamer Ben
Franklin arrived from St. Thomas and anchored at the quar-
antine ground. The health officer, Dr. Gordon, visited the ship
and was told that there was no disease on the ship. After 13
days in quarantine the ship was allowed to dock and yellow
fever soon appeared in Norfolk. The first cases were crew and
passengers from the ship. A number of early cases among the
citizens of the town were ascribed to the ship passing within
a half mile of their homes, and it is possible that infected
mosquitoes were blown ashore. The disease then spread in all
directions at a uniform rate of about 40 yards per day until it
encompassed the whole city. The epidemic peaked at the end
of August and died out after October. During the epidemic,
an estimated 10,000 cases of yellow fever occurred in a pop-
ulation of 16,000, and 2000 died of the disease. The report
established two other facts about the disease: Persons who
had had yellow fever previously were immune, and the epi-
demic was not spread by person-to-person contact.

At the turn of the century, there was much debate as to
the mechanism by which yellow fever spread. The
Department of the Army sent an expedition, under the
command of Walter Reed, to Cuba, recently acquired by the
United States from Spain, to study the disease. The com-
mission undertook to test the thesis that the virus was trans-
mitted by mosquitoes, using themselves as human
volunteers. Mosquitoes were allowed to feed on yellow
fever patients and then on volunteers. At first there was a
lack of understanding about the fact that mosquitoes are
infected only by feeding on patients early in their disease,
before an effective immune response arises, and about the
necessity for an extrinsic incubation period in the mosquito,
during which the virus establishes an infection in the sali-
vary glands, before it can transmit the virus. Ultimately,
however, the investigation team did succeed in proving
mosquito transmission and one member of the commission,
Dr. Jesse Lazear, died of it. Fortunately, his was the only
death recorded in these experiments. It is of note that in the
days before the introduction of a vaccine, most researchers
who studied yellow fever in the field or in the laboratory
ultimately contracted the disease and many of them died.
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FIGURE 3.25 Cumulative number of cases of yellow fever reported to the World Health Organization for the years
1982 through 1995, by country. It is suspected that cases in Africa may be underreported by at least a factor of 10.
Immunization coverage in Africa has remained low and the disease has recently emerged after more than a decade, with
cases reported in Kenya (1992), Ghana (1993), Gabon (1994), and Liberia (1995). [From Fields et al. (1996, p. 1014)
and the WHO web site: http://ww.who.int/vaccines-diseases/diseases/Yellow_fever.htm.]

With the discovery that the virus was mosquito-borne, the
U.S. Army began a campaign in Havana to eliminate mos-
quito breeding places by eliminating sources of water around
human habitation. It was (and still is) common for drinking
water to be stored around houses throughout Latin America
in large pots that served as excellent breeding places for A.
aegypti. The campaign succeeded in breaking the mosquito
transmission cycle and yellow fever as an epidemic agent
disappeared from Havana within months. This approach was
later exported to other areas with great success, including
Panama. It was at first believed that yellow fever could be
eradicated, but the discovery of the endemic cycle of yellow
fever dispelled this idea. Forest workers who cut down trees
and brought the mosquitoes down from the upper canopy,
where they transmit the disease to monkeys, were particu-
larly at risk. Once infected, a person is able to bring the
disease back to town where it can get into the A. aegypti
population and start an urban epidemic.

In the late 1920s, yellow fever virus was successfully prop-
agated in Rhesus monkeys, in which it causes a lethal disease

and in which it can be experimentally passed from monkey to
monkey. One such strain was derived from an infected human
named Asibi. Theiler and Smith passed the Asibi strain of
yellow fever in chicken cells, and after approximately 100
passages, it was found that the resulting virus was no longer
virulent for Rhesus monkeys. After additional passages, this
virus, called 17D, was ultimately used as a live virus vaccine
in man and has proven to be one of the best and most
efficacious vaccines ever developed. The vaccine virus causes
very few side reactions and is essentially 100% effective in
providing long-lasting protection against yellow fever. This
vaccine is routinely given to travelers to regions where yellow
fever is endemic and is used to control the spread of epidemic
yellow fever in Latin America and, with less success, in
Africa. The success of this vaccine has served as a model for
the development of other live virus vaccines, namely, passing
the virus in cultured cells from a non-native host.

Although not as wide ranging as previously, yellow fever
continues to cause epidemics in Africa and South America
as illustrated in Fig. 3.25. On an annual basis, 50–300 cases
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are officially reported in South America and up to 5000
cases in Africa, but these figures are significantly under-
reported. Between 1986 and 1991, annual outbreaks of
yellow fever occurred in Nigeria that probably resulted in
hundreds of thousands of cases. Epidemics of yellow fever
has also occurred in Peru and Bolivia in recent years. There
was one imported case of yellow fever in the United States
in 1996, in which an American who visited the jungles of
Brazil along the Amazon River without being immunized
returned to the United States with yellow fever and died of
the disease. Because of the endemic cycle in which
monkeys are the reservoir, it is probably impossible to erad-
icate the virus as has been done with smallpox and as is
planned for poliovirus and measles virus.

Dengue Viruses

The four dengue viruses have recently undergone a dra-
matic expansion in range and cause tens to hundreds of mil-
lions of case of dengue fever in humans each year.
Uncomplicated dengue fever is characterized by headache,
fever, rash, myalgia (muscle pain, from myo = muscle and
algia = pain), bone pain, and prostration. The disease may
be mild or it may be extremely painful, but it is almost
never fatal. However, the virus can cause illnesses charac-
terized by hemorrhage (dengue hemorrhagic fever or DHF)
or shock (dengue shock syndrome or DSS), which have
mortality rates of several percent. Up to 250,000 cases of
DHF and DSS are recorded each year, most of them in
Southeast Asia, and DHF and DSS are a leading cause of
mortality in children in southeast Asia. It is hypothesized
that DHF and DSS are caused by immune enhancement in
which infection by one serotype of dengue virus expands
the population of cells that can be infected by a second
serotype. In this model, infection with one serotype predis-
poses a person to shock or hemorrhage on infection with a
second serotype when the second infection occurs within a
limited time period, usually 1–2 years. For this reason, the
development of vaccines against dengue has progressed
slowly, because of the possibility that immunizing against
one serotype might put a person at risk for a more serious
illness. Current efforts in Thailand are directed toward
developing a quadrivalent attenuated virus vaccine that
would immunize against all four serotypes simultaneously.
U.S. scientists are independently attempting to develop
vaccines for the viruses, based either on attenuated dengue
viruses or on the development of chimeric flaviviruses that
express dengue envelope antigens in a yellow fever vaccine
background.

Dengue viruses are maintained in A. aegypti in urban
settings in most of the world, but also in Aedes albopictus
in Asia, and man is the primary vertebrate reservoir. Forest
cycles have been documented in Africa and Madagascar in
which the vertebrate reservoir is monkeys and other mos-

quito species maintain the virus. Such a forest cycle does
not exist in the Americas.

Dengue viruses, which have been continuously active
over large areas of Asia and the Pacific region for a long
time, have recently expanded their range in the Americas,
as illustrated in Fig. 3.26. The viruses may have caused
large epidemics in the Americas, including the United
States, in the 1800s and into the early 1900s. However, it
is impossible to determine with certainty from descrip-
tions of the disease written at the time whether dengue
was the causative agent of these epidemics or whether
other viruses that cause similar illnesses might have been
responsible. Dengue almost died out in the Americas
largely because of efforts to control A. aegypti. In the
mid-1900s, a serious effort was made in the Americas to
eradicate A. aegypti from large regions, in order to
control viral diseases spread by these mosquitoes. These
efforts succeeded in eliminating the mosquito from large
areas of Central and South America, as illustrated in
Fig. 3.26A. However, by 1970 these efforts were aban-
doned because of the expense involved and the detrimen-
tal effects of DDT on the environment, and the mosquito
reestablished itself over most of the region. The reintro-
duction of multiple dengue strains into the Americas from
foci in Asia after the reestablishment of A. aegypti
resulted in the outbreak of huge epidemics of dengue
fever (Fig. 3.26B). Furthermore, as multiple strains have
become epidemic, the incidence of DHF and DSS has
started to rise, so that dengue diseases now constitute a
major plague throughout Central and South America and
the Caribbean region.

Japanese Encephalitis Virus and Related Viruses

The Japanese encephalitis (JE) complex of flaviviruses
includes a number of related viruses, many of which cause
encephalitis. In addition to JE, these include St. Louis
encephalitis (SLE), Murray Valley encephalitis (MVE),
Kunjin, and West Nile viruses. The close relationships of
these viruses are illustrated in Fig. 3.27. Notice in this den-
drogram that the the viruses do not always group by place of
isolation. Kunjin virus, found in Australia and the South
Pacific, is more closely related to West Nile virus, found in
Africa and Europe, than it is to Murray Valley encephalitis
virus, an Australian virus. Thus, circulation of these viruses
has been widespread, as is also true for the dengue viruses
described in the preceding section.

JE virus is distributed throughout Asia, including Japan,
India, Southeast Asia, Indonesia, the Philippines, and
Borneo (Fig. 3.28). Reported cases of JE encephalitis
average 35,000 per year with 10,000 deaths, but the disease
is greatly underreported. Only 1 JE virus infection in 200 or
300 results in encephalitis, with children and the elderly
being at higher risk. The fatality rate following JE
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FIGURE 3.26 Changing distribution of dengue virus, DHF, and the vector for dengue in the New World. (A)
Distribution of the vector mosquito A. aegypti in the Americas in 1970 and 1994. Aedes aegypti spread rapidly during
the 1970s and 1980s due to the collapse of mosquito control programs and urbanization. (B) Increase and spread of
dengue fever and DHF, and the introduction of multiple dengue serotypes between 1967 and 1991. Size of circles indi-
cates the size of the epidemics. Although data shown are primarily for dengue 1 and dengue 2, dengue 3 and dengue 4
have also been active recently in the Americas. [Redrawn from Fields et al. (1996, pp. 1001 and 1021, respectively).]
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FIGURE 3.27 Phylogenetic tree of JE subgroup flaviviruses, based on nucleotide identity in the
NS5 gene and the 3′NTR. Virus names in green are Australasia isolates; blue-green are PNG
viruses; blue are from Japan, orange are from Africa. Underlined names are isolates from humans;
the remainder are mosquito isolates. Isolates are named with year of isolation, name, and location of
isolation where known. Yellow fever virus (YF) from Africa is shown as an outgroup. JE, Japanese
encephalitis virus; Qld, Queensland; WA, Western Australia; NSW, New South Wales; VIC,
Victoria; PNG, Papua New Guinea. [Adapted from Poidinger et al. (1996).]

encephalitis is 2–40% in different outbreaks, but 45–70% of
survivors have neurological sequelae. In endemic areas,
virtually all people have been infected by the time they
reach adulthood. The vertebrate reservoirs for the virus are
birds and pigs. Domestic pigs are particularly important
amplifying hosts for human disease because they are found
in proximity to their human owners. Various species of
Culex mosquitoes transmit the virus. During peak transmis-
sion seasons, up to 1% of Culex mosquitoes around human
habitations may be virus infected. Travelers to endemic
regions have a probability of about 10–4/week of contracting
JE, and 24 cases of JE encephalitis in travelers were
reported between 1978 and 1992. Inactivated virus vaccines
are in use in different regions of Asia. The Japanese have
long used such a vaccine to eliminate JE encephalitis from
their population, and the Chinese have recently developed a
vaccine that is being used in China and Thailand. The
Japanese vaccine is also available in the United States for
travelers to endemic regions. Of considerable interest is the
finding that JE virus infection may reactivate in mice after
the immune system first damps it out. Reactivation in other

animals may also occur and could be important for persis-
tence of the virus in nature.

MVE virus and Kunjin virus are Australian viruses that
are closely related to JE virus. They cause encephalitis in
man, but the number of cases is small. Birds are the
primary vertebrate reservoir, and epidemics of MVE have
been associated with wet years when the mosquito popula-
tion expands and nomadic waterfowl invade regions that are
normally too dry to support them. Culex annulirostris is the
primary vector for MVE.

SLE virus is a North American virus that belongs to the
JE complex and that causes regular epidemics of encephalitis
in the United States. The virus is widely distributed and cases
of SLE encephalitis have been recorded in every state, with
the majority of cases occurring in the Mississippi River
valley, Texas, California, and Florida. Data for the years
1964–1993 are shown in Fig. 3.29. In the epidemic year 1975
there were 1815 cases of SLE encephalitis officially reported
in the United States, but in nonepidemic years there may be
fewer that 50 cases. The most recent epidemic occurred in
1990 in Florida with 223 cases and 11 deaths. The case fatal-

YF

CSIRO 946

JE Ja0ArS982
JE Sa V

61 Stratford-Qld 
95 Stratford-NSW

60 Kokobera-Qld
75 Kokobera-WA
66 Kokobera - PNG

66 Alfuy-Qld
91 Alfuy-WA
51 Murray Valley-Vic

66 Murray Valley-PNG

72 Murray Valley-WA
73 Murray Valley-WA

56 Murray Valley-PNG

95 JE-Torres Strait
95 JE-Torres Strait

?  West Nile - Nigeria
?  West Nile - Sarafend ?
66 Kunjin-Borneo
66 Kunjin-Qld
60 Kunjin-Qld
68 Koutango-Senegal

I
Subgroup

III
Subgroup

IV
Subgroup

V
Subgroup

SLE Subgroup II



96 Plus-Strand and Double-Strand RNA Viruses

Nepal
(1283)

Malaysia
(104)

China
(122,955)

SouthKorea
(6)

Japan
 (122)

India
(25,856)

Bangladesh
(5)

Vietnam
(9745)

Thailand
(836)

Bali
(5)

Philippines
(174)

Sri Lanka
(1965)

Taiwan
(127)

Reported Cases 1986-1990

None

1-20

21-200

201-2000

>2001

Hong Kong
(4)

Singapore
(10)

No case data, but endemism suspected

FIGURE 3.28 Range and reported cases of Japanese encephalitis, 1986–1990. [From Morbidity and Mortality
Weekly Report (MMWR), Vol. 42, RR-1, Fig. 1, p. 2 (1993).]

ity rate is about 7% overall, but is higher in the elderly. Most
infections by SLE are inapparent, as is the case for many
encephalitis viruses. The ratio of inapparent to clinical infec-
tion is age dependent and varies from 800 to 1 in children to
85 to 1 in the elderly. The virus is transmitted by Culex mos-
quitoes, and the primary vertebrate reservoirs are wild birds.

Another member of this complex that has caused recent
headlines in the United States is West Nile virus. Known
primarily from Africa, the virus has recently caused large
epidemics of disease in Eastern Europe, where outbreaks
have been associated with disruptions resulting from

changes in government and civil strife. In the summer of
1999, West Nile appeared in North America for the first
time. There were 62 human cases of West Nile disease in
the New York City area, of whom 7 died of encephalitis.
Numerous birds also died, including exotics in zoos as well
as native birds. With the end of the mosquito season the
epidemic died out, but surveys indicate that the virus is still
present in overwintering mosquitoes and may have become
established. By August, 2001 West-Nile virus had been
reported from 15 states along the Atlantic seabound and it
is feared that West Nile will continue to spread.
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FIGURE 3.29 Distribution of cases of St. Louis encephalitis occurring between 1964 and 1993, shown by
state. The large number of cases in Florida includes the most recent U. S. epidemic, which occurred in 1990,
during which Florida reported 223 cases and 11 deaths. [From Fields et al. (1996, p. 981) and Summary of
Notifiable Diseases in the United States for 1996, MMWR, Vol. 45, No. 53, (1997).]

Tick-Borne Encephalitis Viruses

The tick-borne encephalitis (TBE) viruses are important
pathogens of Europe and Asia, and there is also a representa-
tive in North America. The viruses include Central European
encephalitis (CEE), louping ill, Russian spring–summer
encephalitis (RSSE), Kyasanur Forest disease, Omsk hemor-
rhagic fever, and Powassan viruses. Members of the TBE
complex form a distinct group within the flaviviruses (Fig.
3.21), but share 40% amino acid sequence identity with the
mosquito-borne flaviviruses, showing their close relationship
to other flaviviruses. TBE viruses are transmitted by Ixodes
ticks and can cause a fatal encephalitis in humans. An inacti-
vated virus vaccine is widely used in Central Europe to
protect people exposed to ticks. Even so, several thousand
cases of TBE encephalitis occur each year. The case fatality
rate is 1–2%, with 10–20% of survivors exhibiting neurologi-
cal sequelae in the milder CEE form. However, the fatality
rate is 20% with 30–60% of survivors having sequelae in the
RSSE form. RSSE, and perhaps other TBE viruses, can also
be contracted by drinking raw goat’s milk and possibly other
forms of raw milk. The virus has a tendency to set up persis-
tent infection in experimental animals and possibly in
humans as well. Although Ixodes ticks are the primary
vector, Dermacentor ticks and ticks of other genera are also
capable of transmitting the virus. The distributions of two
species of Ixodes ticks that are important vectors of TBE are
shown in Fig. 3.30.

Powassan virus is a member of the complex found in
North America and in Russia. In North America, 20 cases
of Powassan encephalitis have been reported since 1958. 

Genus Pestivirus

The pestiviruses consist of three closely related viruses
that are important pathogens of domestic animals. These are
bovine viral diarrhea virus (BVDV), classical swine fever
virus (CSFV) (also called hog cholera virus), and border
disease virus of sheep (BDV). These three viruses share more
than 70% amino acid sequence identity and exhibit extensive
serological cross reactivity. Their genome organization is
similar to those of other viruses in the family (Fig. 3.19). 

BVDV exhibits an important and interesting disease syn-
drome in cattle. Animals infected as adults by BVDV may
exhibit no disease or may have symptoms that include diar-
rhea, but they recover uneventfully. However, when a preg-
nant cow is infected by the virus, infection of the fetus may
cause the fetus to become immunologically tolerant to the
virus, resulting in a chronic infection that lasts for the life
of the animal. Such in utero infection may lead to develop-
mental abnormalities or runting in the calf, and may render
the calf sensitive to infection by other microorganisms, all
of which have serious economic effects. A more interesting
effect of the chronic infection, however, is the development
in some animals of fatal mucosal disease at the age of 1–2
years; once symptoms appear, the animal dies within
weeks. Animals that die of this disease are found to be
infected by two types of BVDV. One is the normal wild-
type virus, which is noncytopathic in cultured cells. The
second type of BVDV is a new strain that is cytopathic in
cultured cells. The cytopathic BVDV strain is derived from
the wild-type strain by recombination, which occurs during
the persistent infection. Several different cytopathic BVDV
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strains have been sequenced, and they all have in common
that NS2–3 (formerly called p125) is cleaved to produce
NS3 (also called p80). Evidently it is the production of NS3
that renders the virus cytolytic in culture and causes lethal
mucosal disease in cattle. As illustrated in Fig. 3.31, the
cleavage to produce NS3 can be induced in several different
ways. In at least three cytopathic BVDV strains, cellular
ubiquitin sequences were inserted (in different ways) within
the sequence encoding this protein, such that a cellular
enzyme that cleaves specifically after ubiquitin cleaves the
BVDV polyprotein to produce NS3. Another mechanism to
produce NS3 was the insertion of the BVDV Npro autopro-
tease immediately upstream of the NS3 sequence. Why the
production of NS3 should have the effects that it does is a
mystery whose solution will tell us more about the interac-
tions of viruses with their hosts.

CSFV is epidemic in pig populations and causes serious
illness, with different isolates differing in their virulence.
Infection of pregnant sows can lead to abortion or to birth
of persistently infected piglets, which soon die. BDV also
can cause congenital infection, which can lead to abortion
or to birth of animals that display a number of defects.

Genus Hepacivirus

Hepatitis C virus (HCV) forms a third genus in the
Flaviviridae. The genome organization is similar to those of
the other members of the family (Fig. 3.19). The genome is
slightly smaller than those of the other two genera. HCV is
a causative agent of blood-borne hepatitis in man. In the
United States, HCV was once spread primarily through
transfusion of contaminated blood, but the development of
a diagnostic screen for the virus has virtually eliminated
this source of infection in the developed world. However,
the virus continues to be transmitted through the sharing of
needles by drug users, and there are additional mechanisms
of transmission that are not well understood. The virus is
worldwide in distribution, as illustrated in Fig. 3.32. It has
been estimated that ~3% of the world’s population is chron-
ically infected by the virus. The highest infection rate found
was among Egyptian blood donors, where up to 19% were
seropositive for HCV.

Infection with HCV can be extremely serious. The initial
infection may cause no disease or may result in hepatitis
accompanied by jaundice; fulminant liver failure is rare.

Ixodes ricinus

Ixodes persulcatus

Both Ticks

Endemic tick-borne encephalitis

FIGURE 3.30 Geographic distribution of two major tick vectors of tick-borne encephalitis. Also shown is the major
region in which TBE is endemic. [Adapted from Porterfield (1995, p. 207).]



Family Flaviviridae 99

Structural Proteins Nonstructural proteins

no cleavage, no NS3

NS2 NS3 (BVDV SD1)
Translation, processing

NS3NS2 NS3
(BVDV 515CP)

N
pro

N
pro

N
pro

 Cleavage by Npro autoprotease produces 
NS3 from a duplicated  gene 

partial Ub cleavage produces NS3

NS2 NS3Ub cytopathic (cp) BVDV 
(BVDV Osloss)

NS3NS2 NS3 cp BVDV 
(BVDV CP1)

Ub

Ub cleavage produces NS3 from a 
duplicated gene

Npro autoprotease (papain-like)
UbiquitinUb

Cleavage Motif

Nucleocapsid protein

Virion glycoproteins

noncytopathic (ncp) BVDV

B.

A.

C.

D. cp BVDV 

FIGURE 3.31 Genome organization of cytopathic and noncytopathic strains of the pestivirus BVDV. (A) In noncyto-
pathic (wild-type) strains, little or no cleavage occurs between NS2 and NS3. In cytopathic strains, NS3 is produced
either by an upstream insertion of ubiquitin (see B), insertion of multiple ubiquitin sequences plus duplication of NS3
sequences (see C), or duplication of the Npro proteinase and insertion immediately upstream of a duplicated NS3 (see
D). [Data for this figure came from Meyers and Thiel (1996).]

However, in the majority of cases the infection becomes
chronic. This chronic infection is well tolerated by some,
but it leads to cirrhosis in some fraction of infected individ-
uals. End-stage liver disease is associated with multiple
organ complications, and patients with HCV are at risk for
development of hepatocellular carcinoma (HCC). The only
treatment currently available for chronic HCV infection is a
course of interferon therapy, which is often poorly tolerated.
This is helpful in over half of treated individuals, but most
relapse on withdrawal of interferon, and HCV is a common
indication for liver transplantation. HCV is thus a medical
problem of worldwide dimensions.

There is no cell culture system in which the HCV can be
grown. Chimpanzees can be infected with the virus, but no
other animal. This has limited the ability to study the mole-
cular biology of the virus or even to determine its structure.
Most of what we know of its molecular biology has been
obtained from studies in which DNA copies of parts of the

HCV genome have been inserted into expression vectors.
Nevertheless, the identification of cDNA clones containing
segments of the viral genome, and the use of these clones to
obtain the entire sequence of the HCV genome, has been a
recent advance that has led to rapid increases in our under-
standing of this important viral pathogen. A full-length
cDNA clone of the virus has been constructed, from which
virus can be recovered by injection of RNA transcribed
from the clone into the liver of a chimp. This validates the
sequence of the clone, including the sequence of the ends,
and makes possible many experiments to study the biology
of the virus.

Viruses related to HCV, called GB viruses (from the ini-
tials of a surgeon with hepatitis from which they were first
isolated), have been known for some time, but only recently
have they been sequenced. GBV-A and GBV-B viruses have
a genome organization very similar to that of HCV, but
share little amino acid sequence identity with HCV or with
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each other. They may eventually be classified as two new
genera within the Flaviviridae, more closely related to
genus Hepacivirus than to genus Flavivirus or genus
Pestivirus. A third virus, GBV-C, also called hepatitis G
virus or HGV, is related to GBV-A. These three viruses
appear to be widely distributed and establish chronic infec-
tions. Whether they are associated with human illness, and
in particular with hepatitis in humans, is not yet clear.

FAMILY CORONAVIRIDAE

The name coronavirus comes from the Latin word
meaning crown, from the appearance of the array of spikes
around the enveloped virion. The family is composed of a
number of RNA-containing animal viruses currently
classified into two genera, the genus Coronavirus (whose
members will here be called coronaviruses) and the genus
Torovirus (whose members will be referred to as
toroviruses). A representative listing of viruses in the two
genera is found in Table 3.11. The family has recently been
classified together with the Arteriviridae (described below)
in the Order Nidovirales, after the Latin word nido meaning
nest, because they produce a nested set of mRNAs.
Coronaviruses are somewhat larger in size (120–160 nm)
than the toroviruses (120–140 nm) and have a larger
genome (about 30 kb compared to 20 kb). In contrast to

other (+)RNA viruses, the nucleocapsids of Coronaviridae
are constructed using helical symmetry. The coronaviruses
have a helical nucleocapsid 10–20 nm in diameter, whereas
the toroviruses have a tubular nucleocapsid that appears
toroidal in shape in the virion. The coronavirus virion is
roughly spherical, whereas the torovirus virion is disk
shaped or rod shaped. The viruses mature by budding
through intracytoplasmic membranes. The coronaviruses
have been well studied, whereas the toroviruses, which are
comprised of one pathogen of horses, one pathogen of
cattle, a presumptive human torovirus, and a possible
torovirus of swine, have only recently been described.

Genus Coronavirus

The coronaviruses have the largest RNA genome known.
The genome size of RNA viruses is thought to be limited by
the mutation rate of RNA. Because there is no proofreading
during RNA synthesis, an inherent mistake frequency
results on the order of 10–4. Thus, error-free replication of
an RNA genome becomes impossible once the genome
becomes too large. The 30-kb genome of coronaviruses
may represent this upper limit. It is also possible that
because the coronaviruses undergo highfrequency recombi-
nation, as described below, they may be able to accommo-
date these large genomes because recombination offers a
possible mechanism for correcting defective genomes.
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FIGURE 3.32 Worldwide prevalence of hepatitis C as of June 1999, based on published data. [From the World
Health Organization (2000).]



Replication and Expression of the Genome

The coronavirus genome is, as in the case of all plus-
strand RNA viruses, a messenger, and the naked RNA is
infectious. The organization of the genome of avian infectious
bronchitis virus (IBV) is shown in Fig. 3.33 as an example for
the genus. The RNA, which is capped and polyadenylated, is
translated into two polyproteins required for the replication
of the viral RNA and the production of subgenomic mRNAs.
The first polyprotein terminates at a stop codon about 12 kb
from the 5′ end of the RNA. Ribosomal frameshifting occurs
frequently, however, and in the shifted frame, translation con-
tinues to the end of the RNA replicase encoding region at ~22
kb. The resulting polyproteins are cleaved by virus-encoded
proteases, as illustrated in Fig. 3.33B. All coronaviruses
possess at least two proteases, one papain-like and the other
serine-like, and some encode a third protease. Processing is
complicated, as indicated in the figure.

The members of the Nidovirales produce a nested set of
subgenomic mRNAs, which are also capped and
polyadenylated. The number produced depends on the
virus. Each subgenomic RNA is a messenger for a different
protein, and usually only a single protein is translated from
each messenger (translated from the 5′ ORF in the mRNA).
Coronaviruses produce five to seven subgenomic RNAs.
The five subgenomic mRNAs of IBV and the proteins
translated from them are illustrated in Fig. 3.33A. Three of
the subgenomic mRNAs are translated into the major struc-
tural proteins in the virion. The other two are translated into
small proteins of unknown function.

The mechanism by which these subgenomic RNAs are
produced has been difficult to determine. The first mecha-
nism proposed was primer-directed synthesis using the
(–)RNA template. In this model, a primer of about 60
nucleotides is transcribed from the 3′ end of the template,
which is therefore identical to the 5′ end of the genomic
RNA. The primer is proposed to dissociate from the template

and to be used by the viral RNA synthetase to reinitiate syn-
thesis at any of the several subgenomic promoters in the
(–)RNA template. Evidence for this model includes the fact
that each subgenomic RNA has at its 5′ end the same 60
nucleotides that are present at the 5′ end of the genomic
RNA, and that there is a short sequence element present at
the beginning of each gene that could act as an acceptor for
the primer. A more recent model, however, proposes that the
bulk of the subgenomic mRNAs are produced by indepen-
dent replication of these RNAs as replicons. Such replica-
tion is thought to be possible because the mRNAs contain
both the 5′ and 3′ sequences present in the genomic RNA,
and therefore possess the promoters required for replication.
Evidence for this model includes the fact that both-plus
sense and minus-sense subgenomic RNAs are present in
infected cells. In this modified model, the subgenomic RNAs
are first produced by synthesis from either the genomic RNA
or the (–)RNA antigenome. If synthesis is from the (–)RNA,
leader-primed synthesis would be used as described above. If
synthesis is from the genome, synthesis would initiate at the
3′ end and then jump to the 5′ leader at one of the junctions
between the genes. At the current time, a model featuring
synthesis from the plus strand is favored. Once produced, the
subgenomic RNAs begin independent replication.

Coronaviruses undergo high-frequency recombination in
which up to 10% of the progeny may be recombinant. It is
proposed that the mechanism for generation of the subge-
nomic RNAs, which requires the polymerase to stop at
defined sites and then reinitiate synthesis at defined promot-
ers, may allow the formation of perfect recombinants at
high frequency.

Envelope Glycoproteins

All coronaviruses possess at least two envelope glyco-
proteins, a spike protein (S) and a membrane protein (M).
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TABLE 3.11 Coronaviridae

Genus/members Virus name Usual Transmission Disease World
abbreviation host(s) distribution

Coronavirus

Infectious bronchitis IBV Birds Mechanical, oral/fecal Bronchitis Worldwide

Human coronavirus HCoV Humans Aerosols Common cold Americas, Europe

Murine hepatitis MHV Mice Aerosols, contact Gastroenteritis, hepatitis Laboratory mouse 
colonies worldwide

Transmissable gasteroenteritis TGEV Swine Contact Gastroenteritis US, Europe

Torovirus

Berne (equine torovirus) EqTV Horses Oral/fecal Diarrhea Europe, Americas

Breda (bovine torovirus) BoTV Cattle Oral/fecal Diarrhea ?

Human torovirus HuTV Humans ? Diarrhea ?
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The spike protein, present in the virion as multimers, prob-
ably trimers, possesses the receptor binding activity, the
major neutralizing epitopes, and the fusion activity of the
virion. It is this protein that gives coronaviruses their char-
acteristic corona around the envelope. The M protein is an
integral membrane protein that spans the lipid bilayer three
times and has only a small fraction of its mass exposed
outside the bilayer. Some coronaviruses also have a third
glycoprotein, a hemagglutinin-esterase (H-E). Remarkably,
this protein appears to be homologous to the H-E of
influenza C virus (described in the next chapter). It appears
that recombination between a coronavirus and an influenza
C virus occurred that led to exchange of this protein.
Because only some coronaviruses possess H-E, whereas all
influenza C viruses possess it, the simplest hypothesis is
that H-E was an influenza C protein that was acquired by a

coronavirus. Presumably, this acquisition was maintained
because it extended the host range of the coronavirus by
allowing it to infect cells that lack a receptor recognized by
the S protein.

In addition to these well-defined glycoproteins, a small
protein of about 100 residues has been identified as a
component of at least some coronaviruses. This protein,
called sM for small membrane protein, is translated 
from a different mRNA than S or M, as illustrated in
Fig. 3.33A.

Diseases Caused by Coronaviruses

Coronaviruses are responsible for about 25% of human
colds and are spread by a respiratory route. Unlike rhi-
noviruses, they cause not only upper respiratory tract infec-
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tions but sometimes lower respiratory tract infections as
well, which are more serious. Some coronaviruses may
cause gastroenteritis in humans, because there have been
reports of coronaviruses in the stools of people suffering
from gastroenteritis. 

Coronaviruses for many other animals are known,
including mice, chickens, pigs, and cats. Diseases associ-
ated with various coronaviruses in lower animals include
respiratory disease, gastroenteritis, hepatitis, and a syn-
drome similar to multiple sclerosis of humans, as well as
other illnesses. Because the human coronaviruses have been
difficult to cultivate in cultured cells, they have been less
well studied in laboratory settings than those infecting other
animals. Mouse hepatitis virus has been particularly well
studied as a model for the genus. Thus, much of what is
known of the molecular biology of their replication comes
from model studies with nonhuman coronaviruses.

FAMILY ARTERIVIRIDAE

The family Arteriviridae contains four viruses, which are
listed in Table 3.12. There are no known human viruses in
the family, but it is of interest because it represents an inter-
mediate between the coronaviruses and other enveloped
(+)RNA viruses. The genome of equine arterivirus is illus-
trated in Fig. 3.34. The arteriviruses have a 13-kb genome
that is very similar in organization and expression strategy
to that of coronaviruses. The virion (60 nm) is enveloped, as
are the coronaviruses, but the nucleocapsid is icosahedral
rather than helical. The arteriviruses could have arisen by
the acquisition of new structural proteins by a coronavirus
(or vice versa). The existence of this family, which appears
to be a coronavirus with structural proteins that lead to
icosahedral symmetry rather than helical symmetry, illus-
trates a problem for taxonomy. The ICTV has classified
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these viruses as a distinct family, but created the order
Nidovirales to indicate their relation to the coronaviruses.

The four arteriviruses are lactate dehydrogenase-elevat-
ing virus of mice (LDV), equine arteritis virus (EAV),
simian hemorrhagic fever virus (SHFV), and porcine repro-
ductive and respiratory syndrome virus (PRRSV). The
primary target cells in their respective hosts are
macrophages, and all are associated with persistent, long-
term infections. LDV causes a lifelong infection of mice
that requires special care to detect. EAV causes epizootics
of subclinical or mild respiratory diseases in adult horses.
Infection can lead to abortions in pregnant mares, and
infection of young horses causes a more serious illness. The
virus persists for long periods, and in stallions the virus
may be secreted in semen for the life of the animal.

PRRSV causes respiratory distress in pigs of all ages
and abortions and stillbirths in pregnant sows. SHFV is
an African virus that causes persistent, inapparent infec-
tions in African monkeys. When introduced into colonies
of Asian monkeys, however it causes fatal hemorrhagic
fever. 

THE PLUS-STRAND RNA VIRUSES OF PLANTS

Most  plant viruses possess (+)RNA as their genome.
Some have as their genome a single RNA molecule and
produce subgenomic mRNAs, whereas in others the viral
genome is divided into two or three or more segments. In
plant viruses in which the genome is present in more than
one segment, each segment is packaged separately into dif-
ferent particles and infection requires the introduction into
the same cell of at least one of each genome segment. Many
(+)RNA plant viruses are rod shaped, formed using helical
symmetry (e.g., tobacco mosaic virus, Fig. 2.2), while
others are icosahedral (e.g., the comovirus cowpea mosaic
virus, Figs. 2.5 and 2.7). No (+)RNA plant viruses are
enveloped. Many of these viruses are major agricultural
pathogens responsible for a great deal of crop damage
worldwide. Although important as plant pathogens, plant

viruses will not be covered here except for a description of
the genomes of certain families that are of particular inter-
est because of what they tell us about the evolution of
viruses.

Several families of (+)RNA plant viruses share sequence
homology with one another and with the alphaviruses. This
collection of viruses, sometimes referred to as the Sindbis
superfamily or the alphavirus superfamily, includes the
alphaviruses, the tobamoviruses, the bromoviruses, and
other families of plant viruses. The genomes of the
tobamovirus tobacco mosaic virus (TMV), the bromovirus
brome mosaic virus (BMV), and the alphavirus Sindbis
virus are compared in Fig. 3.35. The genome of TMV is
one molecule of (+)RNA, and two subgenomic RNAs are
produced. The genome of BMV consists of three molecules
of (+)RNA, and one subgenomic RNA is made. The
alphaviruses have been described. Notice that a characteris-
tic of this superfamily is that all viruses in it produce at
least one subgenomic mRNA. The members of this super-
family all share three proteins (or protein domains) with
demonstrable sequence homology, as indicated in the
figure. These three are a viral RNA polymerase, a helicase,
and a capping enzyme (characterized by methyltransferase
activity). In the case of the alphaviruses and the
tobamoviruses, all three domains are found on one genome
segment and read-through is required to translate the poly-
merase. In the bromoviruses, the capping enzyme and the
helicase are encoded on one segment, but the polymerase is
encoded on a different segment. It is interesting that the
alphaviruses encode a protease to separate the three
domains from one another, but the plant viruses do not.
While these three shared proteins have clearly diverged
from a common ancestral source, other domains within the
nonstructural proteins are different from family to family.
The alphavirus protease and nsP3 are not shared with the
plant viruses, while the plant viruses possess movement
proteins that are not shared with the alphaviruses. The
structural proteins of the different families are also distinct.
These observations clearly point to the occurrence of exten-
sive recombinational events during the evolution of this

TABLE 3.12 Arteriviridae

Genus/members Virus name Usual Transmission Disease World
abbreviation hosts(s) distribution

Arterivirus

Equine arteritis EAV Horses Aerosols, contact Fever, necrosis of arteries, abortion Worldwide

Porcine reproductive and respiratory syndrome PRRSV Pigs Oral/fecal? Infertility, respiratory distress ?

Lactic dehydrogenase-elevating LDV Mice Biting ? ?

Simian hemorrhagic fever SHFV Monkeys Biting Hemorrhagic fever ?
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group of viruses from a common ancestral source.
Recombination has brought together new combinations of
genes appropriate to the different lifestyles of the various
members of the superfamily.

Similar considerations pertain to two families of plant
viruses (the Comoviridae and the Potyviridae) and the
animal picornaviruses, which are all related to one another
and are sometimes referred to as the picornavirus super-
family. The Comoviridae have a bipartite genome, whereas
the Potyviridae and the Picornaviridae have a single mole-
cule of RNA as their genome. A characteristic of this
superfamily is that no subgenomic RNAs are produced.
The genome organizations of two members of the
Comoviridae that belong to different genera, tomato black
ring virus (genus Nepovirus) and cowpea mosaic virus
(genus Comovirus), are compared with that of picornavirus
poliovirus in
Fig. 3.36. The members of this superfamily have demon-
strable homologies in their RNA polymerases, 2C heli-
cases, and 3Cpro proteases. Further, the RNA genomes have
a 5′ VPg and are polyadenylated. Proteases, VPg’s, and

poly(A) are very unusual in plant viruses, found only in
members of this superfamily. It is clear that these viruses
are all related to one another, and that multiple recombina-
tion events have taken place to give rise to the current
families.

ORIGIN AND EVOLUTION OF PLUS-STRAND
RNA VIRUSES

A reasonable hypothesis for the origin of the RNA
viruses is that they began as an mRNA that encoded an
RNA polymerase. The acquisition of an origin of replica-
tion that allowed the mRNA itself to be replicated by its
encoded product would give rise to a self-replicating RNA
and could have represented the first step in the develop-
ment of a virus. Subsequent recombination with an mRNA
encoding an RNA-binding protein that could be modeled
into a capsid would give  rise to a very simple virus. This
protovirus could then evolve through continued mutation
and recombination into something more complex.



106 Plus-Strand and Double-Strand RNA Viruses

Examples of the importance of recombination in the evolu-
tion of RNA viruses have been discussed. Computer-aided
studies that have attempted to align the amino acid
sequences of the proteins of different (+)RNA viruses have
suggested that all these viruses share core functions that
have common ancestral origins. These results are summa-
rized in Fig. 3.37. All RNA viruses possess an RNA poly-
merase and these all appear to have derived from a
common ancestral source. However, three lineages of RNA
polymerases can be distinguished that probably diverged
from one another early in the evolution of RNA viruses.
Most RNA viruses also possess an RNA helicase that is
required to unwind the RNA during replication. These heli-
cases also appear to have diverged from a single source,
but three lineages can be distinguished here as well. A
third shared function in those RNA viruses with capped
mRNAs is a methyltransferase gene (an activity required
for capping), and two methyltransferase lineages can be
distinguished. Finally there are the viral proteases that
process polyproteins. The two distinct types of proteases
with independent origins are the proteases derived from
serine proteases (which may possess serine or cysteine at
the active site) and the papain-like proteins. The different
lineages of these four core activities have been reassorted

in various ways during the evolution of the RNA viruses,
as shown in the figure. 

The second mechanism for divergence among viruses is
mutation. Lack of proofreading in RNA replication means
that the mistake frequency during replication is very high,
on the order of 10–4. Most mistakes are deleterious and do
not persist in the population. However, because the mistake
frequency is so high, many different sequences can be tried
rapidly because of the rapid replication rate of viruses. The
net result is that the rate of sequence divergence in RNA
viruses is very high, up to 106-fold faster than their eukary-
otic hosts. Three studies of the rate of sequence divergence
in RNA viruses are illustrated in Fig. 3.38. In these studies,
regions of the genomes of viruses isolated over a period of
many years were compared. The rates of sequence diver-
gence in a picornavirus and in influenza virus (Chapter 4)
were found to be 0.5–1% per year. Changes in third codon
positions, which are usually silent, occur more rapidly than
changes in first or second codon positions, which usually
result in an amino acid substitution. In alphaviruses, which
alternate between insect and vertebrate hosts, the rate of
divergence was significantly less, 0.03% per year, because
changes that might be neutral or positively selected in one
host are often deleterious in the other host. One of the

FIGURE 3.36 Comparison of the genomes of bipartite como- and nepoviruses and monopartite poliovirus. Domains
in the helicase, polymerase, and protease that share sequence homology over long stretches of amino acids are
identified with differently colored patterns. The related 32k proteins of como- and nepoviruses have no counterpart in
poliovirus, but are related to the “movement” proteins of other plant viruses. TBRV, tomato black ring virus; CPMV,
cowpea mosaic virus. The structural proteins of the three viruses show no sequence similarity. [Adapted from Strauss
and Strauss (1997, Fig. 2.12).]
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apparent paradoxes of such studies is the observation that
despite rapid sequence divergence, the properties of most
viruses appear to remain stable for centuries or millenia.
This is due in part to the fact that although the sequence
may drift, the virus continues to fill the same niche and
selection ensures that the properties of the virus change
only slowly. A second factor is that different domains of the
genome, or even different nucleotides or amino acids,

diverge at very different rates. Studies of the rates of diver-
gence of viruses perforce will measure the rates of domains
that diverge most rapidly. There is no fossil record to tell us
when currently extant viruses might have diverged from
one another, and viruses in collections have all been iso-
lated within the last 70 years. Thus, all studies of diver-
gence in nature examine only the divergence that has
occurred within the last 70 years. Such considerations have
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FIGURE 3.38 Divergence plots for two different plus-strand RNA viruses, which differ by more than an order of
magnitude in their divergence rates, and a minus-strand virus. [Data for (A) are from Weaver et al. (1997) for 477
nucleotides of the C terminus of the E1 protein coding region; for (B) from Takeda et al. (1994) for the 918 nucleotides
which encode the VP1 protein; and for (C) from Saitou and Nei (1986) (also used in Strauss and Strauss, 1988) for the
~1700-nt encoding the hemagglutinin.] In (B) the dots are color coded by location of isolation: red, North Africa;
orange, Europe; yellow, Pakistan; green, South East Asia; blue, Japan; purple, Honduras.

two practical implications. Vaccines developed against most
viruses continue to be effective for long periods of time,
but ultimately may have to be reformulated as the virus
drifts. Second, viruses can in principle change very rapidly.
Human immunodeficiency virus (Chapter 5) and influenza
virus (Chapter 4) do change rapidly in response to immune
pressure, and viruses that jump to a new host have been
known to change rapidly (for example, the DNA virus
canine parvovirus, Chapter 6). 

VIRUSES THAT CONTAIN DOUBLE-STRANDED
RNA: FAMILY REOVIRIDAE

Most of the dsRNA-containing viruses that we know
about belong to the family Reoviridae. All members of this
large family have a genome consisting of 10–12 segments
of dsRNA totaling 16–27 kb. The family is very success-
ful. Nine genera are currently recognized and different
viruses infect a wide spectrum of vertebrates, arthropods,
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TABLE 3.13 Reoviridae of Vertebrates

Genus/members Virus name Usual Transmission Disease World
abbreviation host(s) or vector distribution

Orthoreoviruses

Nonfusogenic

Mammalian reoviruses MRV Humans, cattle, Oral/fecal Gastroenteritis, Worldwide
types 1, 2, 3 sheep, swine respiratory  disease

Fusogenic

Nelson Bay virus NBV Flying foxes (bats) Australia

Baboon reovirus BRV Monkeys Oral/fecal Wide range of ?

Avian reoviruses ARV Birds Oral/fecal symptoms from Worldwide

(5 serotypes) inapparent to lethal

Reptilian reoviruses ? Snakes ?

Orbiviruses

African horse sickness AHSV Equines Culicoides Cardiopulmonary disease Africa
(10 serotypes) (midges)

Bluetongue BTV Sheep, cattle Culicoides Rhinitis, stomatitis Africa, Australia, 
(24 serotypes) (midges) Asia, Americas

Changuinola CGLV Humans Phlebotomines Fever Panama

Kemerovo serogroup

Kemerovo ? Humans

Great Island GIV
Seabirds Ticks

Fever, encephalitis E. Europe, United States

Chenuda CNUV

Wad Medani WMV Domestic animals

Coltiviruses

Colorado tick fever CTFV Humans Ticks Fever, encephalitis North America, Europe

Rotaviruses

Group A RV-A Humans, animals Oral/fecal Infant diarrhea Worldwide

Group B RV-B Humans, animals Oral/fecal Epidemic adult diarrhea Primarily China

Group C RV-C Humans, animals Oral/fecal Clinical significance 
unknown

Groups D, E, F Mammals, birds Oral/fecal

Aquareoviruses

Five serogroups Fish ? ? ?

and plants. Several viruses are important pathogens of
man.

Other dsRNA viruses are known in addition to the
family Reoviridae. They include the birnaviruses, icosahe-
dral viruses 60 nm in diameter containing two genome seg-
ments of dsRNA totaling about 7 kb, which infect chickens,
fish, and arthropods; the totiviruses of fungi and protozoa,
which have only one RNA segment; and the partiviruses
and hypoviruses of fungi and plants. Many of these viruses
have only recently been described. For this reason as well as
the fact that no human pathogens are known among these
viruses, they will not be considered further .

Overview of the Family Reoviridae

The nine genera of Reoviridae are listed in Tables 3.13
and 3.14 together with a partial listing of viruses in each
genus, their hosts and modes of transmission, the diseases
they cause, and their distributions. As a group, Reoviridae
have a wide host range. Members of the genera
Orthoreovirus, Rotavirus, Orbivirus, and Coltivirus infect
humans as well as other vertebrates, aquareoviruses infect
fish, cypoviruses infect arthropods, and members of three
genera infect plants. The four genera that contain human
pathogens are compared in Table 3.15.
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TABLE 3.14 Reoviridae of Plants and Insects

Genus/members Usual Transmission Disease World
hosts(s) or vector distribution

Cypoviruses

Cytoplasmic polyhedrosis viruses Arthropods Ingestion Diarrhea, starvation Worldwide
due to changes in the gut

Fijivirus

Fiji disease virus Plants Delphacid leafhoppers Australasia, Asia, 
South America, 
Northern Europe

Phytoreovirus

Wound tumor virus Plants Cicadellid leafhoppers

Rice dwarf virus Rice Cicadellid leafhoppers Stunting Southeast Asia, 
China, Japan, Korea

Oryzavirus

Rice ragged stunt virus Plants (Gramineae) Planthoppers

TABLE 3.15 Comparison of Orthoreovirus, Orbivirus, Rotavirus, and Coltivirus

Characteristic Orthoreovirus Orbivirus Rotavirus Coltivirus

Segments 10 10 11 12

Size of genome 23.5 kb 19.2 kb 18.6 kb 28.5 kb

Type virus Reovirus type 3 Bluetongue-1 Simian rotavirus SA11 Colorado tick fever

Portal of entry Oral Skin Oral Skin

Tissue tropism Intestinal tract, Hemopoietic Intestinal tract Hemopoietic and muscle
upper respiratory tract

Vector None Culicoid flies, ticks, None Ticks, mosquitoes
mosquitoes, phlebotomines

Human disease Upper respiratory See Table 3.17 Diarrhea, particularly See Table 3.17
infections, infant enteritis in children <5 years old

Many of the Reoviridae are transmitted by arthropod
vectors (Tables 3.13 and 3.14). The orbiviruses are trans-
mitted by gnats or midges of the genus Culicoides, phle-
botomine flies, or ticks, and members of this genus are true
arboviruses, as are the coltiviruses, transmitted by ticks.
The members of the three genera of plant reoviruses are
also transmitted by arthropods and are effectively plant
arboviruses (although the term arbovirus is usually reserved
for vertebrate viruses that are transmitted by arthropods).
Thus, members of six of the nine genera of Reoviridae
possess the ability to replicate in arthropods, of which one
genus contains viruses that replicate exclusively in insects
and five genera contains viruses that have an alternate ver-
tebrate or plant host.

Members of the family Reoviridae replicate in the cyto-
plasm. The virion is icosahedral (T = 13), 60–80 nm in
diameter, and double or triple shelled (the shells consist of
protein). The structures of viruses belonging to three genera
of the Reoviridae were shown in Chapter 2: reovirus (genus
Orthoreovirus) in Figs. 2.1 and 2.5; rotavirus (genus
Rotavirus) in Fig. 2.5; and bluetongue virus (genus
Orbivirus) in Fig. 2.11 (in this case of the core of the
virion). The members of the genus Orthoreovirus have been
the best studied and have served as a model system for the
family, but because of the medical importance of the
members of the genus Rotavirus and the veterinary impor-
tance of the members of the genus Orbivirus, these viruses
have recently come under increased scrutiny. 
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Serotype 1 S2 (Lang)

Serotype 3 S2 (Deering)
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FIGURE 3.39 Phylogenetic tree of the orthoreoviruses, derived from amino acid sequences of the �2 core pro-
teins, which are encoded in most viruses by the S2 RNA segment. A virtually indistinguishable tree is given by the
sNS sequences, and one with only slightly longer arms, but the same topology, by the outer capsid protein
sequences. The scale bar indicates the length of the arm for 100 changes. [Adapted from Duncan (1999).]

Genus Orthoreovirus

The genus Orthoreovirus (the “true” reoviruses, to dis-
tinguish the genus from the family) contains three viruses
that infect many mammals, including humans, referred to as
the mammalian reoviruses types 1, 2, and 3. They were orig-
inally named from the first initials of the words respiratory
enteric orphan virus—they grow in the respiratory tract and
in the enteric tract but were orphans, not known to cause
human illness. The viruses are widespread and the majority
of humans have antibodies against all three serotypes by the
time they are adults. Most infections do not result in symp-
tomatic disease or result in only mild symptoms. Studies
with human volunteers have shown that some individuals
develop a mild disease characterized by headache, pharyngi-
tis, sneezing, rhinorrhea, cough, and malaise. 

These three orthoreoviruses are virtually ubiquitous
viruses of mammals. They have been isolated from many
different mammals as well as from sources such as river
water and untreated sewage. There is little evidence for host
range specificity among these mammalian viruses. However,
reovirus infection of lower mammals is sometimes associ-
ated with more serious illness than infection of humans.

Another branch of the orthoreovirus genus consists of
the fusogenic reoviruses and includes a number of

serotypes of avian reoviruses as well as a baboon reovirus.
In general, the avian viruses do not grow in mammalian
cells or must be adapted to mammalian cells before they
will grow, and thus have a host range distinct from that of
the mammalian viruses. The relationships among these
viruses are illustrated by the tree in Fig. 3.39. Notice that
the three mammalian viruses group closely together and are
distinct from the other reoviruses, including the baboon
virus.

Reovirus serotype 3 has been extensively studied as a
model for the members of the orthoreovirus genus. In the
following discussion, in which aspects of the genome orga-
nization, replication, and structure of orthoreoviruses are
described, specific details refer to reovirus ST3. These
details are summarized in Table 3.16. 

The Genome of Orthoreoviruses

The genomes of orthoreoviruses consist of 10 segments
of dsRNA (Fig. 3.40). The genome segments range in size
from 3.9 to 1.2 kb and sum to 23.5 kb for reovirus ST3
(Table 3.16). Twelve proteins are produced of which eight
are components of the virion, four in the outer shell and
four in the inner shell. 
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FIGURE 3.40 Gel electrophoresis of the orthoreovirus RNA genome
segments, showing the variation of the segment size with serotype. Lane 1,
reovirus serotype 2 (Jones); lane 2, reovirus serotype 1 (Lang); lane 3,
serotype 3 (Deering). The segments cluster into three groups: 3L (large),
3M (medium), and 4S (small). [From Fields et al. (1996, p. 1559).]

Entry of Orthoreoviruses into the Cell

After attachment to receptors, orthoreoviruses are inter-
nalized into endosomes. In endosomes or in lysosomes,
proteolysis of two proteins in the outer shell, �3 and �1C,
produces what has been termed an ISVP (infectious subvi-

ral particle or intermediate subviral particle). In this
process, �1C is cleaved to produce two fragments, � and a
small C terminal 	, whereas �3 is degraded. These cleav-
ages are illustrated schematically in Fig. 3.41. They can be
blocked by agents that prevent acidification of endosomes,
which demonstrates the importance of the endosomes in the
process. ISVPs can also be produced by treating virions
with proteases in vitro. 

The ISVP is capable of breeching the endosomal mem-
brane and gaining entry into the cytoplasm. The process of
penetration may involve �1N, whose N terminus is myris-
toylated and lipophilic. When ISVPs are produced by treat-
ment of virions with proteases in vitro, they are capable of
penetrating into the cell by way of the plasma membrane,
which confirms the importance of proteolytic processing
for the activation of domains required for penetration.

Synthesis of mRNAs

On penetration of ISVPs into the cytoplasm, they are
converted into cores by further loss of �, 	, and the �1
fiber, and the rearrangement of the protein �2 (Fig. 3.41).
Core particles are transcriptionally active: Each of the 10
segments of dsRNA within them is used to synthesize an
mRNA molecule that is the same length as the plus strand
of the genome. These mRNAs are capped but not
polyadenylated. All enzymatic activities required for the
initiation of RNA synthesis, capping, and elongation of the

TABLE 3.16 Characteristics of the Proteins Encoded by the 10 Genome Segments of 
Orthoreovirus Serotype 3a

Genome Protein Length 5′NTb ORF 3′NTb Function of protein Location/molecules of
segment product (nt) (nt) (aa) (nt) protein per virion

L1 �3 3854 18 1267 35 Catalytic subunit of Core/12
polymerase/transcriptase

L2 �2 3916 13 1289 36 Guanylyl transferase Turrets on core/60

L3 �1 3896 13 1233 184 NT binding motif, Zn finger Core/120

M1 �2 2304 13 736 83 Putative polymerase Minor core component/12
component

M2 �1–�1C 2203 29 708 50 Major structural protein Outer capsid shell/600

M3 �NS (�NSC) 2235 18 719 60 Binds ssRNA Nonstructural

S1 �1 1416 12 455 39 HA, neut Agc, Capsid/36
cell attachment protein

�1NS 120 — Unknown Nonstructural

S2 �2 1331 18 418 59 Structural protein Core/240

S3 �NS 1198 27 366 73 Binds ssRNA Nonstructural

S4 �3 1196 32 365 69 Major structural protein Outer capsid shell/600

aInformation in this table is from Joklik and Roner (1996).
b5′NT, nucleotides at the 5′ terminus of the RNA segment that are not translated into protein; 3′NT, nucleotides at the 3′ terminus of the RNA that are not
translated.
cHA, hemagglutinin; neut Ag, contains epitopes recognized by neutralizing antibodies.
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FIGURE 3.41 Schematic of the structure of a reovirion and subviral particles derived from it. At left, a cross section
through the particle shows the two protein shells (in yellow and blue) surrounding the RNA (green). In the middle, the
ISVP is shown, after the loss of �3, the cleavage of �1C to � and 	, and the extension of �1. The right illustration
shows the core after the loss of �1, �, and 	 and the rearrangement of �2. [Redrawn from Niebert and Fields (1995);
reprinted in Fields et al. (1996, p. 1562).]

product are present in the core, and occur in vitro if cores
are supplied with appropriate substrates. Synthesis of
mRNA is conservative: The newly synthesized mRNAs are
extruded from the core and both strands of the parental
dsRNA remain within the core. Extrusion is an active
process. Electron microscopic studies have suggested that
the mRNAs are extruded from the 12 vertices of the icosa-
hedral structure. The enzymatic activities are organized
about these 12 fivefold axes, and it has been suggested that
there is an independent transcription unit for each genome
segment, consistent with the fact that no member of the
family Reoviridae has more than 12 genome segments.

Translation of Proteins

The 10 mRNAs are translated into 12 proteins (Table
3.16). For 8 mRNAs, only one reading frame is used and
only one protein is produced. For the mRNA produced from
segment M3, only one reading frame is used but two differ-
ent in-frame AUGs are used to initiate translation. Thus, two
proteins (�NS and �NSC) are produced from this segment
that differ only in that the longer version has an N-terminal
extension. The mRNA from segment S1 is translated using
two different, out-of-frame AUGs, however, so that two dif-
ferent proteins (�1 and �1NS) are produced. The various
mRNAs are translated with widely different efficiencies so
that different amounts of the 12 proteins are produced.

Of the proteins produced, eight are components of the
virion and four are nonstructural, present only within the
infected cell. Proteins �1 and �2, present in 120 and 240
copies, respectively, form the shell of the core. Proteins �3
and �2 are present in 12 copies within the core, at the 12

fivefold axes. Protein �3 is the catalytic subunit of the RNA
polymerase, and �2 is believed to be a component of this
enzyme complex. 

Pentamers of protein �2, present in 60 copies, form
“turrets” at the 12 fivefold axes of the core through which
the mRNAs are extruded. This protein has guanylyl trans-
ferase activity and is a component of the complex that caps
the mRNAs. Protein �1 and its cleavage products, �1N and
�1C, together with protein �3, both present in 600 copies,
form the outer shell of the virion. Protein �1 is the cell
attachment protein on the surface of the virion. Trimers of
this protein are located at the 12 fivefold axes. Interestingly,
a complete complement of �1 trimers is not present in all
virions. Virions contain from 0 to 12 trimers, with the
median number of trimers being 7. Virions devoid of �1 are
not infectious, but virions containing one or more trimers
are infectious.

Four proteins, �NS, �NSC, �1NS, and �NS, are non-
structural. �NS, �NSC, and �NS are RNA-binding pro-
teins and probably participate in virion assembly. The
function of �1NS is not known; it is found in the nucleus of
infected cells.

Assembly of Progeny Virions

The mRNAs serve as intermediates in the replication of
reoviruses. Following synthesis and release from the core,
mRNAs quickly become associated with proteins �NS,
�NS, and �3 to form single-strand-RNA-containing com-
plexes. These complexes contain only a single mRNA mol-
ecule associated with 10–30 protein molecules. All
complexes contain �NS, but only half contain �3 and one-
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quarter contain �NS. Complexes containing dsRNA appear
later, which contain the three proteins named above but also
contain protein �2 and the RNA polymerase. Significantly,
all 10 dsRNA genome segments are present in equimolar
quantities, suggesting that the selection and assortment of
the 10 genome segments into progeny virions is associated
with the conversion of (+)RNA into double-stranded RNA.
Because the particle-to-infectious virus ratio is almost one,
the assembly process is clearly precise. 

During maturation, protein �1 undergoes a cleavage to
produce two fragments called �1N (the N-terminal frag-
ment) and �1C (the C-terminal fragment). Fragment �1N
is small (4 kDa) and myristoylated, and this process bears a
striking similarity to the cleavage event that occurs during
the maturation of picornaviruses.

Genus Rotavirus

Rotaviruses are viruses of higher vertebrates and are
very widely distributed. They cause gastroenteritis in their
various hosts and many different serotypes are known. They
have been isolated from monkeys, cattle, dogs, cats, pigs,
sheep, horses, chickens, and turkeys, as well as from
humans. Viruses isolated from different animals exhibit
extensive serological cross-reactivity, but limited ability to
replicate in other hosts. As one example, rotaviruses iso-
lated from monkeys and cows can infect humans but cause
much milder symptoms than human rotaviruses, and have
been examined for use as vaccines. 

Structure of Rotaviruses

Rotaviruses contain 11 genome segments that sum to
18.5 kb (Table 3.15). The replication of the virus and the
overall structure of the virion are similar to those of the
reoviruses, but with some exceptions. The virion is distin-
guishable from that of reoviruses in the electron micro-
scope (Fig. 2.5): It resembles a wheel with spokes (rota =
wheel in Latin). The assembly of rotaviruses differs in one
important detail from that of reoviruses. Subviral particles
assembled in the cytoplasm bud through the endoplasmic
reticulum, acquiring an envelope that is subsequently lost.
During this maturation process, the outer capsid layer of the
virion is acquired. 

Activation of infectivity of the virion requires cleavage
of one of the major outer capsid proteins, a process that
normally occurs in the enteric tract. Uncleaved rotavirus
will bind to cells but cannot penetrate. The protein is
cleaved at a hydrophobic sequence that is postulated to
possess fusion activity. This process is analogous to the
process that occurs in enveloped viruses such as influenza

virus, where precursor glycoproteins must be cleaved to
activate fusion activities. 

The Human Rotaviruses

The rotaviruses cause diarrhea, primarily in newborns
and the young, and the human rotaviruses are the single
most important cause of severe diarrheal diseases of infants
and young children. In one study in the United States, non-
bacterial infectious gastroenteritis was found to be the
second most common disease in humans, accounting for
16% of illnesses over a 10-year period and occurring on
average 1.5 times per person per year. Severe diarrhea can
result in dehydration that can be fatal if fluids are not
replaced. In the developing world where hospitalization is
not readily available, rotaviruses are a major cause of infant
mortality. It has been estimated that in Asia, Africa, and
Latin America there are more than 1 billion cases of diar-
rhea each year with 2–3 million deaths. The majority of
deaths occur in children less that 5 years of age, where
1–4% of diarrheal episodes are fatal. About half of all cases
of severe diarrheal disease in both developed countries and
in Third World countries are caused by rotaviruses, as illus-
trated in Fig. 3.42. The global distribution of deaths caused
by rotaviruses is illustrated in Fig. 3.43.

Epidemics of rotaviral disease occur in the winter. This
is illustrated in Fig. 3.44 for epidemics in Melbourne,
Australia, and in Washington, D.C. In southern Australia,
epidemics peak in the June–September time frame (their
winter), while epidemics peak in the January–March time
frame in the eastern United States. In the United States, epi-
demics peak in November and December in the warmer
southwestern states and move to progressively later months
as they spread to cooler states north and east (Fig. 3.45). As
is the case for seasonality in epidemics of disease caused by
other viruses, the reasons for the association of rotaviral
outbreaks with cool weather are poorly understood.

Because of the seriousness of rotaviral disease on a world-
wide basis, there has been an active effort to develop vac-
cines against rotaviruses. Such vaccines have been directed
at newborns and infants, in whom the problem is most acute.
Vaccine development and interpretation of results from clini-
cal trials have been complicated by several factors, including
the possible presence of maternal antibodies in newborns, the
fact that rotaviral infections often do not produce absolute
and lasting immunity to subsequent reinfection, and the fact
that there are multiple serotypes of rotaviruses that infect
humans. There are four major serotypes of rotaviruses that
cause widespread and serious infections of humans, and thus
recent efforts have been directed toward developing a quadri-
valent vaccine that would protect against all four serotypes.
Furthermore, the objective of vaccination has now been
defined as the prevention of severe rotaviral disease in very
young children rather than prevention of all rotaviral disease.
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FIGURE 3.42 An estimate of the role of various etiologic agents in severe diarrheal disease requiring hospitalization
in infants and young children in developed countries and in the Third World. [Adapted from Kapikian (1993).]
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FIGURE 3.43 Estimated global distribution of the almost 1 million annual deaths due to rotavirus diarrhea.
[Redrawn from that found in Glass et al. (1997).]
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FIGURE 3.44 Monthly rotavirus infections over a multiyear period. Seasonal fluctuations are clear, with the cooler
months shaded in blue. Upper panel shows hospitalizations for gastroenteritis in Melbourne, Australia. The lower panel
shows hospitalizations in a children’s hospital in Washington, D. C. Note the anolmalous pattern for Melbourne in
1983, a year in which there was a severe drought. [Data from Barnes et al. (1998) and Brandt et al. (1983).]

With these objectives, the most successful approach to
date has been to use a rotavirus from another animal species,
the Rhesus rotavirus, as a human vaccine. The Rhesus
rotavirus replicates well enough in humans to elicit an immu-
nizing response but does not cause serious illness, and the

use of this virus as a human vaccine has been compared to
the use of cowpox virus by Jenner to immunize against
smallpox (Chapter 6). The Rhesus rotavirus will successfully
immunize people against only one of the four major rotavirus
serotypes, and not against the others. However, rotaviruses
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FIGURE 3.45 Average time of peak rotavirus activity in the contiguous 48 states of the United States, using cumu-
lative data from July 1991 to June 1997. This contour plot was derived using the median value for time of peak activ-
ity reported by each regional or state diagnostic laboratory. [The surveillance system and analytic methods used to
create this map are described in greater detail in Török et al. (1997).]

contain 11 genome segments and the different segments
readily undergo reassortment when tissue culture cells are
infected by more than one strain, that is, genome segments
can be interchanged in progeny viruses. This property was
used to isolate reassorted Rhesus rotaviruses in which all of
the segments were derived from Rhesus rotavirus except for
the segments encoding the surface proteins, which were
derived from human viruses of the other three major
serotypes. Clinical trials showed that a quadrivalent vaccine
based on Rhesus rotavirus and three reassorted Rhesus
rotaviruses, so that all four serotypes important for humans
were present, was successful at preventing severe rotaviral
disease in newborns and the very young. This vaccine was
licensed in 1998 for general use in the United States. It was
anticipated that this vaccine would be useful not only in the
developing world where rotavirus infection causes many
deaths in infants, but also in the developed world where
rotaviral infections lead to many cases of diarrhea each year
that require hospitilization or visits to physicians. However,
on widespread use in the United States, it was found that a
small number of infants developed the bowel obstruction
called intussusception after immunization. This obstruction
sometimes clears spontaneously but can require a fairly
benign treatment by medical personnel. In a small minority
of cases, surgery is required to correct the defect. The
vaccine was withdrawn and its future remains in doubt.

The withdrawal of the rotavirus vaccine raises interest-
ing legal and moral questions, and illustrates the difficulties
associated with developing and introducing vaccines.
Roughly 1 out of 2000 infants develop intussusception in
the first 2 years of life. At least some of these cases may be
due to natural infection with rotaviruses. Although it seems
clear that vaccination with the rotaviral vaccine triggers
intussusception in a small fraction of vaccinees, it is not
known whether vaccinated infants are more likely to
develop the obstruction in the first 2 years of life than are
nonvaccinated infants. It is even possible that the vaccine is
actually protective in that fewer vaccinated infants will ulti-
mately develop intussusception than nonvaccinated infants.
However, because of legal issues and the ethical dilemma of
giving a problematical vaccine for a disease that is not life
threatening in developed countries, it seems unlikely that
data to address this issue will be forthcoming, at least in
the near future. However, if the vaccine is not used in the
United States or other  developed countries because of con-
cerns about its safety, it is unlikely that developing nations
will adopt it, despite the fact that the vaccine would
undoubtly save hundreds of thousands of infants from fatal
rotaviral infection if it were widely used in such countries.

Other approaches have been pursued for the develop-
ment of a vaccine. One such approach is the isolation of
attenuated human rotavirus strains that are cold sensitive or
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TABLE 3.17 Representative Orbiviruses and Coltiviruses Causing Disease in Humans and Domestic Animals

Genus Serogroup Hosts Vector Disease syndromes Distribution

Orbivirus

African horse sickness Horse, dog, zebra Culicoides Cardiopulmonary disease, Africa, Asia
(midges) hemorrhagic fever

Bluetongue Sheep, cow, goat, deer Culicoides Fever, frothing at Africa, Asia, 
(midges) mouth, shock Australiaa, Americas

Epizootic Deer Culicoides Similar to bluetongue Americas, 
hemorrhagic disease (midges) Australia, Africa

Palyam Cow Culicoides Abortion South Africa, Japan
(midges)

Orungo Humans Mosquitoes Febrile illness Africa

Changuinola Humans Phlebotomines Febrile illness Panama

Kemerovo Humans Ticks Febrile illness, Russia, 
encephalitis Eastern Europe

Coltivirus

Colorado tick fever Humans Ticks Febrile illness, North America
encephalitis,
hemorrhagic fever

Eyach Humans Ticks Encephalitis? Europe, China

a
Australian isolates of bluetongue virus are not pathogenic.

temperature sensitive and therefore less virulent. Following
isolation, reassortant viruses can be selected that retain the
genes rendering the virus cold sensitive but which have the
surface antigens from the different serotypes. Whether such
a vaccine would be superior to the Rhesus rotavirus vaccine
is unknown. Another possible approach is the use of empty
particles as subunit vaccines. Virus-like particles assemble
spontaneously when rotavirus structural proteins are pro-
duced in large concentrations using baculovirus vectors.
Particles containing from one to four structural proteins are
formed when the proteins are expressed in the proper com-
binations, and these empty particles have been useful in
studies of the structure of rotaviruses. Whether a vaccine
that uses these findings could be developed that was inex-
pensive enough and convenient enough for widespread use
in developing countries is unknown.

Genus Orbivirus

The genus Orbivirus is widely distributed. It contains
more than 100 serotypes of viruses grouped into 14
serogroups or species. Orbiviruses contain 10 segments of
dsRNA totaling 19 kb in an icosahedral virion 86 nm in
diameter. Unlike reoviruses and rotaviruses, orbiviruses are
arboviruses, transmitted by biting flies, mosquitoes, or ticks,
and able to replicate in the vector as well as in the vertebrate
host. Among the vectors known for various orbiviruses are
insects of the genus Culicoides (midges and gnats), phle-

botomine flies, culicine and anopheline mosquitoes, and
Ixodes ticks. Members of five serogroups, including African
horse sickness, bluetongue, and epizootic hemorrhagic
disease viruses, cause disease in domestic animals, and
members of four other serogroups cause human disease.
Human disease caused by naturally acquired orbiviruses
may require hospitalization but is normally not life threaten-
ing. However, the animal pathogens may cause serious
illness in domestic or wild animals (Table 3.17). 

Veterinary Pathogens

African horse sickness virus (AHF) has caused many epi-
demics of fatal illness in horses in sub-Saharan Africa. The
distribution of this virus is illustrated in Fig. 3.46C. The first
recorded epidemic occurred in the Cape Colony in 1719.
Thereafter, disastrous epidemics occurred every 20 years or
so up until this century, when vaccines became available. The
virus appears to have been endemic, presumably in the zebra,
but wherever horses were introduced, epizootic AHF was sure
to follow. The mortality in introduced horses is close to 90%,
and AHF had a major impact on agriculture, exploration, and
conquest in Africa. The military had to operate without
cavalry and the early explorers often walked rather than rode.
The virus represents an example of an endemic virus that
appears to cause little disease in its native host (zebra), but
which causes very serious illness when transmitted to a non-
native host (horses).
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FIGURE 3.46 Geographical distribution of orbiviruses that cause disease in animals and humans.
[From Fields et al. (1996, p. 1736).]
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FIGURE 3.47 Distribution of the primary vector of Colorado tick fever,
D. andersoni, shown in color, and the number of diagnosed human cases
of Colorado tick fever in various states between 1980 and 1988. [From
Tsai (1991); reprinted in Fields et al. (1996, p. 1753).]

Another important veterinary pathogen is bluetongue
virus, which causes a serious disease in sheep. Bluetongue
virus is very widely distributed (Fig. 3.46A) and causes
widespread disease, but, interestingly, the strains of blue-
tongue virus in Australia are not pathogenic. Also wide-
spread are viruses that cause epizootic hemorrhagic disease
in animals (Fig. 3.46B), including outbreaks in deer in
North America. 

Persistence of Orbiviruses on Erythrocytes

At least some orbiviruses have evolved an unusual way
of persisting in nature as arboviruses. In tropical areas of the
world, arthropods may be continuously active and viruses
associated with such arthropods may persist by continuous
passage between the vertebrate and the invertebrate host.
However, in many areas of the world, including some tropi-
cal areas, the vector activity may become low or nonexistent
during some periods, such as during the dry season or
during the winter. Arboviruses must be able to survive such
periods of low vector activity, and different arboviruses have
solved this problem in different ways. Most have evolved
ways to persist in the invertebrate host during periods of
inactivity. Many can be passed transovarily in the arthropod
host, others can survive in diapausing insects. Orbiviruses,
in contrast, have evolved a mechanism to persist in the ver-
tebrate host for long periods. Viral infection of vertebrates is
normally cleared rapidly by the immune system so that
viremia of sufficient titer to infect a new arthropod taking a
blood meal normally lasts only a few days. However, blue-
tongue virus becomes associated with red blood cells by
binding to glycophorins on the surface of the cell, where it
persists in indentations in the membrane in a nonreplicating
state protected from the immune system. The virus evidently
can remain attached and viable for the life of the erythro-
cyte. When an arthropod takes a blood meal, the virus
bound to erythrocytes is able to initiate infection of the
arthropod. Because erythrocytes have an average lifetime of
160 days, the virus can persist in a viable state in the verte-
brate host for many months.

Genus Coltivirus

The coltiviruses possess 12 genome segments summing
to 26 kb (Table 3.15). The virion is icosahedral and 80 nm in
diameter. Like the orbiviruses, the coltiviruses are
arboviruses, transmitted by ticks. Four viruses are recog-
nized, found in North America, Europe, and China, and all
infect humans. The prototype virus is Colorado tick fever
virus (CTF), from which the genus gets its name (Colorado
tick fever). CTF is present in the western United States and
is transmitted by Dermacentor andersoni ticks (Fig. 3.47).
The life cycle of the virus is illustrated in Fig. 3.48. CTF

infects many mammals, including humans, but the natural
cycle of transmission involves primarily small mammals and
larval and nymphal ticks. Adult ticks may transmit the virus
to humans and large mammals outside the normal transmis-
sion cycle. Transovarial transmission does not occur in ticks
and larval ticks are normally infected by feeding on small
mammals that are viremic. In humans, CTF causes an
illness characterized by fever, myalgia, chills, headache, and
malaise, and 20% of cases require hospitalization. The acute
illness lasts 5–10 days. Recovery may be uneventful or con-
valescence may be prolonged for several weeks. CNS infec-
tion or hemorrhagic fever may occur, almost always in
children. Fatalities are rare (<0.1%). 

Persistence of CTF in Erythrocytes

CTF has evolved a way to persist in the vertebrate host
that resembles that used by bluetongue virus. CTF infects
bone marrow cells early after infection, including erythrocyte
precursors. The virus remains within the erythrocyte after it
matures, in a nonreplicating state, and appears to persist for
the life of the erythrocyte. When a tick takes a blood meal, it
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FIGURE 3.48 Natural transmission cycle of Colorado tick fever. Transfers of virus are shown with green arrows.
Larval ticks feed on small mammals that can remain viremic for long periods of time and then transmit virus to other
small mammals. Adult ticks, although not important for maintaining the virus in nature, may then bite nonreservoir
hosts such as deer or man. Adult ticks lay eggs to produce the next generation of larval ticks, but no transovarial trans-
mission of virus occurs. [Adapted from Bowen (1988, Fig. 4).]

can be infected by the virus within the erythrocyte. The dif-
ferences in the mechanisms used by CTF and bluetongue
virus to persist in the blood of vertebrates are thought to
reflect the different vectors used. Culicoides flies, the vector
of bluetongue, take smaller blood meals and digest the blood
meal in a different way than ticks, the vector of CTF.

Comparison of the Reoviridae with Other 
RNA Viruses

Some aspects of the replication cycle of the Reoviridae
resemble those of single-strand (+)RNA viruses and other
aspects resemble those of single-strand (–)RNA viruses
(Chapter 4). Replication proceeds through a plus- strand
intermediate that exists, at least transiently, free in the cyto-
plasm, a characteristic of (+)RNA viruses. Reoviruses

could have originated from the plus-strand viruses through
the acquisition of an RNA synthetase that is packaged as
part of the virion. In contrast, packaging of the RNA syn-
thetase in the virion, which is necessary to begin the infec-
tion process, and the retention of the genome in the
entering subviral particle, from which it is never released,
are features that are shared with the minus-strand RNA
viruses. Packaging of the RNA synthetase makes it feasible
for a virus of vertebrates to have its genome in multiple
segments, a feature of reoviruses and of many of the
(–)RNA viruses. Segmented genomes allow reassortment to
occur during mixed infection, and reassortment is known to
occur in nature. The acquisition of novel genome segments
from related virus strains has occurred frequently during
reovirus evolution and has been advantageous for the sur-
vival of the virus in nature. 

Nymphal Ticks

Larval TicksAdult Ticks

Adult Ticks

Eggs

Viremic Hosts

Uninfected Hosts
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INTRODUCTION

Seven families of viruses contain minus-strand RNA 
[(–)RNA], also called negative-strand RNA, as their
genome. These are listed in Table 4.1. Included in the table
are the names of the genera belonging to these families and
the hosts infected by these viruses. Six of the families are
known to contain members that cause epidemics of serious
human illness. Diseases caused by these viruses include
influenza (Orthomyxoviridae), mumps and measles
(Paramyxoviridae), rabies (Rhabdoviridae), encephalitis
(several members of the Bunyaviridae), upper and lower
respiratory tract disease (numerous viruses in the
Paramyxoviridae), and hemorrhagic fever (many viruses
belonging to the Bunyaviridae, the Arenaviridae, and the
Filoviridae), as well as other diseases. Bornavirus, the sole
representative of the Bornaviridae, also infects humans and
may cause neurological illness, but proof of causality is
lacking. Many of the (–)RNA viruses presently infect virtu-
ally the entire human population at some point in time (for
example, respiratory syncytial virus, influenza virus),
whereas others did so before the introduction of vaccines
against them (for example, measles virus and mumps
virus). These viruses are thus responsible for a very large
number of cases of human illness. The diseases caused by
such widespread viruses are usually serious but have a low
(although not insignificant) fatality rate. In contrast, some
(–)RNA viruses, such as rabies and Ebola viruses, cause ill-
nesses with high fatality rates but (fortunately) infect only a
small fraction of the human population. The (–)RNA
viruses are major causes of human suffering, and all seven
families and the viruses that belong to these families will
be described here.

OVERVIEW OF THE MINUS-STRAND RNA VIRUSES

Viruses belonging to four families of (–)RNA viruses,
the Paramyxoviridae, the Rhabdoviridae, the Filoviridae,
and the Bornaviridae, contain a nonsegmented RNA
genome having similar organization. They are grouped into
the order Mononegavirales (mono because the genome is in
one piece, nega for negative-strand RNA). This was the first
order to be recognized by the International Committee on
Taxonomy of Viruses and still is one of only three orders
currently recognized. Viruses belonging to the other 
three families, the Arenaviridae, Bunyaviridae, and
Orthomyxoviridae, possess segmented genomes with two,
three, and seven or eight segments, respectively. Regardless
of whether the genome is one RNA molecule or is seg-
mented, the genomes of all (–)RNA viruses encode a
similar constellation of genes, as illustrated in Fig. 4.1. In
the Mononegavirales, the order of genes along the genome
is conserved among the viruses (although the number of
genes may differ). In the viruses with segmented genomes,
the genes can be ordered in the same way if the segments
are aligned as shown. In addition, many features of virion
structure and of replication pathways are shared among the
(–)RNA viruses.

Structure of the Virions

All (–)RNA viruses are enveloped and have helical
nucleocapsids. The different families encode either one or
two glycoproteins (called G in most of the families but
called HA, NA, F, or HN in some, after hemagglutinating,
neuraminidase, or fusion properties). These glycoproteins
are present in the viral envelope. In most cases, cleavages
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are required to produce the mature glycoproteins, such as
cleavage to release a signal peptide, cleavage to separate
two glycoproteins produced as a common precursor, or
cleavage to activate viral infectivity. The glycoproteins
project from the lipid bilayer as spikes that are visible in
the electron microscope (see, e.g., Fig. 2.18D). 

All (–)RNA viruses have a single major nucleocapsid
protein (called N) that encapsidates the virion RNA to form
the helical nucleocapsid. Also present in the nucleocapsid is
a phosphorylated protein that is required for RNA synthe-
sis, variously called P (for phosphoprotein) or NS (for non-
structural protein because it was not originally known to be
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TABLE 4.1 Minus-Strand RNA Viruses

Family/genus Genome size Type virusa Host(s)b Transmission
(kb)

Mononegavirales (nonsegmented)

Rhabdoviridae 13–16

Vesiculovirus VSIV Vertebrates Some arthropod-borne

Lyssavirus Rabies Vertebrates Contact with saliva

Ephemerovirus BEFV Cattle Arthropod-borne

Novirhabdovirus IHNV Fish —

Two genera of plant viruses Plants Arthropod-borne

Filoviridae 13

“Marburg-like” viruses Marburg Vertebrates —

“Ebola-like” viruses Zaire Ebola virus Vertebrates —

Paramyxoviridae 16–20

Respirovirus Sendai Vertebrates Airborne

Morbillivirus Measles Vertebrates Airborne

Rubulavirus Mumps Vertebrates Airborne

Megamyxovirusc Hendra Vertebrates Airborne

Pneumovirus HRSV Vertebrates Airborne

Metapneumovirus TRTV Turkeys Airborne

Bornaviridae ~9

Bornavirus BDV Vertebrates

Segmented negative-strand RNA viruses

Orthomyxoviridae 13 in 8 segments

Influenzavirus A Influenza A Vertebrates Airborne

Influenzavirus B Influenza B Vertebrates Airborne

Influenzavirus C Influenza C Vertebrates Airborne

Thogotovirus Thogoto Vertebrates Arthropod-borne

Bunyaviridae 11–20 in 3 segments

Bunyavirus Bunyamwera Vertebrates Mosquito-borne

Hantavirus Hantaan Vertebrates Feces/urine/saliva

Nairovirus Dugbe Vertebrates Tick-borne

Phlebovirus Rift Valley fever Vertebrates Arthopod-borne

Tospovirus TSWV Plants Thrips

Arenaviridae 10–14 in 2 segments

Arenavirus LCMV Vertebrates Urine/saliva

aAbbreviations: VSIV, vesicular stomatitis Indiana virus; BEFV, bovine ephemeral fever virus; IHNV, infectious hematopoietic necrosis virus; HRSV,
human respiratory syncytial virus; TRTV, turkey rhinotracheitis virus; BDV, Borna disease virus; TSWV, tomato spotted wilt virus; LCMV, lymphocytic
choriomeningitis virus.
bIn all cases, vertebrates include humans as hosts.
cMegamyxovirus is a provisional genus at present.



a component of the virion), as well as a few molecules of
an RNA-dependent RNA polymerase. The polymerase is a
large, multifunctional protein called L in most families but
is present as three proteins in the Orthomyxoviridae. L and
P form a core polymerase that replicates the viral genome
and synthesizes mRNAs. 

A matrix protein (M) is present in all of the viruses
except the bunyaviruses and the arenaviruses. M underlies
the lipid bilayer where it interacts with the nucleocapsid. M
also inhibits host transcription and shuts down viral RNA
synthesis prior to packaging. 

The (–)RNA virions are heterogeneous to a greater or
lesser extent. Members of five families often appear

roughly spherical in the electron microscope. The example
of influenza virus is shown in Figs. 2.1 and 2.18, and the
paramyxovirus Sendai virus is shown in Fig. 2.18. The
compositions of these virions are not rigorously fixed and
some variability in the ratios of the different components,
particularly in the glycoprotein content, is present. The
rhabdoviruses are bullet shaped or bacilliform and appear
more regular (Fig. 2.19), but even here variations in the
composition of the glycoproteins in the envelope can occur.
The filoviruses are filamentous (Fig. 2.19). Influenza
viruses and human respiratory syncytial virus also produce
filamentous forms as well as round virions. In fact, clinical
isolates of these viruses are predominantly filamentous.
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FIGURE 4.1 The genomes of representatives of the four families of Mononegavirales have been aligned to maximize
functional similarity between gene products. The genome organization of a member of the Bunyavirus genus of the
Bunyaviridae, of an arenavirus, and of influenzavirus A are also shown. The individual gene segments of the members
of the three families with segmented genomes have been aligned according to similarity of function with the
Mononegavirales above. Gene expression strategies for the other genera of Bunyaviridae vary (see Fig. 4.19).
Abbreviations of virus names are as follows: VSIV, vesicular stomatitis Indiana virus; SV-5, simian virus 5; ZEBOV,
Zaire Ebola virus; BDV, Borna disease virus; SSHV, snowshoe hare virus; LCMV, lymphocytic choriomeningitis virus;
FLUAV, influenzavirus A. The gene products are abbreviated as follows: le is a leader sequence; N is the nucleoprotein;
P is the phosphoprotein; M (M1, M2) are matrix proteins; G (G1, G2) are membrane glycoproteins; F is the fusion gly-
coprotein; HN is the hemagglutinin-neuraminidase glycoprotein; L is the RNA polymerase, NA is the neuraminidase
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al. (1996, Fig. 5).]
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Synthesis of mRNAs

For all (–)RNA viruses, the first event in infection is the
synthesis of mRNAs from the minus-strand genome by the
RNA polymerase present in the nucleocapsid. Because this
polymerase is necessary for the production of the mRNAs,
and because the proteins translated from the mRNAs are
required for replication of the genome, the naked genomes
of (–)RNA viruses are not infectious, nor are complemen-
tary RNA copies of the genomes. It has been possible,
nonetheless, to rescue virus from cDNA clones of viral
genomes by using special tricks, as described in Chapter 9. 

Multiple mRNAs are produced from minus-strand
genomes. By definition, each region of the genome from
which an independent mRNA is synthesized is called a
gene. In (–)RNA viruses with segmented genomes, it is
obvious that multiple mRNAs are produced (the number of
mRNAs produced actually exceeds the number of seg-
ments, as described below). In the Mononegavirales, multi-
ple mRNAs arise from the use of a single polymerase entry
site at the 3′ end of the genome. The polymerase then rec-
ognizes conserved start and stop signals at the beginning
and end of each gene to generate discrete mRNAs.
Synthesis of mRNAs is controlled by the location of the
gene relative to the single polymerase entry site, because
mRNA synthesis is obligatorily sequential and attenuation
occurs at each gene junction. 

Most of the mRNAs are translated into a single protein,
but a few of the genes produce mRNAs that are translated
into more than one product. Multiple products can be pro-
duced from the same gene by the use of alternative transla-
tion initiation codons during translation of an mRNA; by
the introduction of nontemplated nucleotides during mRNA
synthesis, which results in a shift in the reading frame; or
by splicing of an mRNA. The (–)RNA viruses do not
produce polyproteins and virus-encoded proteases are
unknown among them. Most of the glycoproteins that they
encode are produced as precursors, however, that are
processed by cellular enzymes. In no case are the mRNAs
exact complements of virion RNAs. This is obvious in the
case of the Mononegavirales, where as many as 7–10
mRNAs are produced from a single long genomic RNA,
but is also true of the segmented (–)RNA viruses. The
mRNAs lack cis-active sequences required for encapsida-
tion and replication that are present near the ends of the
antigenome or antigenome segments.

Replication of the Genome

Replication of the (–)RNA genome requires the produc-
tion of a complementary copy of the genome, called an
antigenome or virus complementary RNA (vcRNA), which
is distinct from the mRNAs (schematically illustrated in
Figs. 1.9C and D). Neither the genomic (–)RNA nor the

antigenomic template produced during replication is ever
free in the cytoplasm. Instead, replication of the genome, as
well as the synthesis of mRNAs, takes place in nucleocap-
sids (sometimes referred to as ribonucleoprotein or RNP),
which always contain the phosphoprotein and the poly-
merase as well as N and the viral RNA. Replication can only
occur in the presence of ongoing protein synthesis to
produce the new proteins required to encapsidate the
genome or antigenome. The mRNAs can be synthesized in
the absence of viral protein synthesis and lack encapsidation
signals, so that they are released into the cytoplasm where
they can associate with ribosomes and be translated. Thus,
early after infection, mRNAs are synthesized. After transla-
tion of the mRNAs, which leads to production of sufficient
amounts of viral proteins, a switch to the production of
antigenomes for use as templates occurs, followed by pro-
duction of genomic RNA from the antigenomic templates.

The genomes (or genome segments) of all (–)RNA
viruses have sequences at the ends that are complementary.
In the bunyaviruses, the RNA forms panhandles, circular
structures that are visible in the electron microscope. In
other viruses, circles have not been seen but may form tran-
siently during replication. It is possible that these comple-
mentary sequences exist to promote cyclization of the
RNA, which may be required for replication of the genome
or synthesis of mRNAs. However, it seems more likely that
the promoter at the 3′ end of the genomic RNA that is rec-
ognized by the viral RNA polymerase for the production of
antigenomes is the same, at least in part, as the promoter at
the 3′ end of the antigenomic RNA that is used to initiate
the production of genomic RNA. In this event, the
sequences at the two ends of the genome or antigenome
that encompass these promoters would be complementary.

Host Range of the (–)RNA Viruses

All seven families contain members that infect higher
vertebrates, including humans. For five of the families, only
vertebrate hosts are known. The rhabdoviruses and bun-
yaviruses, however, have a broader host range. Some are
arboviruses that replicate in an arthropod vector as well as in
a vertebrate host, and others infect only insects. In addition,
some genera of rhabdoviruses and bunyaviruses consist of
plant viruses. Some of these are transmitted to the plants by
insect vectors in which the viruses also replicate.

FAMILY RHABDOVIRIDAE

The genome organization of the rhabdoviruses is the
simplest of the (–)RNA viruses and it is useful to begin our
coverage with this group. The genome is a single piece of
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TABLE 4.2 Rhabdoviridae

Genus/membersa Virus name Usual Transmission/vector? Disease World
abbreviation host(s) distribution

Vesiculovirus

Vesicular stomatitis VSIV Humans, horses, Airborne, insects? Vesicles on tongue Americas
Indiana ruminants, swine and lips

Chandipura virus CHPV Mammals Sandflies Febrile illness India, Asia?
including humans

Piry PIRYV Mice, humans Sandflies Febrile illness Brazil

Lyssavirus

Rabies RABV Humans, dogs,  Infectious saliva Malaise, then Worldwide, except 
skunks, foxes, delirium, then Australia, Papua
raccoons coma and death New Guinea, and 

Antarctica

Bat lyssaviruses ABLV, Bats, humans Infectious saliva Like rabies Europe, Africa, 
EBLV, LBVb Australia

Mokola Humans, dogs, ? Like rabies Africa
cats, shrews

Ephemerovirus

Bovine ephemeral BEFV Cattle, Hematophagous Fever, anorexia Africa, Asia, 
fever water buffalo arthropods Australia

Adelaide River virus ARV Cattle ? ?c Australia

Berrimah virus BRMV Cattle ? ?c Australia

Novirhabdovirus

Infectious  IHNV Salmonid fish ? Hemorrhage Pacific Northwest 
hematopoietic necrosis of North America
(and other fish viruses)

Cytorhabdovirus

Lettuce necrotic yellows Plants Aphids

Northern cereal mosaic Plants Leafhopper

Strawberry crinkle Plants Aphid

Nucleorhabdovirus

Potato yellow dwarf Plants Leafhopper

Maize mosaic Plants Leafhopper

Sonchus yellow net Plants Aphid

aRepresentative members of each genus are shown, and the first virus listed is the type species.
bABLV, Australian bat lyssavirus; EBLV, European bat lyssavirus; LBV, Lagos bat virus.
cNot known as animal pathogens, but will infect healthy sentinel cattle.

minus-strand RNA 11–15 kb in size. In most viruses, the
genome has five genes, which result in the production of
six or seven proteins, five of which are present in the virion.
The animal rhabdoviruses are bullet shaped, approximately
200 nm long and 75 nm in diameter (Fig. 2.19), whereas
some of the plant viruses are bacilliform, being rounded at
both ends. The rhabdoviruses infect mammals, birds, fish,
insects, and plants, and are presently divided into six
genera. A listing of these genera and a representative
sample of the viruses in each genus, together with several
characteristics of each virus, are shown in Table 4.2.

Members of three genera infect mammals, namely, the
vesiculoviruses (type virus: vesicular stomatitis Indiana
virus), lyssaviruses (type virus: rabies virus), and
ephemeroviruses (type virus: bovine ephemeral fever
virus). The novirhabdoviruses infect fish, and the cytorhab-
doviruses and nucleorhabdoviruses infect plants. Some or
all of the members of four genera are transmitted by arthro-
pods (Table 4.2). In addition, a large number of rhab-
doviruses have not been assigned to a genus. The animal
rhabdoviruses replicate in the cytoplasm, but certain of the
plant rhabdoviruses may replicate in the nucleus.
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FIGURE 4.2 (A) Schematic diagram of the VSV genome, where “le” is the leader sequence and “tr” is the trailer
sequence. The five genes N, P, M, G, and L were defined in the legend to Fig. 4.1 and are described in more detail in the
text. The positions of the conserved regulatory sequences at the gene boundaries are shown by the triangles. Each of
these intergenic sequences is composed of E (end), I (intergenic), and S (start) domains. (B) Sequences in VSV at the
other three gene boundaries. [Data for this figure came from Rose and Schubert (1987, Fig. 3).]

Genus Vesiculovirus

Vesicular stomatitis virus (VSV) has been extensively
studied and serves as a model for the replication of (–)RNA
viruses in general and rhabdoviruses in particular. Its
genome size is 11,161 nt. The genome is neither capped nor
polyadenylated, consistent with the fact that it is minus-
strand RNA. Two serotypes exist, New Jersey (VSNJV) and
Indiana (VSIV).

Synthesis of mRNAs

The VSV nucleocapsid has about 1200 copies of N
protein as its major structural component, but also contains
about 500 molecules of P and 50 copies of L. It can synthe-
size RNA, and P, L, and N are all required for this activity.
The organization of the genome and the production of five
mRNAs from it are illustrated in Fig. 4.2. There is a single
polymerase entry site at the 3′ end of the genome, and pro-
duction of mRNAs is obligatorily sequential. Synthesis
begins at the exact 3′ end of the genome and a leader RNA
of 48 nucleotides is first synthesized. The leader is released
and synthesis of the first mRNA, that for N, is initiated. The
RNA polymerase complex has capping activity, and the
mRNA is capped during or shortly after initiation. At the
end of the gene for N, the transcriptase reaches a conserved
sequence AUACU7, where it begins to stutter and produces

a poly(A) tract at the 3′ end of the mRNA. The polymerase
complex will not terminate or stutter unless the conserved
AUAC is present immediately upstream of the U7 tract, and
the sequence AUACU7 is therefore a consensus termination-
polyadenylation signal. The capped and polyadenylated
mRNA for N is terminated and released, the transcriptase
skips the next two nucleotides, which are referred to as the
intergenic sequence, and initiates synthesis of the second
mRNA, that for P, at the conserved gene start signal
UUGUC. Following synthesis of this mRNA, the poly-
merase again stutters at the oligo(U) tract in the AUACU7

signal to produce a poly(A) tract, releases the capped and
polyadenylated mRNA, skips the next two nucleotides, and
begins synthesis of the third gene, that for M. The process
continues in this way through the fourth gene (the G
protein) and the fifth gene (the L protein, L for large
because it comprises about 60% of the genome). In this
way, five capped and polyadenylated mRNAs are produced.
In VSV, the intergenic sequence is always two nucleotides.
After releasing the L mRNA, the polymerase complex ter-
minates synthesis some 50 nucleotides before the 5′ end of
the genome is reached. 

mRNA synthesis always begins by initiating synthesis of
the leader at the 3′ end and mRNAs are always produced in
strict sequential order. Initiation at each downstream gene
requires the termination of the preceding upstream gene.
However, during synthesis of mRNAs, attenuation occurs

le N P M G L tr

SIE
3’ 5’

Genome RNA

G mRNAM mRNA

...AUAGGGAUACUUUUUUUGAUUGUCUCUAG...

5’ 3’Gppp

m

AACAGAGAUC......UAUCCCUAUG poly(A)

A. Location of intergenic sequences of VSV (a rhabdovirus), 
       and detailed view of the M/G intergenic region

B. Genomic sequences at other intergenic regions in the VSV genome
3’ 5’

N/P ...CGAUGUAUACUUUUUUUGAUUGUCUAUAG...

P/M ...CAUCUGAUACUUUUUUUCAUUGUCUAUAG...

G/L ...UUAAAAAUACUUUUUUUGAUUGUCGUUAG...

mRNAS
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at each initiation step so that there is a gradient in the
amounts of mRNAs produced. N mRNA is produced in
highest abundance and L mRNA in least abundance. This
attenuation appears to be important for regulation of the
virus life cycle, so that the mRNAs for proteins needed in
most abundance are produced in most abundance.
Reorganization of the genome to change the order of genes
gives rise to viable virus, but the yield of such virus during
an infection cycle in cultured cells is less.

The mRNAs for N, M, G, and L are each translated into
a single protein. That for P is translated into three proteins.
The major translation product of this mRNA is P, which is
produced using an initiation codon near the 5′ end of the
mRNA. Initiation of translation also occurs at two down-
stream AUGs. These two downstream AUGs are in frame
with one another but in a different reading frame from P.
Use of these alternative AUGs leads to the synthesis of
short proteins of 55 and 65 amino acids (of which the
shorter protein is a truncated version of the longer one).
The functions of these small proteins are not known.

Replication of the Genome

Synthesis of viral proteins, in particular of the N protein,
allows the enzymatic activity present in the genomic nucle-
ocapsid to switch from synthesis of messengers to replica-
tion of the genome. Replication requires producing a
full-length antigenomic template. This RNA is encapsidated
into plus-strand RNP, containing N, P, and L, during its syn-
thesis. It has been postulated that it is the immediate encap-
sidation of the RNA that leads to the replication mode
rather than to synthesis of mRNAs. A requirement for
immediate encapsidation in order to replicate the genome
means that ongoing synthesis of N is required for replica-
tion. The M protein also appears to regulate RNA synthesis.
In the replication mode, the polymerase complex ignores all
of the initiation, termination, and polyadenylation signals
utilized to produce mRNAs, and instead produces a perfect
complementary copy of the genome. The antigenomic RNA
can be copied by the polymerase activity in the (+)RNP to
produce more genomic RNA. This also requires that the
RNA be immediately encapsidated. The new genomic RNP
can be used to amplify the replication of viral RNA or, later
in infection, can bud to produce progeny virions.

Maturation of Virus

The G protein has a 16-residue N-terminal signal
sequence that leads to its insertion into the endoplasmic
reticulum during translation. The signal is removed by sig-
nalase. The resulting 495-residue protein is anchored near
the C terminus by a 20-residue transmembrane anchor, with
the 29 C-terminal residues forming a cytoplasmic domain
(i.e., it is a type 1 integral membrane protein). G is glycosy-

lated on two asparagine residues and transported to the
plasma membrane, where progeny viruses are formed by
budding (Fig. 2.19D). The M protein appears to form an
adaptor between the glycoprotein present in the plasma
membrane and the nucleocapsids assembled inside the cell.
M also acts to repress RNA synthesis by the viral nucleo-
capsid. The G protein contains the fusion activity and
receptor recognition activities of the virus, and it is the only
protein present on the surface of the virion. It is present in
the virion as trimers that form spikes visible in the electron
microscope (Fig. 2.19C).

Vesiculovirus Diseases

The two major serotypes of VSV are Indiana and New
Jersey. They generally cause nonfatal but economically
important disease in cattle, pigs, and horses. The name of
the virus comes from the vesicles that it induces on the
tongue and lips. Human infection is common in rural areas
where VSV is endemic in domestic animals; 25–90% of
farmers in such areas may have anti-VSV antibodies,
showing past infection by the virus. Human infection is
largely asymptomatic or associated with a mild febrile
illness, sometimes accompanied by herpes-like lesions in
the mouth or on the lips or nose. The virus can also repli-
cate in mosquitoes and other arthropods, and has been iso-
lated from mosquitoes during VSV epidemics. The
epidemiologic importance of mosquitoes or other
hematophagous arthropods in transmission of the virus is
not clear.

More than 20 other vesiculoviruses are known.
Chandipura virus is widespread in India, where it causes a
febrile illness in humans. It has been isolated from sandflies
and may be an arbovirus. The novirhabdoviruses infect
salmon and other fish and are responsible for economic
losses in fish farming operations. 

Genus Lyssavirus

The rhabdovirus of greatest medical interest is rabies
virus, which belongs to the genus Lyssavirus. Rabies is a
uniformly fatal disease of man and of other mammals, and
has been known since the 23rd century B.C. Rabies virus is
present in the saliva of a rabid animal and is transmitted by
its bite. Infection begins in tissues surrounding the site of
the bite. Without treatment the virus may be transmitted to
the brain, where replication of the virus leads to the disease
called rabies. It is believed that the virus enters neurons by
using acetylcholine receptors as a receptor, followed by
transport up the axon until it reaches the cell body. The
probability that rabies will develop following the bite of a
rabid animal depends on the location of the bite, the species
doing the biting, and the virus strain. In the absence of
treatment, bites on the face and head result in rabies in



130 Minus-Strand RNA Viruses

2000199019801970196019501940

10

20

30

40

50

60

Year

10,000

8000

6000

4000

2000
DEATHS
CASES

Human Rabies

Dogs

Wildlife

N
um

be
r 

of
 H

um
an

 D
ea

th
s 

(c
as

es
) p

er
 Y

ea
r

N
um

be
r 

of
 A

ni
m

al
 C

as
es

 p
er

 Y
ea

r

FIGURE 4.3 Rabies in domestic dogs and wild animals (right scale) versus human cases (left scale) in the United
States 1940–1995. Note that untreated rabies in humans is uniformly fatal. [Data from Smith et al. (1995) and
Summaries of Notifiable Diseases in the United States for 1996. MMWR 45; No. 53 (1997).]

40–80% of cases, whereas bites on the legs result in rabies
in 0–10% of cases. The incubation period to development
of symptomatic rabies can vary from less than a week to
several years. Once the virus reaches the brain, it spreads
from there to a variety of organs. To be transmitted, it must
spread to the salivary glands. Infection of neurons in the
brain may result in behavioral changes that cause the
animal to become belligerent and bite other animals, so that
the virus present in salivary fluid is transmitted. In humans,
the disease may be paralytic or may result in nonspecific
neurologic symptoms including anxiety, agitation, and
delirium. Biting behavior is not a consequence of rabies-
induced neurologic disease in humans, and human-to-
human transmission does not occur. Two to 7 days after
symptoms of rabies appear, coma and death ensue. Only
three cases of humans recovering from symptomatic rabies
have been recorded.

For centuries, the saliva of a rabid dog was thought to be
the source of rabies infection, but it was only in 1804 that
Zinke succeeded in transmitting rabies from it. In the late
1800s, Pasteur adapted rabies virus to laboratory animals
and developed the concept of protective vaccination against
rabies. The dessicated spinal cords from rabies-infected
rabbits became the first rabies vaccine. On July 6, 1885,
this vaccine was used to immunize Joseph Miester, who had
been bitten 14 times by a rabid dog. Because of the multi-
plicity of bites, he would almost surely have died, but the
Pasteur vaccine saved him. A vaccine grown in nervous

system tissue and inactivated by phenol rather than drying
was the accepted rabies vaccine for decades. In the 1960s, a
safer inactivated virus vaccine derived from virus grown in
cultured human cells was introduced. The rabies vaccine is
unique in that it is normally given after exposure to the
virus, in conjunction with anti-rabies antiserum. This is
possible because there is a window of time following the
bite of a rabid animal before rabies develops, during which
a protective immune response can be induced. Veterinarians
and wildlife workers who are potentially exposed to rabid
animals, as well as biologists who work with rabies virus in
the laboratory, are immunized prophylatically, but the pro-
tective immune response can be of short duration and
immunity must be tested at regular intervals.

In the United States, Canada, and Western Europe, where
vaccination of domestic dogs is widely practiced, wild
animals such as raccoons and skunks maintain the virus and
transmit it to man or his domestic animals. Figure 4.3
shows the decline in number of cases of rabies in dogs and
man in the United States since the 1940s and the increase in
rabies in wild animals. Figure 4.4 illustrates the explosive
spread of rabies in raccoons on the Eastern seaboard in the
last 20 years. In other parts of the world, where licensing
and immunization of pets is not required, domestic dogs
continue to be the principal vectors that transmit rabies to
humans. Rabies remains a significant global health
problem. More than one million people annually undergo
antirabies treatment following exposure to the virus, and
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FIGURE 4.4 Spread of raccoon rabies over 3- to 5-year increments in the states of the Atlantic seaboard. Over 20
years the virus has spread from a small focal area in northern Virginia to encompass much of the entire region from
southern Maine to North Carolina. [From MMWR 45; p. 1119 (1997).]

50,000 people die of rabies each year. Efforts to control
rabies in wildlife in the United States and Western Europe
have met with some success. These efforts involve vacci-
nating wildlife with attenuated rabies virus or with recom-
binant vaccinia viruses that express the rabies G protein,
using bait containing one of these viruses that is often dis-
persed by airplane.

The perpetuation of rabies in nature is somewhat of a
mystery because of the fact that it can be maintained only
in rabid animals who die quickly of the infection. How is
it that the virus manages to persist? One possibility arises
from recent findings that rabies virus can establish a
latent infection in humans. Five cases have been docu-
mented in which people did not develop symptoms for 7
or more years after infection with the virus. In at least
some of these cases, progression to rabies appeared to be
triggered by hormonal changes during puberty. If the
virus can establish a latent infection in other animals that
is later followed by reemergence of the virus and its
transmission to new susceptibles, this could serve as a
reservoir of the virus.

Bats may also be an important reservoir of rabies virus.
Rabies virus infection of bats seems to take longer to kill
the animal, during which time the virus may be transmissi-
ble through the bite of an infected bat or through aerosols
from infected bat feces or saliva spray. However, rabies
virus in bats is distinguishable from rabies virus strains in
other wildlife by nucleotide sequence analysis. Thus,

mixing of bat rabies and rabies in other wildlife is infre-
quent. Bats can transmit rabies to humans, and cases of
human rabies transmitted by bats in the United States have
been documented. In fact, in the United States in recent
years, cases of human rabies resulting from infection with
bat-associated rabies virus have been more numerous than
cases resulting from infection by bites of other rabid
wildlife. In many cases of bat-associated rabies, the mecha-
nism by which the virus was transmitted to the human is
not known, because no exposure to bats, rabid or otherwise,
could be shown.

Australia was long believed to be completely free of
rabies. However, it has recently been found that many
Australian bats, including large fugivorous bats known as
flying foxes that are present in vast numbers in northern
Australia, carry a virus known as Australian bat lyssavirus.
Two cases of fatal human rabies that were caused by infec-
tion with this bat virus have occurred in the last few years.
No rabies has been found in other animals, presumably
because there is no efficient mechanism for transmission of
the virus among other mammals present in the continent.
However, the disease could potentially spread to dogs and
cats that have been introduced into Australia over the years.

Other bat lyssaviruses are also known, as is a virus
called Mokola virus (Table 4.2). All lyssaviruses can cause
rabies-like illness in man and other mammals, but the
importance of lyssaviruses other than rabies virus as human
disease agents is probably limited.
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TABLE 4.3 Paramyxoviridae

Genus/membersa Virus name Usual host(s) Transmission Disease World
abbreviation distribution

Paramyxovirinae

Respirovirus

Human parainfluenza 1, 3 HPIV-1,3 Humans Airborne Respiratory disease Worldwide
Bovine parainfluenza 3 BPIV-3 Cattle, sheep Airborne Respiratory disease Worldwide
Sendai SeV Mice Airborne Respiratory disease Worldwide

Rubulavirus

Mumps MuV Humans Airborne Parotitis, orchitis, Worldwide
meningitis

Newcastle disease, NDV Gallinaceous birds Airborne Respiratory distress, Worldwide
avian paramyxoviruses 2–9 diarrhea

Human parainfluenza 2, 4a, 4b HPIV-2,4 Humans Airborne Respiratory disease Worldwide
Simian virus 5 SV-5 Monkeys, canines Airborne Respiratory disease Worldwide

Morbillivirus

Measles MeV Humans, monkeys Airborne Fever, rash, SSPEb, Worldwide
immune suppression

Rinderpest RPV Cattle, swine Airborne Gastroenteritis Worldwide

Distemper CDV, PDVb Dogs, marine mammals Airborne Immune suppression, Worldwide
gastroenteritis, CNS 
disease

Megamyxovirus

Hendra (equine morbillivirus) ?? Humans, equines, Body fluids? Respiratory disease, Australia
Pteropus fruit bats encephalitis

Nipah ?? Humans, swine, cats, dogs Body fluids? Respiratory disease, Malaysia, 
encephalitis Singapore

Pneumovirinae

Pneumovirus
Human respiratory syncytial HRSV Humans Airborne Respiratory disease Worldwide
Bovine respiratory syncytial BRSV Cattle Airborne Respiratory disease Worldwide
Pneumonia virus of mice PVM Mice Airborne Respiratory disease Worldwide

Metapneumovirus

Turkey rhinotracheitis TRTV Turkeys Airborne Respiratory disease Worldwide

aRepresentative members of each genus are shown, and the first virus listed is the type species.
bAbbreviations: SSPE, subacute sclerosing panencephalitis; CDV, canine distemper virus; PDV, phocine distemper virus.

The genome organization of rabies virus is identical to
that of VSV and the replication pathways are the same.
However, very little sequence identity exists between the
genomes of the viruses belonging to the two genera.

Genus Ephemerovirus

Bovine ephemeral fever virus is an arbovirus that
causes economically important disease in domestic
bovines in tropical areas of the Old World. This virus, as
well as other members of the genus, are not known to be
human disease agents.

FAMILY PARAMYXOVIRIDAE

The family Paramyxoviridae has six genera. These
genera are shown in Table 4.3, together with representative
viruses in each genus. The relationships among the genera
are illustrated in the tree shown in Fig. 4.5. Each genus rep-
resents a distinct lineage. Furthermore, Respirovirus,
Morbillivirus, Megamyxovirus, and Rubulavirus are more
closely related to one another than to Pneumovirus and
Metapneumovirus, and the family is divided into two sub-
families, Paramyxovirinae and Pneumovirinae. Many of the
viruses belonging to this family are very important human
pathogens. Some, such as measles virus and mumps virus,
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Pneumovirinae

Paramyxovirinae

Subfamily

Pneumovirus
Metapneumovirus

GenusSpecies100 nt substitutions

NDV
HPIV-2

SV-5
MuV

HPIV-4a
HPIV-4b

HPIV-1
SeV

HPIV-3
CDV
PDV

RPV
MeV

PPRV
DMV

TRTV
HRSV

Respirovirus

Morbillivirus

Megamyxovirus
Hendra

Nipah

Rubulavirus

FIGURE 4.5 Phylogenetic tree of the Paramyxoviridae derived from the nucleotide sequences of the nucleocapsid
protein gene. Most of the virus abbreviations are found in Table 4.3. CDV, canine distemper; PDV, phocine distemper;
PRRV, peste-des-petits-ruminants; DMV, dolphin morbillivirus. Notice that the closest relative of measles (MeV,
boxed), a human virus, is rinderpest (RPV, boxed), a virus of cattle and pigs. [Adapted from Chua et al. (2000).]

have been known for a long time—the infectious diseases
caused by these viruses were known to the ancients. At the
other extreme, Hendra virus, first described as an “equine
morbillivirus of Australia,” and the related Nipah virus of
Southeast Asia have been known for less than a decade.
These new viruses have been classified into a new genus,
Megamyxovirus. 

Replication of the Paramyxoviridae

The genome organizations of five viruses representing
five genera of the paramyxoviruses are shown in Fig. 4.6.
The paramyxovirus genome is larger than that of the rhab-
doviruses, 15–20 kb, and encodes more proteins, 8–11 or
more. Most paramyxoviruses possess six genes of which
one, the P gene, uses more than one reading frame to
encode multiple proteins. Rubulaviruses possess a seventh
gene, encoding a protein called SH, and pneumoviruses
possess an even larger constellation of genes, 10 in number.
It is possible that still other genes are hidden within some
of these large genomes. For example, the SH gene, encod-
ing a very small protein, was discovered only recently. 

The N or NP (= N in rhabdoviruses), P, M, and L genes
serve the same functions as their counterparts in rhab-
doviruses. G of rhabdoviruses is replaced by two glycopro-
teins in paramyxoviruses, one called F and the other H or
HN or G, depending on the virus. The order of genes in the
paramyxoviruses is the same as in the rhabdoviruses, and

the genome of the ancestral paramyxoviruses could have
arisen from that of a rhabdovirus by insertion of extra genes
(or vice versa by deletion of genes). 

Virus replication occurs in the cytoplasm. Like the rhab-
doviruses, paramyxovirus mRNAs are transcribed sequen-
tially beginning at the 3′ end of the genome and the
mechanisms to produce these mRNAs are similar to those
employed by rhabdoviruses. A leader is first transcribed,
poly(A) tracts are added by stuttering at oligo(U) stretches
at the end of each gene, intergenic nucleotides are skipped
by the polymerase during synthesis of mRNAs, and attenu-
ation of mRNA synthesis occurs at each junction. The
intergenic nucleotides are variable among paramyx-
oviruses, however. They are GAA or GGG for some
viruses, but are variable in sequence and in length, from 1
to 60 nucleotides, for others. The mechanisms by which the
virus switches from synthesis of mRNAs to replication of
the genome are the same as those used by the rhab-
doviruses.

The Viral Glycoproteins

Paramyxovirus virions are 150–350 nm in diameter and
contain a helical nucleocapsid that is 8–12 nm in diameter.
Virions are usually round but pleomorphic, and are pro-
duced by budding from the plasma membrane (Figs. 2.18C
and 2.21B). The virion size differs even within a single
species and the composition of the virion is not as well
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FIGURE 4.6 Genome organizations of five genera of the Paramyxoviridae. The genome is shown 3′ to 5′ for the
minus-strand RNA. For the top four genera, each gene begins with the vertical pink bar marking the intergenic
sequence. The untranscribed intergenic sequences of respiroviruses, morbilliviruses, and megamyxoviruses are 3 nt in
length. Those of rubulaviruses and pneumoviruses vary in length from 1 to more than 60 nt. The boxes are the ORFs
encoding the nucleocapsid (N), the P/V/C complex, the matrix protein (M), the fusion protein (F), the second glycopro-
tein (G, HN, or H), and the polymerase (L). Numbers above the arrows are the total number of nucleotides between the
ORFs; numbers below the boxes are the number of amino acids in the protein. HPIV-3, human parainfluenza virus 3;
SV-5, simian virus 5; MeV, measles virus; HeV, Hendra virus; HRSV, human respiratory syncytial virus.

defined as for some enveloped viruses. There are two glyco-
proteins on the surface. One is a fusion protein that is
required for the fusion of the viral membrane with the cell
plasma membrane. Paramyxoviruses fuse with the plasma
membrane, not with endosomal membranes, and fusion
does not require exposure to low pH. The fusion protein is
produced as a precursor called F0. When first synthesized,
F0 has an N-terminal signal sequence that results in its
insertion into the endoplasmic reticulum during translation.
The signal sequence is removed by signal peptidase and the
resulting type 1 integral membrane protein is anchored by a
membrane-spanning region near the C terminus. F0 is
cleaved either by cellular furin within the cell or by other
cellular enzymes after release of the virion from the cell,
depending on its sequence. Cleavage is required for the
virus to be infectious and the cleavage products, F1 (the N-
terminal part of the precursor) and F2 (the C-terminal part
which is anchored in the membrane), remain covalently
linked through a disulfide bond. The fusion domain consists

of the N-terminal 20 amino acids of F2, but this domain is
not fusogenic until cleavage of F0 has occurred. Those
strains whose F0 can be cleaved intracellularly by furin
(which recognizes the sequence RXRR or RXKR) are often
more virulent than strains that require cleavage of F0 by
proteases after the release of (noninfectious) virions from
the cell. F oligomerizes to form trimers which are visible as
spikes on the surface of the virion. 

The second glycoprotein is called the hemagglutinin-
neuraminidase (HN), the hemagglutinin (H), or simply G,
depending on the virus. This protein is a type 2 integral
membrane protein. The signal sequence at the N terminus is
not removed but instead serves as the transmembrane
anchor for the protein, so that it has its N terminus inside
and its C terminus outside. This protein contains the recep-
tor-binding activity of the virus. For many paramyx-
oviruses, the receptor is sialic acid (N-acetylneuraminic
acid) bound to protein or lipids. Because this receptor is
also present on red blood cells, these viruses can cause red
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blood cells to clump or agglutinate, a process called hemag-
glutination (heme = the red compound in red blood cells
that binds oxygen). Many viruses hemagglutinate, but the
majority of these, including many paramyxoviruses, use
receptors other than sialic acid.

In paramyxoviruses that use sialic acid as a receptor, this
second glycoprotein is also a neuraminidase, in which case
it is called HN. Neuraminidase removes sialic acid from
potential receptors and from virus glycoproteins. By remov-
ing sialic acid from the virus glycoproteins and from the
cell surface, it prevents released virus from aggregating
with itself or sticking to infected cells. It also increases the
probability that the virus will successfully initiate infection
of a suitable animal. Mucus, which lines the respiratory
tract where the virus begins infection, contains sialic acid
and might otherwise bind virus, preventing its entry into
cells, if the virus could not destroy these receptors. 

In paramyxoviruses that do not hemagglutinate, the
second glycoprotein is simply called G, for glycoprotein.
The second glycoprotein, best studied in the case of the HN
of some paramyxoviruses, oligomerizes to form tetrameric
spikes on the surface of the virion.

Some paramyxoviruses belonging to the genera
Rubulavirus and Pneumovirus contain a third protein that
may be a component of the envelope. This small (44–64
residues) type 2 integral membrane protein is called SH or
1A. It is glycosylated in the pneumovirus respiratory syncy-
tial virus but not in the rubulaviruses SV5 and mumps. The
function of this protein, or even whether the SH proteins of
pneumoviruses and rubulaviruses serve the same function,
is not known.

The P Gene

Synthesis and translation of the P gene of paramyxoviruses
belonging to the subfamily Paramyxovirinae, sometimes
called the P/V or P/C/V gene, are remarkable, as illustrated in
Fig. 4.7. The P gene, or its equivalent, of most (–)RNA
viruses is translated into more than one gene product, as was
described above for the rhabdoviruses and as will be described
below for other viruses, but the translation strategies used by
some paramyxoviruses result in maximal use of the potential
information contained within this gene. In some paramyx-
oviruses, alternative AUG start codons are used to produce
two different proteins translated from different reading
frames, similar to what occurs in the rhabdoviruses. A second
strategy used by paramyxoviruses is to add nontemplated
nucleotides to the mRNA during synthesis in order to shift the
reading frame downstream of the added nucleotides. The ulti-
mate use of the paramyxovirus P gene occurs in some viruses
in which all three reading frames are translated by using one
or both of these strategies to produce four or more proteins.

In respiroviruses, morbilliviruses, and megamyx-
oviruses, translation of P mRNA can start at one of two dif-

ferent AUGs that are in different reading frames. One of the
two proteins produced is called C and the other P (Fig. 4.7).
In addition, during transcription of P mRNA in most
members of the Paramyxovirinae, nontemplated G residues
are added at a specific site in the gene. In measles or Sendai
viruses, addition of one G shifts the reading frame after this
point to produce a new protein called V, which is rich in
cysteine residues. Thus P and V share their N-terminal
sequence but diverge after the site where the extra G is
added. In the case of parainfluenza virus 3, addition of one
nontemplated G leads to the production of mRNA for V, but
addition of two leads to mRNA translated into a protein
called D. In parainfluenza virus 3, then, all three reading
frames are used over a considerable span of the P gene to
produce four different proteins. In the rubulaviruses, the V
protein is translated from the unmodified transcript, and
production of mRNA for P requires addition of two non-
templated G residues. In mumps virus, addition of 4 G
residues also occurs to produce a third protein. 

During translation of these P mRNAs, the situation
becomes even more complicated. In some viruses, multiple
in-frame start codons are used to initiate translation of C.
Thus, different forms of C are produced that are variously
truncated at their N terminus. The start codons used include
not only AUG but also ACG and GUG! The many different
protein products produced from the P gene have not been
fully characterized, and perhaps not yet fully enumerated,
and the various functions of this wealth of proteins have as
yet to be determined.

Addition of the nontemplated G residues is thought to
involve a mechanism similar to the stuttering that produces
a poly(A) tract opposite a string of U’s in the template. The
nontemplated G’s are always added at a specific, unique
place in the genome characterized by a string of C’s. There
must be some signal within the genome that is recognized
by the viral polymerase for the addition of the extra G’s,
similar to the case for the addition of the poly(A) tract at
the end of mRNAs.

Genus Respirovirus

The genus Respirovirus contains several parainfluenza
viruses (abbreviated PIVs) and Sendai virus (from Sendai,
Japan, where it was isolated; also called mouse PIV-1)
(Table 4.3). The two human respiroviruses, HPIV-1 and
HPIV-3, cause a respiratory illness similar to that caused by
influenza virus and utilize sialic acid as a receptor, as does
influenza. They were once grouped with influenza virus as
myxoviruses (myxo from mucus because the viruses attach
to mucus, which contains sialic acid). When they were sep-
arated from influenza virus into a distinct family, they were
called parainfluenza viruses and the family was named
Paramyxoviridae. 
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FIGURE 4.7 Translation strategy of the P gene of paramyxoviruses. In most paramyxoviruses, nontemplated
nucleotides are inserted during synthesis of the PmRNA to shift the translation frame. Alternative translation start
codons are also used. The result is the production of up to four proteins from this one gene. [Adapted from Strauss and
Strauss (1991, Fig. 1) and Chua et al. (2000).]

The respiratory tract infections caused by HPIV-1 and
HPIV-3 may be limited to the upper respiratory tract,
causing colds, or may also involve the lower respiratory
tract, causing bronchopneumonia, bronchiolitis, or bronchi-
tis. These viruses are widespread around the world and are
an important cause of lower respiratory tract disease in

young children. Serological studies have shown that most
children are infected by HPIV-3 by 2–4 years of age, and
that the incidence of infection can be as high as 67 out of
100 children per year during the first 2 years of life (that is,
reinfections are common). Thus, immunity is incomplete
and the viruses continue to reinfect older children and
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adults. However, subsequent infections are normally less
severe and there is a reduction in the incidence of lower res-
piratory tract disease (which is more serious than infection
of the upper respiratory tract). The viruses, as is common
for respiratory tract infections, are spread by respiratory
droplets.

Attempts to develop vaccines against the HPIVs have
not met with success. Because of incomplete immunity pro-
duced by natural infections, the primary purpose of a
vaccine would be to decrease the severity of natural infec-
tion by the virus. Even so, results to date have been disap-
pointing. Inactivated virus vaccines developed for HPIV-1
and -3, as well as for HPIV-2, a rubulavirus, were antigenic
but failed to induce resistance to the viruses. This could
have resulted from failure to develop IgA following a par-
enterally administered vaccine (Chapter 8), and attempts to
develop effective vaccines are continuing.

Genus Rubulavirus

Mumps Virus

The genus Rubulavirus gets its name from an old name
for mumps, which is the disease produced in humans by
mumps virus. The only natural host for mumps virus is
humans and the virus is transmitted from person to person
by contact. The disease has been known since the 5th century
B.C. The incubation period, that is, the period of time between
infection by the virus and the development of symptoms, is
about 18 days. During the last 7 days of the incubation
period, a person sheds virus and is capable of infecting
others. Infection of children is usually not serious, but
mumps virus infection can cause serious illness, particularly
in adults. Infection begins in the upper respiratory tract but
becomes systemic with the virus infecting many organs,
where it replicates in epithelial cells. It is best known for
infection of the parotid salivary glands leading to painful
swelling of these glands. More serious disease can result
from the replication of the virus in other organs, however.
The central nervous system (CNS) is a common target for the
virus and 0.5–2.3% cases of mumps encephalitis are fatal.
Infection of the pancreas can occur, and it has been suggested
that mumps may be associated with sudden onset insulin-
dependent diabetes. The heart is sometimes infected, result-
ing in myocarditis. Infection of the testes in adult males can
lead to orchitis and, in rare cases, to sterility. Infection of the
fetus can result in spontaneous abortion.

At one time, mumps was one of the common childhood
diseases that was contracted by almost everyone. It is now
controlled in developed countries by an effective attenuated
virus vaccine that was selected by passage of the virus in
embryonated eggs. This mumps vaccine is given as part of
the MMR (measles–mumps– rubella) combination vaccine.
The dramatic decline in cases of mumps in the United

States after introduction of this vaccine is shown in Fig. 4.8.
Because mumps is exclusively a human virus that induces
effective immunity following infection, and infection of an
individual requires direct contact with a person actively
shedding the virus, the virus requires a population of about
200,000 people to sustain it. Such a population density was
first attained 4000 or 5000 years ago, before which mumps
could not have existed, at least in its current form.

Other Rubulaviruses

Other human rubulaviruses include HPIV-2 and HPIV-4.
They are named human parainfluenza viruses because the
disease they cause is similar to that caused by HPIV-1 and
HPIV-3. However, they are genetically related to the
rubulaviruses rather than to the respiroviruses (Fig. 4.5).
Other members of the rubulavirus genus infect many
mammals and birds. One of the most intensively studied
rubulaviruses (studied as a model system for replication of
members of the family) has been SV-5 (simian virus 5).
During the development of the polio vaccine, Rhesus
monkey kidney cells were used for replication of poliovirus
in culture, and these cultures were often contaminated with
monkey viruses. These simian viruses (SVs) were simply
numbered as they were isolated, and any particular SV may
be totally unrelated to any other. Two of the most widely
studied are SV-5 and SV-40, which are not related to one
another: SV-5 is an RNA-containing paramyxovirus and
SV-40 is a DNA-containing polyomavirus (Chapter 6).

The avian viruses include nine serologically distinct
paramyxoviruses. These viruses form a distinct lineage, but
clearly group with the rubulaviruses (Fig. 4.5). APMV-1 is
also known as Newcastle disease virus (NDV), which causes
a highly contagious and fatal disease of birds. NDV has
serious economic consequences because it infects chickens,
among other avian hosts. When epidemics break out, and
they do with some regularity, many birds die, causing eco-
nomic losses. Quarantines are placed on the movement of
birds during epidemics in an effort to curtail the spread of
the virus, which could have further economic consequences.

Genus Morbillivirus

The genus Morbillivirus contains measles virus as well
as a number of nonhuman pathogens that include rinderpest
virus, which infects cattle and pigs, and distemper viruses
of dogs, dolphins, and porpoises. The relationships among
these viruses are illustrated in Fig. 4.5. 

Measles

Measles virus causes serious illness in man. Infection
begins in the upper respiratory tract but becomes systemic,
and many organs become infected. Lymphoid organs and
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FIGURE 4.8 Incidence of mumps (cases per 100,000 population) in the United States. The minor resur-
gence of mumps cases in the late 1980s is thought to be due to a pool of susceptible teenagers and young adults
who were not aggressively immunized during the first decade after the introduction of the vaccine. In 1998
there were a total of 666 cases of mumps in the United States, the lowest number ever reported for one year
(<0.25 cases per 100,000). [From Summary of Notifiable Diseases in the United States for 1996. MMWR 45;
No. 53, p. 45 (1997) and the comparable summary for 1998.]

tissues are prominent sites of viral replication, and one con-
sequence of virus infection is immune suppression that lasts
for some weeks. Immune suppression can result in sec-
ondary infections that may be serious, even life threatening,
and interference with immune function is a major cause of
measles mortality. Measles also has uncommon neurological
complications, including encephalomyelitis and subacute
sclerosing panencephalitis (SSPE). In SSPE, the virus sets
up a persistent but modified infection in the brain in which
M protein is produced in only low amounts; downregulation
of production of M protein appears to be necessary to estab-
lish the disease syndrome. Symptoms of SSPE appear
several years after measles infection, and the disease pro-
gresses slowly but inexorably. Serious complications caused
by viral infection of other organs can also occur. 

Natural History of Measles Virus

Like mumps, measles is a disease of civilization. The
virus is a human virus. Although subhuman primates are
infected by the virus and suffer the same disease as man, man
is the only reservoir of the virus in nature. Infection requires
direct contact with an infected person and recovery from
infection results in solid lifelong immunity to the virus. Thus,

a minimum size population is required to maintain the virus,
in which the continuing birth of new susceptibles occurs at a
rate sufficient to maintain continuous virus infection within
the community. The requirement for a minimum sized human
population to sustain the virus is illustrated in Fig. 4.9. In this
figure, data from 1949–1964 (before tourism became as
popular as it is today) are plotted that show the duration of
measles epidemics on various islands. In Fig. 4.9A, we see
that an island must have a population sufficient to produce
about 16,000 surviving newborns a year (population about
500,000) in order to maintain the virus continuously in the
population. If the population is smaller, the epidemic burns
itself out when all susceptibles have been infected. The island
is then free of measles until sufficient newborn susceptibles
have been born and measles is once again introduced into the
island from outside. The smaller the population, the longer
this takes. Note that Guam and Bermuda, with their heavy
tourist influx, had measles present more than expected from
the curve because the virus is introduced more often, that is,
the island population is not truly isolated. Figure 4.9B illus-
trates that the more densely packed the population, the more
readily the virus spreads and therefore the sooner the epi-
demic burns itself out. The islands shown in this panel all
have about the same population, but when the population is
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compressed into a smaller area, such as in Tonga, person-to-
person spread is more efficient and epidemics do not last as
long as when the population is dispersed over a larger area,
such as in Iceland.

The study of measles epidemics on islands first demon-
strated that lifelong immunity arises following infection by
measles. After an epidemic of measles in the Faeroe Islands
in 1781, the islands were free of measles until the virus was
again introduced in 1846 by a Danish visitor. In the 1846
epidemic, 77% of the population of the islands contracted
measles, but no one over 65 years of age came down with
the disease.

The requirement for a minimum sized population to
maintain the virus means that even though measles virus is
extraordinarily infectious, the virus could not have existed
until perhaps 5000 years ago when human population
density became sufficient to support it. At about this time,
large population centers arose in the Fertile Crescent, a
region of the Middle East encompassing parts of modern
Iraq, Syria, Jordan, Israel, Lebanon, and Turkey, which
included the upper Tigris and Euphrates rivers and whose
climate was conducive to primitive agriculture. These popu-
lation centers were associated with the cultivation of food
plants and the domestication of animals, including bovines.
Measles virus is most closely related to rinderpest virus
(Fig. 4.5), which infects cattle and swine. An obvious
hypothesis is that the close contact between humans and
their domesticated animals allowed rinderpest virus, or
perhaps another virus of domestic animals, to jump to
humans and evolve to become specific for humans.
Subsequent coexistence of the virus with its human host led
to the present situation where infection results in significant
but relatively low morbidity and mortality.

Introduction of Measles into the Americas and 
Island Populations

Epidemics of measles were undoubtedly widespread in
the Old World following the appearance of measles,
although it is difficult now to ascertain the causes of epi-
demics that occurred thousands of years ago. However, it is
clear that measles was widespread in Europe at the time the
Europeans began their explorations of the Americas and of
the many isolated island communities around the world,
and Europeans carried measles with them as they traveled.
Introduction of measles virus into virgin populations
resulted in very high mortality. Mortality was 26% in Fiji
islanders when measles was introduced in 1875, for
example. It has been estimated that 56 million people in the
Americas died of Old World diseases following European
exploration of the New World, and measles and smallpox
(Chapter 6) were significant contributors to these deaths.
The introduction of measles and smallpox by the Spaniards
facilitated the conquest of the Americas by them, and the
subsequent depopulation of Central and South America

allowed the Spaniards to remain dominant. It has been sug-
gested that the depopulation of the Americas caused by
these diseases led the Europeans to introduce Africans as
slaves to replace Native Americans being used as slaves. 

The very high mortality caused by the virus in naive
populations, which contrasts with the low mortality in
Europeans, was probably due to two causes. Europeans and
other Old World peoples have been continuously exposed
to measles for millenia and have been selected for resis-
tance to measles. The people in the Americas had never
experienced measles infection, however. A second factor
that led to high mortality rates was the introduction of
measles into a virgin population, in which not only young
children but also all of the adults were susceptible, meaning
that the entire population became seriously ill simultane-
ously. This surely disrupted the ability of the society to
maintain itself because there was no one healthy enough to
care for the sick.

Vaccination against Measles

At one time, measles virus was epidemic throughout the
world and caused one of the childhood illnesses contracted
by almost everyone. Because of the extraordinary infec-
tiousness of the virus, very few people escaped infection by
it. In the United States, there were about 4 million cases of
measles a year, of which about 50,000 required hospitaliza-
tion and 500 were fatal. There were 4000 cases of measles
encephalitis each year, with many patients suffering perma-
nent sequelae. In addition, some fraction of children infected
as infants went on to develop SSPE, which is a progressive
neurological disease that results in death within about 3
years of the appearance of symptoms. Throughout the world,
an estimated 2.5 million children died annually of measles.

Because measles was a widespread and serious disease,
attempts to develop a vaccine began at about the same time
as attempts to develop a poliovirus vaccine. One vaccine
used in the United States from 1963 to 1967 consisted of
inactivated measles virus. The vaccine was poorly protec-
tive and recipients of this vaccine exposed to measles some-
times developed a more serious form of measles, called
“atypical measles,” characterized by higher and more pro-
longed fever, severe skin lesions, and pneumonitis
(inflammation of the lungs, from pneumon = lung and itis =
inflammation). The increased severity may have resulted
from an unbalanced immune response primed by the for-
malin inactivated virus or to a lack of local immunity in the
respiratory tract (see Chapter 8). Similar problems occurred
following vaccination with inactivated respiratory syncytial
virus, a paramyxovirus described below. 

An attentuated measles virus vaccine, now given as part of
the MMR combination vaccine, produced much more satis-
factory results. The live virus vaccine gives solid protection
from disease caused by the virulent virus and has largely con-
trolled the virus within the United States (Fig. 4.10).
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FIGURE 4.10 Cases of measles in the United States by year. The most recent epidemic of measles, in
1989–1991, was probably due to vaccine failure and waning immunity in children immunized earlier with
only a single dose of vaccine. In 1998, a total of 100 cases of measles was reported, a 27% decrease from
the previous record low of 138 cases in 1997. Of these 100 cases, 71% came from international importa-
tion. [From Summary of Notifiable Diseases in the United States for 1998. MMWR 47; No. 53, p. 48
(1999).]

Following introduction of the vaccine, the number of cases
dropped dramatically. The virus continued to circulate among
nonimmunized individuals, however, and thousands of cases
per year still occurred, sometimes associated with epidemics
of more than 50,000 cases. As vaccine coverage became
more effective, cases dropped to new lows, but another epi-
demic in 1989–1991 caused about 50,000 cases. This epi-
demic occurred in young immunized adults as well as in
young children who had not been immunized. Some of the
cases in young adults were due to vaccine failures (about 5%
of humans immunized with a single dose of the measles
vaccine fail to develop immunity to measles), but other cases
appear to have been due to waning immunity. Thus, immu-
nity induced by the vaccine is probably not lifelong, in con-
trast to natural infection by wild-type measles virus. The
guidelines now call for a second immunization on entry to
elementary or middle school. This not only boosts immunity
in individuals whose immunity is waning, but also usually
leads to immunity in those who did not develop immunity
after the first dose. In addition, some colleges require immu-
nization on entry. With these changes, the number of cases of
measles in the U.S. was only 100 in 1998.

Molecular genotyping has increased our understanding of
the few cases of measles that occur annually in the United
States today (Fig. 4.11). In 1988–1992, all the reported iso-
lates of measles virus were subgroup 2, the indigenous North

American strain. However, by 1994–1995, all outbreaks were
caused by one of four other subgroups that are endemic in
other parts of the world. Thus, these outbreaks were initiated
by viremic visitors from Asia and Europe. One notable out-
break is thought to have been initiated by a single visitor to
Las Vegas and resulted in small epidemics in five states.

After control of measles in the United States and other
developed countries, the virus remained epidemic in many
parts of the developing world. Control has recently been
established throughout most of the Americas, but measles
remains a serious pathogen in other parts of the developing
world. The World Health Organization has initiated a cam-
paign to eliminate measles during the next decade. Because
the virus infects only humans in nature, it should be possi-
ble to eradicate it using the same techniques that were used
for smallpox and that are being used for poliovirus. A major
problem with measles, however, has been the inability to
effectively immunize young infants against the disease
before they become naturally infected by the virus.
Newborns are protected from infection for 6–12 months by
maternal antibodies, and a live vaccine does not take while
they are thus protected. In many societies, measles is so per-
vasive that very shortly after the infant becomes susceptible
to infection, infection by wild-type virus occurs, thus
keeping wild-type virus in circulation. As described in
Chapter 8, attempts to overcome maternal immunity by
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FIGURE 4.11 Molecular epidemiology of measles virus for 1988–1992 and 1994–1995. States with measles
isolates are shaded to indicate the genotype found. In the lower panel, arrows indicate the source of imported
viruses. Orange arrows show spread from a single index case in Las Vegas. [From Rota et al. (1995).]

increasing the dose of the vaccine virus have not led to sat-
isfactory results.

Measles Neuraminidase 

The receptor for measles virus is a protein called CD46
that is expressed on the surface of human and monkey cells
(Chapter 1), which is bound by the measles H protein. In
view of the fact that sialic acid was not the measles receptor,
the apparent lack of neuraminidase activity in the H protein
was not surprising. Recent studies of the morbillivirus H
protein have shown that it is related in structure to the HN
protein of paramyxoviruses, however, and that the related
rinderpest and peste-des-petits-ruminants viruses possess
neuraminidase activity. This neuraminidase activity differs
in its specificity from that exhibited by the respiroviruses

and the orthomyxoviruses, explaining why it had not been
observed previously. Presumably this activity is also found
in the measles H protein, and the function of this enzyme in
the measles life cycle remains to be determined.

Emerging Paramyxoviruses: 
Hendra Virus and Nipah Virus

In 1994–1995, three cases of human illness occurred in
Queensland, Australia, that were associated with two out-
breaks of respiratory disease in horses. Two of the humans
died, one of encephalitis and the other of respiratory disease,
as did 13 of the infected horses. The disease was found to be
caused by an unknown virus belonging to the
Paramyxoviridae, and it was first described as an equine mor-
billivirus. Analysis of sera from healthy humans and horses in
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the areas failed to detect the presence of antibody, and analy-
sis of 5264 sera from a variety of wild animals trapped in the
areas also failed to detect antibody. However, further study
revealed that a significant fraction of flying foxes had anti-
bodies to the virus. Experimental infection of flying foxes
and other animals showed that flying foxes were readily
infected by the virus and developed antibodies to the virus,
but suffered no clinical symptoms of disease. Experimentally
infected horses became quite ill, however, and some died. The
virus did not spread to noninfected contacts, so that it is not
readily transmissible by casual contact. Thus, there is good
evidence that flying foxes are the reservoir species and from
this reservoir the virus occasionally spreads to horses or other
mammals. The human cases are thought to have been con-
tracted through close association with infected horses.
Sequence analysis of the virus has shown that it belongs to
the Paramyxoviridae but is not particularly closely related to
the morbilliviruses (Fig. 4.5), and so its initial description as
an equine morbillivirus was wrong on both counts. It is now
referred to as Hendra virus, after the town in Queensland
where the first recognized cases occurred. It is classified as
the type member of a new genus, Megamyxovirus (because
its genome is so much larger than other Paromyxoviridae), in
the subfamily Paramyxovirinae (Table 4.3).

At this point Hendra virus, and the genus it represents,
was an oddity, associated with only three cases of human
disease, and it was assumed to only rarely infect humans.
The two outbreaks in Australia were separated by 1000 km,
however, so that Hendra virus was clearly widespread.
Then, in late 1998 and early 1999, an outbreak of 258 cases
of human encephalitis occurred in Malaysia and Singapore
that had a 40% mortality rate. The disease was associated
with pigs and it was first thought that it was due to infection
by Japanese encephalitis (JE) virus (see Chapter 3 on the
importance of pigs as amplifying hosts for this virus). The
Malaysian government vaccinated 2.4 million pigs against
JE virus, but when this did not slow the epidemic, it was
decided to slaughter pigs in an attempt to reduce the inci-
dence of disease. In March 1999, with the assistance of the
Centers for Disease Control and Prevention, the virus
responsible for the epidemic was identified as a Hendra-like
virus, a virus related to but distinct from Hendra virus. In
this epidemic, it is thought that the human cases were con-
tracted from pigs, which also showed symptoms of respira-
tory disease associated with neurological symptoms. The
virus responsible has been called Nipah virus, after the
village in Malaysia where the disease first appeared, and it
is classified as a second member of the genus
Megamyxovirus. Like Hendra virus, the reservoir of Nipah
virus is flying foxes. It is possible that there are other, as yet
uncharacterized, viruses of flying foxes and other bats that
may be potential human pathogens.

Hendra virus and Nipah virus represent emerging
pathogens. They are previously unknown viruses that are
causing serious disease over widely separated geographic

areas. It is not clear whether new strains of virus are
involved that have recently acquired the ability to infect
humans and domestic animals, or whether the disease in
humans was previously less prevalent and not recognized
as distinct from the many cases of human encephalitis that
occur each year from infection by a variety of viruses.

Genus Pneumovirus

The genus Pneumovirus, subfamily Pneumovirinae, con-
tains the respiratory syncytial viruses (RSVs). RSVs are
known for cattle, mice, sheep, goats, and turkeys, as well as
man. The genome of RSV is more complex than other
Paramyxoviridae, having more genes (Fig. 4.6). The poly-
merase gene of RSV is more closely related to those of the
filoviruses than to those of the Paramyxovirinae, making
classification of these viruses problematical.

Human RSV is the most important cause of pneumonia
in infants and children worldwide. Half of hospital admis-
sions in the United States in January and February of
infants less that 2 years old are due to infection by RSV.
Infants are normally infected at 6 weeks to 9 months of
age. Infection begins as an upper respiratory tract infection
that progresses to the lower respiratory tract in 25–40% of
primary infections. Immunity following infection is incom-
plete and reinfection is common in children and adults, but
reinfection tends to produce less severe disease. Symptoms
can include bronchitis and pharyngitis (itis = inflamma-
tion, so inflammation of the mucous membranes of the
bronchi or pharynx), rhinorrhea (runny nose), cough,
headache, fatigue, and fever. Pneumonia (inflammation of
the lungs in which the air sacs become filled with exudate)
can result, particularly in infants or the elderly. RSV infec-
tion is particularly serious in the immunocompromised. As
one example, individuals of any age undergoing bone
marrow transplantation have a 90% mortality rate if
infected by RSV.

No vaccine is available at the current time for RSV.
Because of the widespread prevalence of infection by the
virus and the severity of the disease it causes, especially in
infants, efforts are ongoing to develop a vaccine that would
provide protection against disease or that would at least
protect against severe disease. A clinical trial with an inacti-
vated virus vaccine in a group of children some years ago
gave disastrous results, however. Not only did the inocula-
tion with the candidate vaccine fail to protect the children
against subsequent infection by RSV, but it was found that
when infected the vaccinated group suffered a much higher
proportion of serious illnesses such as viral pneumonia than
did the control group. Thus, immunization potentiated
illness, possibly because of an unbalanced immune response.
This result has impeded efforts to develop a vaccine and
made it clear that a better understanding of the interaction of
the virus with the immune system is important.
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TABLE 4.4 Viruses Causing Respiratory Disease

Family Virusa Nucleic acid Host range Disease(s)

Orthomyxoviridae Influenza ss(–)RNA Humans, birds, horses, Rhinitis, pharyngitis, croup, 
swine bronchitis, pneumonia

Paramyxoviridae RSV ss(–)RNA Humans, cattle Rhinitis, pharyngitis, croup, 
bronchitis, pneumonia

Canine distemper Dogs Bronchitis, pneumonia

NDV Birds Respiratory distress

Human parainfluenza Humans Rhinitis, pharyngitis, croup, 
bronchitis, pneumonia

Measles Humans Pneumonia

Picornaviridae Rhinoviruses ss(+)RNA Humans Common cold (rhinitis), pharyngitis

Coxsackie A Humans Rhinitis, pharyngitis

Caliciviridae Feline calicivirus ss(+)RNA Cats Rhinitis, tracheitis, pneumonia

Coronaviridae HCoV ss(+)RNA Humans Rhinitis

IBV Fowl Bronchitis

Adenoviridae Human Ad40, 41 dsDNA Humans Rhinitis, phryngitis, pneumonia

CLTV Dogs Pharyngitis, tracheitis, bronchitis, 
and bronchopneumonia

Herpesviridae Cytomegalovirus dsDNA Humans Pharyngitis, pneumonia

Herpes simplex, EBV, varicella Humans Pharyngitis, pneumonia

Various alphaherpesvirinae Cattle, cats, horses, chickens Rhinotracheitis

Source: Adapted from Granoff and Webster (1999, pp. 1493, 1494).
aRSV, respiratory syncytial virus; NDV, Newcastle disease virus; HCoV, human coronavirus; IBV, infectious bronchitis virus; CLTV, canine
laryngotracheitis; EBV, Epstein–Barr virus.

Viruses and Respiratory Disease

Many viruses belonging to several different families
have now been described that cause respiratory disease,
and more viruses belonging to other families will be
described below. For comparative purposes, an overview of
viruses that cause respiratory disease is shown in Table 4.4.
This table is not meant to be comprehensive and includes
only a sampling of viruses. Furthermore, some of the
viruses in the table, such as measles virus, are better known
for disease other than respiratory disease. However, the
table makes clear that a large number of viruses can infect
the respiratory tract and cause illness.

FAMILY FILOVIRIDAE

Table 4.5 lists the known filoviruses, which are classified
into two genera, the Marburg-like viruses and the Ebola-like
viruses. The filovirus genome is 19 kb in size and contains
seven genes, which result in the production of seven or eight
proteins following infection (Fig. 4.1). The molecular biology
of filoviruses is not well understood, in part because most
known filoviruses are severe human pathogens that must be
handled under biosafety level 4 conditions. The genomes of

Ebola virus and Marburg virus have both been sequenced,
and they have a genome organization similar to that of other
members of the Mononegavirales. Their sequences suggest
that they are most closely related to the pneumoviruses, and
they are assumed to replicate in a manner similar to that for
the rhabdoviruses and paramyxoviruses.

The filovirus virion is enveloped, as is the case for all
minus-strand viruses, but rather than being spherical, the
virion is long and thread-like (whence the name filo as in
filament). The infectious virion is thought to be 800–1000 nm
in length and 80 nm in diameter (Fig. 2.19E), but preparations
examined in the electron microscope are pleomorphic and
oddly shaped, often appearing as circles or the number 6 but
sometimes branched (Figs. 2.19F and G). There is one glyco-
protein (called GP) in the envelope, present as homotrimers,
that is both N- and O-glycosylated and has a molecular weight
of 120–170 kDa. GP mRNA is edited in Ebola virus, but not
in Marburg virus, to produce an mRNA for a second protein
called secreted glycoprotein. Its function is unknown but one
speculation is that it interferes with the host immune system.

The filoviruses first came to the attention of science in
1967 when outbreaks of hemorrhagic fever occurred in
Marburg and Frankfurt, Germany, and in Belgrade,
Yugoslavia. The cause was a virus subsequently named
Marburg that was present in African green monkeys whose
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TABLE 4.5 Filoviridae

Genus/members Virus name Usual host(s)a Transmission Disease World
abbreviation distribution

Marburg-like viruses

Marburg MARV Humans Contact with blood Severe hemorrhagic disease Africa
or other body fluids

Ebola-like viruses

Sudan Ebola SEBOV

Zaire Ebola ZEBOV Humans Contact with blood Severe hemorrhagic disease Africa
or other body fluids

Cote d’Ivoire Ebola CIEBOV

Reston Ebola REBOV Cynomolgus monkeys ? Severe hemorrhagic Philippines
disease in monkeys, 
attenuated in man

aNatural reservoirs unknown.

kidneys were being processed for cell culture production
(for use in preparing poliovirus vaccine). Twenty-five labo-
ratory workers were infected and six secondary cases
resulted; of these 31 infected people, 7 died. The monkeys
in the shipment, which originated in Uganda, also died.
Subsequent studies with the virus isolated during the out-
break showed that it caused lethal illness in African green
monkeys following experimental infection. The natural
history of the virus remains a mystery. There were 3 cases
of Marburg in South Africa in 1975 (the source of infection
was probably Zimbabwe) with one death, 2 cases in Kenya
in 1980 (infection probably in Uganda), one case in Kenya
in 1987, and an outbreak of 99 cases in Zaire (now Congo)
in 1998–2000. The locations of these outbreaks are shown
on the map in Fig. 4.12. The fatality rate in these various
outbreaks has averaged about 30%. There must be a reser-
voir of the virus somewhere in Africa from which it can
spread to man or to monkeys, but the identity of this reser-
voir is unknown.

The second filovirus known is Ebola virus. Ebola virus
was first isolated during a 1976 epidemic of severe hemor-
rhagic fever in Zaire and Sudan and named for a river in the
region. During this epidemic, the >600 cases resulted in
430 deaths. Asymptomatic infection appears to be rare. One
case of Ebola occurred in 1977, and in 1979 there were 34
cases with 22 deaths in the Sudan. In this latter epidemic,
an index case was brought to the hospital and the virus
spread to four people there, who then spread it to their fam-
ilies. After this, Ebola disease in Africa disappeared until
1994. In late 1994, a Swiss ethologist working in the Ivory
Coast performed necropsies on chimps. She contracted
Ebola but survived, and a new strain of Ebola was isolated
from her blood. Then, in May 1995, there was an epidemic
in Kikwit, Zaire, that resulted in at least 315 cases with
>75% mortality. This was followed by several deaths in

western Africa that resulted from consumption of a monkey
that had died of Ebola. Recently there has been a prolonged
series of smaller outbreaks in Gabon from 1995 through
1997. In 2000, Ebola appeared in Uganda for the first time
and caused an epidemic of more than 425 cases as of the
latest tally. A map showing these various filoviral outbreaks
is shown in Fig. 4.12. 

The natural reservoir of Ebola virus in Africa also
remains a mystery, despite extensive effort by the Centers
for Disease Control (CDC) and other health care agencies
to identify it. It is clear that monkeys can be infected by the
virus and spread it to humans, but how the monkeys con-
tract it or how human epidemics get started when monkeys
are not implicated is not known.

Ebola virus has recently caused epidemics of hemor-
rhagic fever in monkeys imported from the Philippines. The
first epidemic occurred in Reston, Virginia, near
Washington, D.C. in 1989. The deaths were at first attrib-
uted to simian hemorrhagic fever virus (SHFV), but investi-
gation by the U.S. Army Medical Research Institute for
Infectious Diseases and the CDC found that both SHFV
and Ebola virus were present in the monkeys. Believing
that the community was at risk for Ebola, the army team
quickly decided to euthanize the monkeys and decontami-
nate the facility. Follow-up studies showed that four animal
handlers at the facility had been infected by the virus but
had suffered no illness. Thus the strain of Ebola present in
the Reston monkeys, called Ebola-Reston to distinguish it
from Ebola-Zaire, seems to be nonpathogenic for man
although it remains pathogenic for monkeys. The story of
the Reston incident was recounted in a book called The Hot
Zone by Richard Preston. Since this first epidemic of
Ebola-Reston, further outbreaks have happened in Reston
and in an animal facility in Texas. Nucleotide sequencing
has shown that Ebola-Reston is closely related to Ebola
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Marburg

Ebola

Year  Cases/
%Mortality

Year Cases/
%Mortality

1975 3   (33%)      Zimbabwe
1980 2   (50%)      Kenya
1987 1     (0%)      Kenya

1976 284 (53%)       Sudan

1994 44 (64%)       Gabon
1994 1 (0%)       Ivory Coast

1995/96 37 (57%)       Gabon
1996/97 60 (75%)       Gabon

1998/00 99 (80%)      Zaire*

*Now called Democratic Republic of Congo

*
1977 1 (100%)       Zaire
1976 318 (88%)       Zaire

*

1995 315 (77%)       Zaire  (Kikwit)*
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FIGURE 4.12 Map of Africa showing the different filovirus outbreaks. [Data from Porterfield (1995,
p. 320) and later data from Georges-Courbot et al. (1997), Peters and Kahn (1999), and news bulletins from
the World Health Organization (2000) at their web site: http://www.who.int/disease-outbreak-news/

from the Sudan epidemics. The reason it is attenuated in
man is still unexplained, and high containment is used for
studies of Ebola-Reston in the laboratory. The natural
history of the virus is unknown, but it is thought that it
might be a Philippine virus or an Asian virus, rather than an
African virus.

Because of the dramatic symptoms caused by Ebola
virus, as well as by other hemorrhagic fever viruses, and
the high fatality rate following infection, it has been the
subject of discussion in the popular press and has appeared
in a number of works of nonfiction as well as fiction. To
date, the virus has caused only a limited number of human
cases, but there is always the fear that if the virus were to

adapt to man in a way that allowed for easier transmission,
it could become a very big problem. 

FAMILY BORNAVIRIDAE

Borna disease virus is a recently characterized virus that
has been assigned to a new family in the order
Mononegavirales (Table 4.6). It has a nonsegmented, minus-
sense genome of 8.9 kb, containing five genes, that in
general organization resembles that of other members of the
Mononegavirales (Fig. 4.1). However, the virus replicates in
the nucleus, not in the cytoplasm. Splicing of mRNAs
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TABLE 4.6 Bornaviridae

Genus/members Virus name Usual host(s) Transmission Disease World distribution
abbreviation

Bornavirus

Borna disease BDV Horses, sheep, other mammals ?? Encephalopathy, fatal paralysis Europe, possibly worldwide

TABLE 4.7 Orthomyxoviridae

Genus/members Virus name Usual host(s) Transmission Disease World
abbreviation distribution

Influenzavirus A
Influenza A FLUAV Humans, birds, swine Airborne Respiratory disease Worldwide

Influenzavirus B
Influenza B FLUBV Humans Airborne Respiratory disease Worldwide

Influenzavirus C
Influenza C FLUCV Humans Airborne Respiratory disease Worldwide

Thogoto-like viruses
Thogoto virus THOV Mammals Tick-borne

occurs to form an incompletely characterized set of mRNAs
from the five genes.

Borna disease virus appears to have a very wide host
range. It was originally described as a pathogen of sheep
and horses in Germany, but is now known to infect a wide
variety of warm-blooded vertebrates, birds as well as
mammals. Its natural host range may be all warm-blooded
vertebrates, including man. Its geographic distribution is
probably worldwide. Its mode of transmission is not known. 

In nonhumans, the virus establishes an infection character-
ized by neurotropism and low production of virus. Infection is
not cleared despite an immune response to the virus. Infection
may be asymptomatic or may result in disease characterized
by movement and behavioral abnormalities. Naturally
infected horses exhibiting such abnormalities usually recover,
but the disease may progress to paralysis and death.
Experimentally infected rats and primates also exhibit behav-
ioral abnormalities. Because of these effects on other animals,
several recent studies have tried to determine if the virus is
associated with neurological disease in man, in particular with
schizophrenia. Serological surveys have found that psychiatric
patients are more likely to have antibodies to bornavirus than
normal controls. Surveys to examine for the presence of viral
RNA in peripheral blood mononuclear cells (PMBCs) are
even more suggestive: psychiatric patients, including schizo-
phrenics, show a positivity rate of up to 66% in some surveys,
compared to <5% in normal controls. Furthermore, very
small amounts of virus-specific RNA have been isolated from
postmortem brain samples from patients suffering from schiz-
ophrenia and bipolar disorder, but not from normal individu-

als or patients suffering from other neurological disorders.
Interestingly, a recent study found that two patients hospitial-
ized for severe depression exhibited a rise in bornavirus
antigen in PMBCs during the course of the disease, which fell
to very low levels on recovery. Whether these different associ-
ations are indicative of causality remains to be determined,
but it is conceivable that the virus causes recurrent episodes of
depression on reactivation of a latent infection.

FAMILY ORTHOMYXOVIRIDAE

The family Orthomyxoviridae (ortho = normal or
correct) contains the genera Influenzavirus A, which con-
tains influenza virus A; Influenzavirus B, which contains
influenza virus B; and Influenzavirus C, which contains
influenza virus C (Table 4.7). Thogoto virus, a tick-borne
virus of mammals, forms a fourth genus, Thogoto-like
viruses. Influenza viruses A and B are closely related, but
influenza A infects a wide spectrum of birds and mammals
including humans, whereas influenza B infects only
humans. Influenza C is more divergent. Eight segments of
(–)RNA, totaling about 14 kb, comprise the genomes of
influenza A and B viruses (Fig. 4.1) whereas influenza C has
only 7 segments. Influenza viruses use sialic acid as a recep-
tor, but the form used by influenza A and B viruses differs
from that used by influenza C virus, and the enzymes
encoded by the viruses to destroy receptors are correspond-
ingly different. All three influenza viruses infect man and
cause disease, but influenza A represents the most serious
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TABLE 4.8 Genome Segments of Influenza Viruses

Influenza A Influenza C

RNA Length Encoded protein Function RNA Length Encoded protein
segment (nt) Name (aa) segment (nt) Name (aa)

1 2341 PB2 759 Cap recognition, 1 2365 PB2 774
RNA synthesis

2 2341 PB1 757 RNA synthesis 2 2363 PB1 754

3 2233 PA 716 RNA synthesis 3 2183 PA 709

4 2073 HA 566 Hemagglutinin, fusion, 4 2073 HEF 655
major surface antigen, sialic

acid binding; HEF of FLUCV 
also has esterase activity

5 1565 NP 498 Nucleocapsid protein 5 1809 NP 565

6 1413 NA 454 Neuraminidase

7 1027 M1 252 Matrix protein 6 1180 — —

Spliced M2 97 Ion channel ?? Spliced M1 242

Internal initiation CM2 139

8 934 NS1 230 Nonstructural protein 7 934 NS1 286

Spliced NS2 121 Nuclear export protein ?? Spliced NS2 122

Source: Adapted in part from Fields et al. (1996, Table 2, p. 1355).

human pathogen because it causes very large, recurrent epi-
demics with significant mortality. Influenza A has therefore
been the most intensively studied and has been the focus of
efforts to control influenza in humans.

Proteins Encoded by the Influenza Viruses

The proteins encoded in the different gene segments of
influenza A and influenza C viruses are described in Table
4.8. Influenza A produces 10 proteins from its eight
genome segments, and most of these proteins have ana-
logues in other (–)RNA viruses (Fig. 4.1). The matrix
protein, M1, and the nucleocapsid protein, NP, perform
functions similar to those of M (when present) and N of
other (–)RNA viruses. The three proteins encoded in the
three largest segments of influenza, called PB2, PB1, and
PA (B or A refers to a basic or acidic pK), possess the RNA
polymerase activities encoded in the L protein and the P
protein of other (–)RNA viruses. Influenza A and B have
two surface glycoproteins, called HA and NA, but influenza
C has only one, called HEF. These glycoproteins have the
receptor binding, fusion, and receptor-destroying activities
present in surface glycoproteins of (–)RNA viruses. 

Two proteins, called NS1 and NS2 (NS for nonstruc-
tural), are produced from RNA segment 8. NS1 is produced
from the unspliced mRNA (replication occurs in the
nucleus). It binds to RNAs in the nucleus, including cellular
pre-mRNAs, cellular snRNAs which are involved in splic-

ing, and dsRNA. Its activities inhibit the transport of cellu-
lar mRNAs from the nucleus and promote the synthesis of
influenza mRNA. NS1 also regulates splicing of influenza
mRNAs and their transport from the nucleus to the cytosol.
Another function of NS1 is to interfere with the interferon
pathway (Chapter 8), perhaps by binding dsRNA. Influenza
virus lacking NS1 is very sensitive to interferon, whereas
the wild-type virus is resistant. NS2 is produced from a
spliced mRNA. It interacts with M1 attached to influenza
RNP and promotes the transport of the RNP to the cyto-
plasm. It is present in small quantities in the virion and so
is not truly nonstructural. 

Protein M2 is produced from a spliced mRNA from
segment 7. It forms ion channels in membranes, probably
as a tetramer, that allow passage of H+ ions. During trans-
port of HA to the cell surface, the presence of M2 in the
membrane of the transport vesicle causes the pH within
the vesicle to equilibrate with that in the cytosol. This pre-
vents low pH activation of the fusion activity of HA
during transport, because transport vesicles are otherwise
acidic. M2 is also present in virions and is required for
the disassembly of the virus and for the activation of the
RNA polymerase activity. To become active, the poly-
merase in the interior of the virus must be exposed to low
pH. Influenza virus enters the cell in endosomes, which
are progressively acidified. The acidic pH not only trig-
gers a conformational change in HA that results in fusion
of the viral membrane with the endosomal membrane, but
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it also activates the RNA polymerase of the virion through
the activity of M2. M2 is the target of the drug amanta-
dine, one of the relatively few drugs that are effective
against a viral disease. Amantadine binds M2 and pre-
vents it from acting as an ion channel, which prevents the
activation of the polymerase. When taken early during
infection, amantidine ameliorates the symptoms of
influenza.

Influenza Glycoproteins

Comparison of the glycoproteins of influenza A virus
and the paramyxovirus SV-5 is of interest. In both
influenza A virus and SV-5, one of the glycoproteins is
type 1 (N terminus out) and one is type 2 (C terminus
out). In both cases, the type 1 glycoprotein is produced as
a precursor that must be cleaved to activate the fusion
activity required for entry into cells. The type 1 glycopro-
tein of influenza A has fusion and receptor-binding
(hemagglutinating) activities and is called the hemagglu-
tinin or HA. The precursor is called HA0 and the cleaved
products are called HA1 and HA2 (which remain cova-
lently linked by a disulfide bond after cleavage of the
peptide bond). The SV-5 type 1 glycoprotein has only
fusion activity and is called F. As described above, it is
produced as a precursor F0 which is cleaved to F1 and F2.
The receptor bound by both influenza A virus and by SV-5
for entry into cells is sialic acid. The type 2 glycoprotein
of influenza has neuraminidase activity and is called the
neuraminidase or NA. It removes sialic acid from glyco-
proteins for the same reasons as described for the
paramyxoviruses that use sialic acid as a receptor. The
type 2 glycoprotein of SV-5 has both neuraminidase activ-
ity and receptor-binding (hemagglutinating) activities and
is called HN.

Influenza HA is present as a trimer on the surface of the
virus (as is F of SV-5). The trimeric spike has a long stalk
and a head containing the sialic acid binding sites. As
described in Chapter 1, exposure to acid pH in endosomes
produces a dramatic rearrangement of the spike in which
the fusion peptide, which forms the N terminus of HA2, is
moved over a distance of more than 10 nm to the tip of the
spike (Fig. 1.5). Here it inserts into the target membrane
and somehow promotes fusion of the viral membrane with
the target membrane. NA is present as a tetramer (as is HN
of SV-5), and forms a spike that is distinguishable in the
electron microscope from the HA spike.

There is only one surface glycoprotein in influenza C,
the hemagglutinin-esterase-fusion protein (HEF).
Influenza C virus has, therefore, one fewer gene segments
than influenza A. HEF has receptor-binding (hemaggluti-
nation), fusion, and receptor-destroying activities. The
receptor is sialic acid, but the activity that destroys the
receptor is an esterase activity. The esterase does not

remove sialic acid from proteins as does NA of influenza
A. Instead it removes the 9-O-acetyl group from 9–O-
acetyl-N-acetylneuraminic acid, the receptor used by
influenza C, and the virus does not bind to the deacylated
sialic acid.

Replication of Influenza RNA and 
Synthesis of mRNAs

Synthesis of influenza virus RNAs occurs in the
nucleus, rather than in the cytoplasm as for most RNA
viruses. This makes possible the differential splicing
observed for two of the mRNAs. Following infection by the
virus, the viral RNPs are transported to the nucleus and
mRNA synthesis begins. During synthesis of mRNA,
influenza engages in a process called “cap-snatching.”
Capped cellular pre-mRNAs present in the nucleus are
bound by NS1, and the 5′-terminal 10–13 nucleotides, con-
taining the 5′ cap, are removed by PB2. This oligonu-
cleotide is used to prime synthesis of mRNA from the
influenza genome segments, as illustrated in Fig. 4.13.
Once initiated, other aspects of mRNA synthesis resemble
those that occur in rhabdo- and paramyxoviruses. Synthesis
continues to near the end of the genome segment, where an
oligo(U) stretch is encountered. Here the enzyme stutters to
produce a poly(A) tail on the messenger and then releases
it. In addition to its role as a primer, using a cap derived
from cellular mRNA relieves the virus of the necessity of
encoding enzymes required for capping and ensures that
the virus mRNA has a cap suitable for the cell in which it is
replicating. This mechanism also results in interference
with the synthesis and transport of host mRNAs.
Furthermore, because the mRNAs have a different 5′ end
and lack the 3′ end of the antigenomic RNA, they lack pro-
moters required for replication and packaging and are
therefore dedicated mRNAs.

Each genome segment gives rise to one primary mRNA
species. However, two of these can be spliced, and both the
unspliced and spliced RNAs serve as messengers. Thus,
two mRNAs are formed from each of two of the segments,
and in total, 10 mRNAs are formed and 10 proteins are pro-
duced. The formation of the two mRNAs from segment 7
and their translation into proteins is illustrated schemati-
cally in Fig. 4.14. 

When sufficient amounts of viral proteins have been
synthesized and transported to the nucleus, viral RNA
replication begins. Replication requires encapsidation of
progeny genomic and antigenomic RNAs as described for
other (–)RNA viruses, and the mechanisms that lead to a
switch between synthesis of mRNAs and replication are
thought to be similar to those that occur in rhabdoviruses
and paramyxoviruses. During replication, the viral genome
is copied into a faithful antigenomic RNA (vcRNA)
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FIGURE 4.13 Relationship between genome RNAs, mRNAs, and vcRNAs of influenza virus. Synthesis of mRNAs
in the cell nucleus requires a primer of 10–13 nucleotides derived from cellular pre-mRNAs by “cap-snatching,” and
mRNAs terminate with a poly(A) tail. Those portions of the mRNA that are not complementary to the genome RNA are
shown in red. In contrast, vcRNAs are exact complements of the genomic minus strands. [Adapted from Strauss and
Strauss (1997).]
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FIGURE 4.14 Synthesis of two mRNAs for the M1 and M2 proteins from gene segment 7 of influenza A. M1 RNA
is translated from ORF1 (open box). M2 RNA starts identically, but after the splice it is translated in ORF2 (checked
box). Both proteins are found in infected cells. The AUG initiation codon is shown as a triangle; termination codons are
shown as filled diamonds. Patterned boxes at the end of the genome RNA are self-complementary sequences not
present in the mRNAs that could form panhandles.

(Fig. 4.13), which is a perfect complement of the genome
and serves as a template for production of genomic RNA. 

Assembly of Progeny Virions

Influenza virus matures by budding of nucleocapsids
through the cell plasma membrane (Fig. 2.21C). The virion
is often spherical, averaging 100 nm in diameter, but virus
preparations are often pleomorphic, and filamentous forms
may be present. During assembly, the eight genome seg-
ments are reassorted in progeny virions if the cell is infected

with more than one strain of influenza. Reassortment to
produce viruses with mixed genomes is very efficient—the
segments are almost randomly reassorted to give all possible
combinations of genome segments in the progeny virions.
This process is analogous to the reassortment of chromo-
somes that takes place during sexual reproduction in diploid
organisms.

Budding must result in the packaging of the 8 different
genomic segments that constitute the viral genome into one
virus particle if it is to be infectious. Reoviruses (Chapter
3) have an assembly mechanism whereby the 10–12 differ-
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ent segments are recognized and assorted so that each virus
particle has one each of the different segments. This is
probably not true for influenza virus, however. Instead, the
virus appears to package more than 8 segments, probably
about 10, that are randomly chosen from the intracellular
pool. Random packaging of 10 segments would result by
chance in about 3% of the virions having at least 1 each of
the 8 different genome segments. 

Influenza A Virus

Natural History of Influenza Virus 

Influenza A virus infects a wide variety of birds and
mammals. A phylogenic tree that shows the relationship of
viruses isolated from many different animals is shown in
Fig. 4.15. In this tree, the sequences of NP are used, whose
sequence is less variable than those of the surface glycopro-
teins. Notice that the human isolates are found in lineage III
and are most closely related to certain isolates from pigs.
Other pig isolates have an NP protein from lineage V.

Influenza viruses are characterized by their two major
surface antigens, HA and NA. There are 15 different HA
subtypes (numbered 1 to 15). HAs in different subtypes
differ by more than 10% in sequence. There are also 9 dif-
ferent NA subtypes (numbered 1 to 9). Only a limited
number of these HAs and NAs have been isolated from
viruses infecting humans. The first influenza virus isolated,
in 1933, was called H1N1 (i.e., HA type 1 and NA type 1).
The virus isolated in the epidemic of 1957 had a different
subtype of both HA and NA and was called H2N2. The epi-
demic of 1968 was caused by H3N2 virus.

The major reservoirs of influenza A in nature are wild
ducks and other waterfowl such as gulls, terns, and shear-
waters. Influenza replicates in the lung and in the gut of
birds and the infection is normally asymptomatic (but epi-
demics of fatal influenza have occurred in turkeys and
chickens). Ducks can excrete virus in feces for weeks,
infecting other ducks via contaminated water, and a
significant fraction of ducks may become infected by the
virus in this process. Migratory ducks then spread the virus
around the world, normally in a north–south direction.
Viruses containing all 15 subtypes of HA and all 9 subtypes
of NA have been isolated from waterfowl (a representative
sampling of these is shown in Fig. 4.15). 

The gene segments of influenza A virus reassort readily
during mixed infection, and viruses with new combinations
of genes arise frequently. Newly arising reassortants can
cause major epidemics of influenza when introduced into
humans. However, not all combinations of genes give rise
to viruses that replicate in humans and are capable of epi-
demic spread. Only three subtypes of HA (HA1, 2, and 3)
and two subtypes of NA (NA1 and 2) have been isolated
from epidemic strains of human influenza virus. Similarly,

only certain types of the other segments are compatible
with infection of and epidemic spread in humans. For
example, the nucleocapsid gene has diverged into five lin-
eages, but only one of these lineages, lineage III of Fig.
4.15, is present in viruses isolated from humans.
Importantly, lineage III is also found in viruses isolated
from pigs. It is thought that reassortment can result in the
introduction of a new HA or NA gene into a human virus.
The new HA and/or NA gives rise to a virus with different
antigenic properties that may cause a new epidemic, a
process called antigenic shift. One possible scenario is that
pigs serve as intermediates (“mixing vessels”) in the
recombination process, because pigs are infectable by both
avian and human viruses and reassortment could occur in
this host. 

It is noteworthy that influenza A virus causes devastating
epidemics of disease in humans, but human infection is not
required for the maintenance of the virus in nature. The
reservoir of the virus is ducks and other birds, and viral
infection is usually asymptomatic in these hosts.

Epidemics of Influenza

Influenza A virus causes a serious human illness,
influenza. It is perhaps confusing and unfortunate that the
term flu is often used to describe any respiratory tract
infection (and at times even infections of the gastrointesti-
nal tract), even those that are fairly mild. The symptoms
of true influenza are usually more severe than those
resulting from other respiratory tract infections and
include fever, headache, prostration, and significant
muscle aches and pains (myalgias) that last for 3–6 days.
Weakness and cough can last 1–2 weeks more. The fever
can be high (39–40°C is not uncommon in adults and can
be higher, especially in children). The morbidity that
accompanies the disease can cause the patient to remain
bedridden for a week or longer. In young children, the
high fever can result in Reye’s syndrome, an encephalopa-
thy that may be fatal. The probability of contracting
Reye’s syndrome is higher if aspirin is administered to
control the fever.

Lower respiratory tract infection can also occur follow-
ing influenza infection and result in viral pneumonia.
Invasion of the damaged lungs by pathogenic bacteria may
follow and result in secondary bacterial pneumonia.
Influenza can be fatal, usually as a result of the accompany-
ing pneumonia, especially in the very young (whose
immune system is not fully developed) and in the elderly
(whose immune system may be waning). Before the advent
of antibiotics, bacterial pneumonia killed many following
severe bouts of influenza, but even today influenza remains
a serious killer. The annual death rate in the United States
from influenza A in people over 65 is 1 per 2200, and in an
epidemic year the death rate may be 1 in 300 (that is, 1 of
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FIGURE 4.15 Phylogenetic tree of the influenza A viruses determined from the nucleotide sequence of the nucleo-
protein (NP) genes. Horizontal distance is proportional to the minimum number of nucleotide differences to join nodes.
Vertical spacing is for branches and labels. The NP sequences divide the viruses into five species-specific lineages.
Diagonally hatched animals indicate viruses in a lineage that have been transmitted to other hosts. The genotype of the
hemagglutinin (H) and the neuraminidase (N) is indicated for each isolate. In general, the names indicate only the
species and the year, but human isolates have been given their traditional names (PR8, Udorn, etc.). Species abbrevia-
tions are as follows: EQ, horse; SW, pig; HU, human; GUL, seagull; DK, ducks (including mallard and grey teal); RT,
ruddy turnstone; TY, turkey; CK, chicken; FPV, fowl plague virus; TN, tern; PA, parrot; BDG, budgerigar. The disparity
between the colors of the branches and the colors of the H and N genotypes illustrates the amount of reassortment that
has taken place. In particular the two boxed isolates are clear reassortants. [Adapted from Gorman et al. (1990).]

every 300 people over the age of 65 die of influenza during
the epidemic). The excess mortality in the elderly caused
by influenza epidemics is illustrated in Fig. 4.16, in which

the different strains of influenza A or of influenza B respon-
sible for the epidemics are indicated. Note the large
increase in mortality during the epidemic of 1957 caused
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FIGURE 4.16 Excess mortality caused by influenza A and B virus in the United States between 1934
and 1990. “1935” refers to the winter of 1934–1935. Excess mortality due to the three dominant subtypes
of influenza A and influenza B are indicated by the colors shown in the key. Cross-hatched bars are excess
mortality in years when both A and B viruses circulated. In 1955 and 1965, type H2N2 circulated with B, in
1983 and 1988 type H1N1 circulated with B, and in 1985 H3N2 circulated with B. Note that the excess
mortality of 70,000 in 1957 meant that 0.3% of the U.S. population that was over 65 years old died of
influenza in that year. [Redrawn from Fields et al. (1996, p. 1421).]

by the appearance of influenza type H2N2, which replaced
the H1N1 strain that circulated previously. This figure also
illustrates that although influenza A is the most serious
cause of mortality in the elderly among the influenza
viruses, in some years influenza B is more of a problem
than influenza A.

Although the very young and the elderly are normally at
the most risk from influenza, the influenza pandemic of
1918–1919 was unusual in that mortality was high in healthy
young adults. The age distributions of people dying of

influenza and the related pneumonia are compared for the
years 1917 and 1918 in Fig. 4.17. The much higher death
rates in the young and the elderly in 1917, the normal
pattern, is apparent. The dramatic increase in the death rate in
the 20- to 29-year-old group in 1918, in which people of this
age were more likely to die than the old and the young, is
striking. The epidemic caused by this extremely virulent
virus spread around the world over a period of about a year
and ultimately infected an estimated 20% of the world’s pop-
ulation. The overall mortality was perhaps 2% but in some
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FIGURE 4.17 Age distribution of deaths due to pneumonia and influenza in the United States
in 1917 and 1918. Age at death of patients has been divided into seven intervals of 10 years each.
The percent of deaths due to pneumonia in 1917, due to influenza in 1917, and due to the com-
bined effects of pneumonia and influenza during the great epidemic year 1918 which fall into
each age bracket are shown. The epidemic shows the atypical preponderance of deaths in the
20–29 and 30–39 year old brackets during the 1918 epidemic. [Data from Crosby (1989).]

regions of the world, for example, regions of Central America
and certain islands in the Pacific, 10–20% of the entire popu-
lation died in the epidemic. In some remote Alaskan villages,
more than 70% of all adults died. Estimates of the final death
toll worldwide vary widely, from 20 to 100 million, but was
high enough that overall life expectancy was notably reduced
(Fig. 4.18). The death toll exceeded that produced by World
War 1, which was ongoing at the time. In fact, 80% of deaths
in the U.S. Army during World War I resulted from influenza,
and it is thought that the final collapse of the German army in
1918 may have been precipitated by widespread influenza in
the troops. The surgeon general of the United States had
expressed the hope that WWI would be the first war in which
more U.S. soldiers died of war injuries than died of disease,
but this hope was shattered by the influenza epidemic.
Descriptions of the epidemic with a focus on its effects on
U.S. society are found in the books Flu, by G. Kolata, and
America’s Forgotten Pandemic, by A. W. Crosby.

The reasons for the extreme virulence of the 1918 virus,
and why healthy young people were more likely to die,
remains a mystery. But the devastation caused by this virus

raises continuing concern that a strain of influenza of equal
virulence might appear and again cause immense suffering
worldwide. Such concerns are heightened by the continual
appearances of new strains of influenza virus and the fact
that a strain of the virus epidemic in 1933 (the H1N1 strain)
reappeared essentially unchanged 20 years later and caused
a new epidemic. Thus, it is possible that the 1918 strain
itself might reemerge. The pandemic of 1918 occurred
before influenza virus could be isolated and it has not been
possible to study the virus in the laboratory using modern
tools. However, the sequences of the HA and NA gene of
the 1918 virus have been obtained recently in a feat that
demonstrates the power of modern molecular biology.
Samples of preserved lung tissue taken at autopsy from two
U.S. soldiers who died of influenza in 1918 were found to
contain detectable influenza RNA, albeit in fragmented
condition. Reverse transcriptase–polymerase chain reaction
technology was used to obtain sequences from HA and NA
that could be used to reconstruct the complete sequences of
these genes. A third source of influenza RNA came from
an Alaskan victim of the 1918 influenza who had been
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FIGURE 4.18 Life expectancy in the United States, showing the precipitous drop in 1918 because of
deaths due to the “Spanish flu.” This drop interrupted an otherwise fairly uniform increase in life expectancy
that resulted from better health care, sanitation, and living conditions. [Adapted from ASM News (July
1999).]

buried in permafrost, and whose body was sufficiently well
preserved that lung samples containing (fragmented) viral
RNA were obtained. The sequences from these three
victims were almost identical and showed that the virus
belonged to strain H1N1.

Antigenic Shift and Drift

Immunity to influenza A virus following infection is
long lived but may not be complete and is subtype specific
and even strain specific. The continuing appearance of new
strains that arise from antigenic drift and of new subtypes
that arise from antigenic shift lead to continuing epidemics.
Normally, two or three strains of influenza A are in the
human population at any one time. Spread from person to
person is by respiratory droplets, requiring close proximity,
but people travel extensively and new strains of the virus
speed around the globe as they arise. Antigenic drift is the
process by which mutations accumulate in the virus
genome, usually because of immune selection, that result
in the development of new strains of the virus. These new
strains are partially resistant to the immunity induced by
infection with previous strains of virus. After several years
of drift, the strain may be sufficiently distinct to cause
disease in a person previously infected, but the illness is
usually less severe because of partial immunity to the new
strain. However, every 10–20 years or so, a new virus arises
by reassortment in which one or both of the segments
encoding the surface glycoproteins of the virus are replaced

by segments from another source, a process called antigenic
shift. The reassortants that cause the biggest problems are
those belonging to a new subtype (as is illustrated by Fig.
4.16). Such a new subtype often causes pandemics in the
human population in which a significant fraction of people
become infected, because there is little immunity to the
virus carrying these new surface antigens in a large fraction
of the population. Such events happened in 1957 (subtype
H2N2) and 1968 (subtype H3N2), and presumably were
responsible for the pandemic of 1918 (H1N1). 

H1N1 virus, which had disappeared with the appearance
of the H2N2 epidemic strain in 1957, suddenly reappeared
in 1977. This H1N1 virus, which first appeared in northern
China in May 1977 and was called the Russian flu, was vir-
tually identical to influenza virus isolated from an epidemic
in humans in 1950. It circulated in young people who had
not been exposed to H1N1 virus. Because it was virtually
unchanged despite 27 years having elapsed, it seems
unlikely that it arose again de novo. It has been hypothe-
sized that it had been preserved in a frozen state, perhaps in
a laboratory freezer.

Vaccination against Influenza A Virus

Because of the seriousness of influenza disease, espe-
cially in the elderly, attempts are made each year to vacci-
nate the population at risk. Because of drift and shift, the
vaccine must be reformulated every year to reflect the
viruses currently circulating in the human population. The
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viruses included in the vaccine are those that are circulat-
ing in late spring, because these viruses are usually those
that will cause epidemics the following winter. Inactivated
virus vaccines are currently used, but attempts to devise
attenuated virus vaccines that could be developed more
rapidly and require smaller doses of vaccine are promis-
ing. One such approach is to develop an attenuated strain
of a human influenza virus and each year introduce into it
the HAs and NAs of the epidemic strains by reassortment.
Because the attenuation of the virus results from changes
in other genome segments, the recombinant strain is also
attenuated.

Continuing surveillance of influenza strains in nature is
required in order to reformulate the vaccines each year.
This surveillance also serves to watch for the possible
appearance of another killer strain of influenza. An episode
that occurred during the Ford administration, however,
illustrates the difficulties of identifying such a strain and
reacting in time. In 1976, a young soldier at Fort Dix died
of influenza and others became seriously ill. Tests showed
that most of the soldiers were suffering from the A/Victoria
strain of influenza that was epidemic in the United States at
the time or from adenovirus infection. However, the soldier
who died and three other soldiers who were ill were
infected with an influenza strain that was epidemic in pigs,
referred to as swine flu. The swine flu virus was closely
related to the 1918 pandemic virus, and is thought to have
been introduced into pigs in 1918 from humans and to have
continued to circulate in pigs after it had died out in
humans. Could it be possible that the 1918 virus had reap-
peared as an epidemic virus in humans? The decision was
made by President Ford, in consulation with leading scien-
tists, to begin a crash program to develop a vaccine against
swine flu and to begin to immunize the American popula-
tion. It was thought, with some justification, that to wait for
an epidemic to begin before an immunization program was
undertaken would mean that it would be too late to be
effective, given the speed with which influenza epidemics
spread. Forty million Americans were immunized against
swine flu. No epidemic of swine flu developed, however,
and litigation began. The pharmaceutical companies had
been reluctant to participate in the program, pointing out
that at any one time a certain fraction of Americans would
develop encephalitis or rheumatoid arthritis or any one of
hundreds of other diseases. If disease developed in proxim-
ity to receiving a new and relatively untested vaccine, a
lawsuit would certainly follow and the potential damages
were enormous. The program could only advance when
Congress agreed to indemnify the pharmaceutical houses.
Although the vaccine was never conclusively shown to
cause disease, litigation went on for years and substantial
damages were paid out. In retrospect it is easy to criticize
the program as an overreaction, but what would have been
the reaction if nothing had been done and an influenza epi-
demic developed that resulted in 50–100 million Americans

becoming seriously ill with 1–2 million deaths? Given the
state of knowledge at the time, many leaders felt there was
no choice.

A more recent scare occurred when 18 people in Hong
Kong became seriously ill from influenza in 1997 and 6
died. The culprit was an avian influenza (H5N1) that was
epidemic in birds imported from China for food. Avian
viruses do not normally infect people, and there was fear
that an avian virus had made the jump to humans and might
cause an epidemic of lethal influenza. The Hong Kong
authorities destroyed 1.6 million domestic birds in order to
eradicate the epidemic in birds. No human-to-human trans-
mission took place and no epidemic in humans developed.

Influenza B and C Viruses

Influenza B virus infects only humans and no animal
reservoir of the virus exists. It also causes influenza in
humans but there exists only one subtype, and antigenic shift
does not occur. Antigenic drift does occur, and the virus can
cause epidemics of serious illness that result in increased
mortality among the elderly, as shown in Fig. 4.16. However,
wide-ranging pandemics do not occur and the virus is there-
fore not as much of a problem as influenza A. Less attention
has accordingly been given to the control of this virus.
Influenza C is not a serious human pathogen and has been
less well studied.

FAMILY BUNYAVIRIDAE

The family Bunyaviridae contains more than 300 viruses
grouped into five genera. A representative sampling of
these viruses is shown in Table 4.9. Members of four
genera, Bunyavirus, Nairovirus, Phlebovirus, and
Hantavirus, infect vertebrates and contain important human
pathogens, whereas viruses belonging to the genus
Tospovirus infect plants. The human pathogens in the
family variously cause hemorrhagic fever, a pulmonary
syndrome that can be fatal, encephalitis, or milder febrile
illnesses, as shown in the table. Some of these pathogens
were listed in Table 3.8, which contains a partial listing of
arboviruses that cause disease in humans. All members of
the Bunyaviridae except the hantaviruses are transmitted to
their vertebrate or plant hosts by arthropods. The han-
taviruses, in contrast, are associated with rodents and are
transmitted to man by aerosolized excreta from infected
rodents. In the description below, the term bunyavirus refers
to any member of the family unless indicated otherwise.

Replication of the Bunyaviridae

Genome Organization

The genomes of viruses belonging to 5 genera of the
Bunyaviridae are illustrated in Fig. 4.19. All bunyavirus
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TABLE 4.9 Bunyaviridae

Genus/membersa Virus name Usual Transmission/ Disease World
abbreviation host(s) vector in humans distribution

Bunyavirus (~150 types)

Bunyamwera BUNV Rodents, rabbits Aedes mosquitoes Febrile illness Worldwide

La Crosse LACV Humans, rodents Aedes triseriatis Encephalitis Midwest United States

Snowshoe hare SSHV Lagomorphs Mosquitoes (Culiseta Rarely infects Northern United States
and Aedes) humans

California encephalitis CEV Rodents, rabbits Aedes melanimon, Encephalitis Western United States,
A. dorsalis (rare) Canada

Jamestown Canyon JCV White-tailed deer Aedes species, Rarely infects North America
C. inornata humans

Hantavirus

Hantaan HTNV Apodemus agrarius Feces, urine, saliva Hemorrhagic fever Worldwide

Seoul SEOV Rattus species Feces, urine, saliva Hemorrhagic fever Eastern Asia
Eastern Europe

Prospect Hill PHV Microtus None? United States
pennsylvanicus

Sin Nombre SNV Peromyscus Feces, urine, saliva Pulmonary syndrome Western United States,
Canada

Nairovirus

Dugbe DUGV Sheep, goats Tick-borne Africa

Nairobi sheep disease NSDV Sheep, goats Tick-borne Africa

Crimean-Congo C-CHFV Humans, cattle, Tick-borne Hemorrhagic fever Africa, Eurasia
hemorrhagic fever sheep, goats

Phlebovirus (~50 types)

Sandfly fever Sicilian SFSV Humans Phlebotomous flies Nonfatal febrile Mediterranean
illness

Rift Valley fever RVFV Sheep, humans, Mosquitoes, also Hemorrhagic fever Africa
cattle, goats contact, aerosols

Uukuniemi UUKV Birds Tick-borne ?? Finland

Tospovirus

Tomato spotted wilt TSWV Plants Thrips None Australia, Northern 
Hemisphere

aRepresentative members of each genus are shown.

genomes consist of three segments of RNA, referred to as
S(mall), M(edium), and L(arge), that together total about
12 kb. The S segment encodes the nucleocapsid protein, M
the two surface glycoproteins, and L the polymerase
protein. In addition, viruses belonging to three of the
genera illustrated encode two nonstructural proteins, NSs in
segment S and NSm in segment M. 

Replication of bunyavirus genomes and the synthesis of
mRNAs take place in the cytoplasm. Like influenza viruses,
these viruses engage in cap-snatching in order to prime
mRNA synthesis. In bunyaviruses, however, the caps are
captured from cytoplasmic mRNAs rather than from
nuclear pre-mRNAs. Synthesis of mRNAs is assumed to
occur by processes similar to those used by influenza virus,
but the termination of an mRNA does not appear to be

precise and no poly(A) is added to the 3′ end. Thus, the
mRNAs are capped but not polyadenylated. The switch to
replication is assumed to use the same mechanisms as used
by other (–)RNA viruses. 

Expression of Proteins Encoded in S

The S segment of bunyaviruses encodes one or two pro-
teins (Fig. 4.19). In the Hantavirus and Nairovirus genera,
S encodes only N. In the other genera, S encodes both N
and NSs, using one of two different mechanisms. In the
Bunyavirus genus, the two proteins are translated from a
single mRNA using two different start codons in different
reading frames. The coding region for NSs is completely
contained within that for N. In the phleboviruses and
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FIGURE 4.19 Genome organization of five genera of Bunyaviridae. Protein products encoded in each of the three
genome segments and the various strategies used to produce these proteins are shown. Unless otherwise noted the
mRNA (not shown) would extend 5′ to 3′ from left to right, and the protein product is shown N terminal to C terminal
in the same direction. The products are illustrated roughly to scale. Color coding for functionality is the same as in Fig.
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RVFV, Rift Valley fever; TSWV, tomato spotted wilt; C-CHFV, Crimean-Congo hemorrhagic fever; HTNV, Hantaan.
[From Fields et al. (1996, Tables 2 and 3, pp. 1475 and 1476).]

tospoviruses, however, an ambisense coding strategy is used
for the two proteins (ambi = both). In this strategy, the two
genes encoded in a genomic segment are linked tail to tail
so that they are in different polarities, as illustrated in 
Fig. 4.20. The gene for N is present at the 3′ end of the
genome S segment in the minus-sense orientation, and syn-
thesis of the mRNA for N occurs from the genome
segment. Expression of this gene occurs early because its
mRNA is synthesized from the entering genome by the
polymerase activity present in viral nucleocapsids. The
gene for NSs is plus sense within the genome, but the
genomic RNA does not serve as mRNA. Instead, an mRNA
for NSs is synthesized from the antigenomic RNA. Thus,
NSs is expressed late because its mRNA can only be made
after replication of the incoming genomic RNA to produce
the antigenomic RNA. Termination of either mRNA occurs
at a secondary structure between the genes for N and NS,

which appears to cause the polymerase to fall off and
release the mRNA. 

Expression of Proteins Encoded in M 

Two glycoproteins, usually called G1 and G2, are trans-
lated from mRNA made from M (Fig. 4.19). They are
thought to be produced as a polyprotein that is cleaved by
a cellular protease to separate the two glycoproteins, anal-
ogous to what happens in some of the (+)RNA viruses that
have envelopes (e.g., coronaviruses and flaviviruses).
However, there is also evidence that reinitiation to produce
the second glycoprotein can occur, at least in some
viruses.

The M segments of hantaviruses and nairoviruses encode
only the two glycoproteins, but in the other three genera M
encodes a third protein called NSm (Fig. 4.19). In phle-
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FIGURE 4.20 Ambisence coding strategy of the S RNA of a phlebovirus, family Bunyaviridae. The mRNA for the N
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boviruses and members of the genus Bunyavirus, NSm

forms part of the polyprotein translated from the single
mRNA produced from M. NSm is formed during post-trans-
lational processing of the polyprotein. In tospoviruses, an
ambisense strategy is used to encode NSm and the transla-
tion strategy is the same as that shown in Fig. 4.20.

There is no matrix protein in bunyaviruses. Budding
occurs from intracellular membranes and there is assumed
to be a direct interaction between the glycoproteins and the
nucleocapsid protein. The virion is spherical, averaging 100
nm in diameter. The three nucleocapsids are circular when
isolated from the virion. 

Genus Bunyavirus

There are more than 100 members of the genus
Bunyavirus, which together have a worldwide distribution.
These viruses are mosquito-borne and are true arboviruses,
replicating in the mosquito vector as well as in vertebrates.
The viruses of greatest medical interest are those belong-
ing to the California encephalitis group, of which La
Crosse virus is the best known. La Crosse virus was named
for the town of La Crosse, Wisconsin, where it was first
identified as the causative agent of encephalitis, primarily
in children. About 100 cases per year of encephalitis are
caused by La Crosse virus, concentrated in the Midwest.

Mortality is low (0.3%) but 10% of patients suffer neuro-
logical sequelae. No vaccine exists for the virus and
control measures have involved control of the mosquito
vector. The principal vector of La Crosse is Aedes trise-
riatus. This mosquito breeds in tree holes, but abandoned
tires filled with rainwater constitute an important breeding
area for it close to human habitation. Such abandoned tires
serve as a beautiful incubator for the development of mos-
quito larvae. Efforts to eliminate this source of mosquitoes,
as well as the institution of other mosquito control mea-
sures, resulted in a reduction in the number of cases of
disease.

Abandoned tires are important in the transmission of
other arboviruses as well. Old tires are abundant in
Puerto Rico, for example, and contribute to the endemic
transmission of dengue virus, all four serotypes of which
are present on the island. Old tires have also been respon-
sible for the introduction of Aedes albopictus, the so-
called Asian tiger mosquito that is the vector of dengue
virus in Asia, into the United States. Loads of old tires
that were brought from Asia to Houston for recycling
contained eggs or larvae of the mosquito. After its intro-
duction into the Houston area, this mosquito spread over
large areas of the United States and there is fear that it
might become an efficient vector of arboviral disease in
this country.
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Genus Phlebovirus

More than 50 phleboviruses are known. All are
arboviruses transmitted by mosquitoes, phlebotomine flies,
or ticks. The most important of these is Rift Valley fever
virus, an African virus that was first isolated in 1930 in
the Rift Valley of East Africa. The virus is transmitted by
mosquitoes and causes hemorrhagic fever in humans. It
also causes disease in domestic animals, and many wide-
spread epidemics in cattle, sheep, and man have occurred
over the years in Africa. In 1977–1978, for example, an
epizootic in Egypt infected 25–50% of cattle and sheep in
some areas, and 200,000 human cases resulted in at least
600 deaths. A recent large epidemic in East Africa in
1997–1998 was associated with the heaviest rainfall in 35
years, 60–100 times normal in some areas. Losses of 70%
of sheep and goats and 20–30% of cattle and camels were
reported, and there were hundreds of cases of human hem-
orrhagic fever. Contact with livestock was statistically
associated with acute infection with Rift Valley fever
virus, indicating that during epidemics contact transmis-
sion becomes important as a means of spread to humans.
Laboratory-acquired cases contracted through aerosols are
also known.

Sandfly fever virus is transmitted by phlebotomine flies
and causes an acute, nonfatal influenza-like disease in man.
It is found in the Mediterranean area, North Africa, and
southwest Asia. Related viruses are found in South America.

Genus Nairovirus

The nairoviruses, named for Nairobi sheep disease, are
tick-borne. Crimean-Congo hemorrhagic fever virus is the
most important virus in terms of human disease. It is found
from southern Africa through eastern Europe and the
Middle East to western China. Infection of humans is rela-
tively rare, but disease caused by the virus can be serious,
with a high mortality rate. Transmission to hospital person-
nel treating infected patients has occurred.

Genus Hantavirus

Hantaviruses cause serious human disease, including
hemorrhagic fevers and hantavirus pulmonary syndrome.
Unlike other members of the Bunyaviridae, they are not
arboviruses. The hantaviruses are associated with rodents,
which form their natural reservoir, and are transmitted to
man through contact with aerosolized urine or feces from
infected rodents. Each hantavirus establishes persistent
infections in one particular species of rodent and is main-
tained in nature in this way. Man is not an important host
for the virus and does not contribute to its maintenance in
nature. Related to this is the fact that the viruses do not
cause serious disease in their rodent hosts, but many cause
quite serious illness in man. 

An evolutionary tree of hantaviruses is shown in 
Fig. 4.21. The rodent hosts for the viruses are also indicated.
The viruses assort by host rather than by geographical prox-
imity. All of the viruses whose hosts belong to the order
Murinae group together, as do those that use rodents in the
order Arvicolinae and those that use rodents in the order
Sigmodontinae. As one example, consider Prospect Hill virus
and New York virus, both found in the northeastern United
States. Prospect Hill virus is associated with rodents of the
genus Microtus, order Arvicolinae, and is more closely
related to Puumala virus of Europe, which uses
Clethrionomys glareolus, order Arvicolinae, than it is to 
New York virus. New York virus is associated with rodents in
the genus Peromyscus, order Sigmodontinae and is closely
related to Sin Nombre virus of the southwestern United
States, which is associated with Peromyscus maniculatus.
The fact that the evolutionary tree of the hantaviruses resem-
bles that of their rodent hosts rather than being based on geo-
graphical proximity is evidence that they have coevolved
with their rodent hosts over a very long period of time. 

The first of the hantaviruses to be identified was the
causative agent of epidemic hemorrhagic fever with renal
syndrome, now called Korean hemorrhagic fever, that
occurred in U.S. troops during the Korean war. The virus
was called Hantaan virus after a river in the area where it
was isolated. In Korea, Hantaan virus is associated with the
field mouse Apodemus agrarius. The virus also occurs in
eastern Europe and China, where it is associated with
Apodemus flavicollis and causes a disease similar to Korean
hemorrhagic fever (Fig. 4.22). 

Viruses related to Hantaan virus have now been isolated
from all over the world, including the United States.
Puumula virus occurs in Western Europe (Fig. 4.22) and
causes a disease characterized by acute fever with renal
involvement. Seoul virus, first identified in Seoul, Korea, is
associated with wild urban rats (Rattus norvegicus) and has
been found all over the world because wild urban rats have
been inadvertantly introduced almost everywhere. It causes
a mild form of Korean hemorrhagic fever in Seoul but does
not cause apparent illness in most other areas where it has
been found. The discovery of Seoul virus led to an intensive
study of rats in central Baltimore, where it was found that a
high percentage of them were infected with Seoul virus
and, furthermore, that a substantial fraction of the people
living in the slums of downtown Baltimore showed evi-
dence of infection by hantavirus. No disease is known to be
associated with this virus, but statistical studies suggest that
infection may lead to high blood pressure and, possibly,
renal failure. Prospect Hill virus has been isolated from
microtine rodents in many states in the northern and eastern
United States, including Maryland, but no human disease
has been associated with it. 

More interesting was the isolation, in May 1993, of a new
hantavirus that causes acute respiratory distress in humans
that can lead to rapid death, a syndrome called hantavirus
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FIGURE 4.21 Phylogenetic tree of rodent-borne hantaviruses derived from the nucleotide sequence of the M
RNA segment. This tree illustrates that hantaviruses have coevolved with their rodent hosts for millions of years.
However, note (*) that in contrast to other members of this group, Seoul virus, which infects Rattus norvegicus,
is found worldwide, due to the widespread distribution of these rats. [From Peters (1998b, Fig. 2).]

pulmonary syndrome (HPS) or human acute respiratory
disease syndrome (ARDS). The virus was isolated by the
CDC in collaboration with local health authorities following
an epidemic in the Four Corners area of the southwestern
United States that resulted in approximately 25 deaths. The
virus is associated with the deer mouse Peromyscus manicu-
latus. It is thought the epidemic may have resulted from an
abundance of pine nuts in the area during a good growing
year, leading the local people to harvest larger amounts of
these than usual and store them in their homes when their
normal storage areas became full. The rodent population
exploded and invaded people’s homes to get to the pine nuts,
and it is thought that this more intimate contact between
humans and rodents may have led to the epidemic. Since
these original observations, studies have shown that this virus
or closely related viruses are present in virtually all states
within the United States and into Latin America, and that
fatalities due to infection by the virus have occurred in many
states. One of the cases in California is of interest because
the person died more than a year before the Four Corners
epidemic; retrospective studies of serum collected from the

patient at the time of his hospitalization showed that he was
infected with a hantavirus. This hantavirus is now called Sin
Nombre virus, which is Spanish for “without a name.” Early
suggestions that it be called Four Corners virus or Muerto
Canyon virus (after a geographical feature in the area) drew
objections from local residents, and eventually the CDC
simply named it Sin Nombre (there is a small creek in the
area called the Sin Nombre river that serves as justification
for the choice of name). As related viruses were isolated in
other regions of the Americas, many associated with other
rodents in the order Sigmodontinae, they were given names
of local features in order to distinguish them. These include
New York, Monongahela, Bayou, and Black Creek Canal
viruses, all of which have caused HPS in the United States.
The number of cases of HPS in the Americas from 1993 to
1998, totaled by country, and the names of the viruses
responsible in various areas are shown in Fig. 4.23. 

The mortality rate following infection with Sin Nombre
virus or its close relatives is greater than 50%. The mortality
in the earliest cases was even higher because the pulmonary
syndrome results from the rapid extravasation of fluids into
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FIGURE 4.22 Map of Eurasia showing the disjunct distribution of different hantaviruses. [From Porterfield (1995,
p. 276).]

the lungs, which can result in respiratory death. This loss of
fluids from the intravascular compartment also leads to an
increase in the hematocrit (the percentage of blood volume
occupied by red blood cells). Early attempts to decrease the
hematocrit by supplying fluid intraveneously simply exacer-
bated the pulmonary edema. Even with the best treatment
today, however, the mortality rate is still very high.

It is clear that hantaviruses are widely distributed around
the world and have been present in their rodent hosts for a
very long time. Although many are capable of causing
serious illness in man, the number of human cases is fortu-
nately small. However, there is always the fear that one of
these viruses might acquire the ability to spread more
readily from human to human and thereby become a more
serious problem.

FAMILY ARENAVIRIDAE

A listing of representative arenaviruses is found in Table
4.10. The arenaviruses share many features with the han-
taviruses. They are associated with rodents and have coe-
volved with them, as have the hantaviruses. They are
transmitted to humans by contact with aerosolized rodent

urine or feces; many cause very serious illness, often hem-
orrhagic fever, with a high mortality rate. Their genome
organization has much in common with the hantaviruses, as
described below.

Arenaviruses are typical (–)RNA viruses. The virion is
enveloped and approximately spherical, averaging 100 nm
in diameter. The nucleocapsid is helical. The arenaviruses
bud from the plasma membrane (Fig. 2.21D). They are
named from the Latin word for sand (arena) because during
budding they often incorporate ribosomes into the virus
particle, giving the virions a grainy appearance when exam-
ined in the electron microscope. Why this happens is
unknown. The ribosomes do not appear to serve a useful
function in the virion. 

Genome Organization and Expression

The genome organization of an arenavirus is illustrated
in Fig. 4.24. Arenavirus genomes consist of two segments
of RNA, naturally called L(arge) and S(mall). Both
genomic RNAs are ambisense in character. The S segment
corresponds to the bunyavirus S and M segments linked tail
to tail in an ambisense arrangement (Fig. 4.1). The L
segment corresponds to the L segments of bunyaviruses but



Family Arenaviridae 163

1-10
11-50
51-150
>150

Number of HPS cases

Bayou

Monongahela

New York

Black Creek Canal

Sin Nombre

Juquitiba

Laguna Negra

Rio Mamore

Oran

Andes Lechiguanas

United States

Canada

Bolivia

Argentina

Paraguay

Brazil

Chile

Uruguay

FIGURE 4.23 Cases of HPS in the Americas, with locations and names of the viruses responsible.
Case numbers are cumulative totals from the time that HPS was recognized in 1993 in the Four
Corners region of Arizona and New Mexico through March 1998. To the current time, cases of HPS
have been diagnosed in the United States in 30 states, predominantly in the western U.S., with a few
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with the addition of a second gene, encoding a nonstruc-
tural protein called NS or sometimes Z, in an ambisense
orientation. Expression of the encoded genes follows an
ambisense strategy as described for the some of the bun-
yaviruses. The mRNA for one gene is synthesized from the
genomic RNA and is expressed early, whereas the mRNA
for the second gene is synthesized from the antigenomic or
vcRNA and is expressed late (Fig. 4.24). As in the bun-
yaviruses, synthesis of arenavirus mRNA occurs in the
cytoplasm using a primer that is snatched from cellular
mRNAs, there is a secondary structure in the RNA between
the two ambisense genes that causes termination of tran-
scription, and the mRNAs are not polyadenylated. 

The genomic S RNA is the template for the synthesis of
the mRNA for N, and N is therefore expressed early after
infection. Because N is required for the replication of the

viral RNA, as is the case for all (–)RNA viruses, this
arrangement is necessary if the virus is to replicate. The
mRNA for the glycoproteins G1 and G2 is transcribed
from the antigenomic copy of S and is therefore expressed
late. The glycoproteins are produced as a polyprotein that
is cleaved, presumably by cellular enzymes, in a process
that appears to be similar to what happens in the bun-
yaviruses. Producing the glycoproteins late has the effect
of delaying virus assembly. This allows RNA amplification
to proceed for an extended period of time before it is
attenuated by the incorporation of nucleocapsids into
virions.

In the case of the L segment, the mRNA for protein L is
produced early by synthesis from the genomic RNA. L is
required for RNA replication, and this orientation of the
genes is necessary for virus replication. NS mRNA is
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expressed late, after replication of the RNA begins. Its
function is not known.

Natural History and Diseases

The natural history of the arenaviruses is very similar to
that of the hantaviruses (Table 4.10). They establish a per-
sistent infection in a single rodent host. Many cause hemor-
rhagic fever in man following transmission by
aerosolization of virus excreted in urine or feces. Like the
hantaviruses, they appear to have coevolved with their
hosts: An evolutionary tree of arenaviruses resembles the
tree that describes their rodent hosts, as was true of the han-
taviruses. The many similarities in genome organization and
expression, the association with a single rodent species, and
the nature of the disease caused in man all suggest that the
arenaviruses are closely related to the hantaviruses. A rea-
sonable hypothesis is that the arenaviruses arose from the
hantaviruses by fusion of the S and M segments to form one
segment, which allowed finer control of the virus life cycle.

The arenaviruses can be divided into Old World viruses
and New World viruses (Table 4.10). Because of their
association with a single rodent species, their geographic
range is restricted to that of their host, and rodents have a
restricted range. The exceptions are rodents that have been
distributed widely by humans, such as the house mouse
and the urban rat. Of interest in this regard is the Old
World virus lymphocytic choriomeningitis virus (LCMV),
which is associated with the house mouse Mus domesticus
and Mus musculus. This virus is widespread in Europe,
along with its host, and spread to the Americas with the
(inadvertant) introduction of the house mouse by European
travelers. LCMV has been intensively studied in the labo-
ratory as a model for the arenaviruses, in part because it is
widespread, often being present in colonies of laboratory
mice as well as being found in wild mice, and in part
because it is less virulent for man than most arenaviruses.
LCMV infection of man usually results in mild illness,
although serious illness can result with occasional
mortality. 
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TABLE 4.10 Arenaviridae

Genus/membersa Virus name Natural Transmission Disease in World
abbreviation host(s)b humans distribution

Old World Arenaviruses

Lymphocytic LCMV Mus musculus Urine, saliva Aseptic meningitis Worldwide
choriomeningitis

Lassa LASV Mastomys sp. Urine, saliva Hemorrhagic fever (HF) West Africa

Mopeia MOPV Mastomys natalensis Urine, saliva Nonpathogenic Mozambique, Zimbabwe

Mobala MOBV Praomys sp. ?? ?? Central African Republic

New World Arenaviruses

Tacaribe complex lineage A

Tamiami TAMV Sigmodon hispidus Urine, saliva Nonpathogenic? Florida (US)

Whitewater Arroyo WWAV Neotoma albigula Urine, saliva Three fatal cases of Western United States
ARDS in Californiac

Paraná PARV Oryzomys buccinatus Urine, saliva Nonpathogenic? Paraguay

Flexal FLEV Oryzomys sp. Urine, saliva Nonpathogenic? Brazil

Pichinde PICV Oryzomys albigularis Urine, saliva Nonpathogenic? Colombia

Pirital PIRV Sigmodon alstoni Urine, saliva Nonpathogenic? Venezuela

Tacaribe complex lineage B

Guanarito GTOV Zygodontomys Urine, saliva Venezuelan HF Venezuela
brevicauda

Amapari AMAV Oryzomys capito, Urine, saliva Unknown Brazil
Neacomys guianae pathogenicity

Junín JUNV Calomys musculinus Urine, saliva Argentine HF Argentina

Machupo MACV Calomys callosus Urine, saliva Bolivian HF Bolivia

Sabiá SABV Unknown ??? Isolated from a fatal case, Brazil
and has caused two severe 
laboratory infections

Tacaribe TCRV Artibeus spp. bats ? Has been isolated Unknown Trinidad
from mosquitoes pathogenicity

Source: Adapted from Fields et al. (1996, Table 1, p. 1522) and Porterfield (1995, Table 11.1, p. 228).
aLCMV is the type virus of the family.
bMost of these viruses cause chronic infections in their natural rodent hosts.
cARDS, acute respiratory distress syndrome. Until these cases in 1999–2000, WWAV was not known to cause human illness.

Many arenaviruses cause hemorrhagic fever in man with
significant mortality rates (Table 4.10). Lassa virus causes
an often fatal illness (mortality rate as high as 60% in some
outbreaks) characterized by fever, myalgia, and severe pros-
tration, often accompanied by hemorrhagic or neurological
symptoms. Survivors may be deaf because of nerve
damage. Lassa fever virus was first isolated in 1969 when a
nurse in a rural mission hospital in Nigeria became infected.
She was transported to Jos, Nigeria where several health
care workers became infected. Serum samples were sent to
the United States and a well-known virologist at the Yale
Arbovirus Research Unit, Dr. Jordi Casals, became infected
with the virus while working with it and became very seri-
ously ill. He eventually recovered but later that same year a
technician in another laboratory at Yale became infected
with Lassa fever virus and died, whereupon Yale ceased to
work with the virus. The containment facilities in 1969 were

not of the quality of those in current use and virologists in
those days literally took their lives in their hands when
working with dangerous agents. The study of virology owes
a great deal to the courage exhibited by these earlier
workers.

Lassa virus is endemic to West Africa. The full extent of
Lassa disease is not known because most Africans infected
by the virus do not seek help and there is little monitoring of
the disease. However, estimates range from 100,000 to
300,000 cases per year. The virus has been imported to the
United States on at least one occasion, when a resident of
Chicago attended the funerals of relatives in Nigeria who
had died of Lassa fever. He became infected there. On return
to Chicago he began suffering symptoms of Lassa fever but
the local hospitals were unable to diagnose the cause of his
disease, being unfamiliar with it. He eventually died of
Lassa fever, but fortunately there were no secondary cases.
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FIGURE 4.25 Arenavirus isolates in the New World. Also shown are the year of first isolation and the rodent host
of each virus where known. [Adapted from Peters (1998a, Fig. 1).]

New World arenaviruses include several South American
viruses that are very important disease agents because they
cause large outbreaks of hemorrhagic fever with high mor-
tality rates. The names of a number of these viruses and the
places where they are found are shown in Fig. 4.25. They
include Junín virus (causative agent of Argentine hemor-
rhagic fever), Machupo virus (Bolivian hemorrhagic fever),
Guanarito virus (Venezuelan hemorrhagic fever), Sabiá
virus (cause of an unnamed disease in Brazil), and Oliveros
virus (cause of an unnamed disease in Argentina). The dis-
eases caused by these viruses are often referred to as
emerging diseases because the number of human cases has
increased with development and expanding populations.
The increasing number of cases results from development
of the pampas or other areas for farming, bringing humans
in closer association with the rodent reservoirs.
Furthermore, the storage of grain near human habitation
results in an increase in the local rodent population, and
plowing of the fields leads to the production of aerosols
which may transmit the disease to man. An attenuated virus

vaccine against Junín virus has been developed and is
widely used in populations at risk. The vaccine is effective
and has reduced dramatically the number of cases of
Argentine hemorrhagic fever. No vaccines are in use for the
other viruses, however.

Two arenaviruses have been isolated in the United
States. They are Whitewater Arroyo virus, present in the
Southwest, and Tamiami virus, present in Florida. Neither
of these viruses had been known to cause illness in humans
until very recently. In 1999–2000, three Californians died
following infection by Whitewater Arroyo virus. The
disease these three suffered was ARDS, although two also
had hemorrhagic manifestations. Thus, like the han-
taviruses, the U.S. arenaviruses may cause isolated cases of
serious illness. 

Agents Causing Hemorrhagic Fevers in Humans

Many viruses, belonging to several different families,
have been described that cause hemorrhagic fever in

Virus Isolates
Before 1960
1960 to 1969
1975
1990 on

Tamiami (1964)

Guanarito (1990)
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Pirital (1995)
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Flexal (1975)
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(Oryzomys capito )
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(Neotoma albigula)
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(Calomys callosus)

(Oryzomys buccinatus)

(Calomys musculinus )

(Calomys callosus)
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TABLE 4.11 Viruses That Cause Hemorrhagic Fevers in Humans

Virus Diseasea Geographic Vector transmission Case mortality Treatment 
range % (prevention)

Arenaviridae

Junin Argentine HF Argentine pampas Infected field rodents, Antibody effective, ribavirin 
Calomys musculinus probably effective; preventive 

vaccine exists

Machupo Bolivian HF Beni province, Infected field rodents, Ribavirin probably effective
Bolivia Calomys callosus 15–30

Guanarito Venezuelan HF Venezuela Infected field rodents, No data for humans, 
Zygodontomys brevicauda ribavirin probably effective

Sabiá HF Rural areas near Unidentified Intravenous ribavirin 
Salo, Brazil infected rodents effective in one case

Lassa Lassa fever West Africa Infected 15 Ribavirin effective
Mastomys rodents

Bunyaviridae

Rift Valley Rift Valley Sub-Saharan Aedes mosquitoes 50 Rapid course; ribavirin or 
fever fever Africa antibody might be effective

Crimean-Congo Crimean- Africa, Middle East, Tick-borne 15–30 Ribavirin used and 
HF Congo HF Balkans, Russia, probably effective

W. China

Hantaan, Seoul, HFRS Worldwide Each virus maintained in a Variableb Ribavirin useful; supportive
Puumala, and (see Fig. 4.24) single species of infected therapy is mainstay
others rodents

Sin Nombre HPS, also Americas As for viruses causing 40–50 Rapid course makes 
and  others rare HF (see Fig. 4.25) HFRS specific therapy difficult

Filoviridae

Marburg, Filovirus HF Africa Unknown Marburg: 25 No effective therapy, barrier 
Ebola EbolaZ: 30–90 nursing prevents spread 

of epidemics

Flaviviridae

Yellow fever Yellow fever Africa, South Aedes mosquitoes 20 Very effective 
America vaccine

Dengue DF, DHF, DSS Tropics and Aedes mosquitoes <1c Supportive therapy useful; 
subtropics vector control
worldwide

Kyasanur Forest KFD Mysore State, Tick-borne 0.5–9 ????
disease India

Omsk  OHF Western Siberia Poorly understood cycle ? Needs further study
hemorrhagic involves ticks, voles, 
fever muskrats??

Source: This table includes data from Nathanson et al. (1996, Table 32.1, p. 780).
aAbbreviations: HF, hemorrhagic fever; HFRS, hemorrhagic fever with renal syndrome; HPS, hantavirus pulmonary syndrome; DF, uncomplicated dengue
fever; DHF, dengue hemorrhagic fever; DSS, dengue shock syndrome; KFD, Kyasanur Forest disease; OHF, Omsk hemorrhagic fever
bHantaan is 5–15% fatal, whereas Puumala is <1% fatal.
cMortality due to DHF and DSS is 3–12%.

humans. Table 4.11 contains a listing of many of these
viruses. These viruses include members of the
Arenaviridae, Bunyaviridae, Filoviridae, and Flaviviridae.
Many cause severe disease with high mortality, but
although the disease is severe, survivors have few sequelae.
The dramatic symptom of profuse bleeding has excited the

purple prose of many lay authors, best illustrated by recent
discussions of Ebola virus, and struck terror in native popu-
lations. With the exceptions of yellow fever virus and Junín
virus, there are no vaccines, and treatments are primarily
supportive, although ribavirin therapy holds some promise
for arenavirus disease. Human-to-human transmission is
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uncommon. Where limited transmission has occurred, it has
been by exposure to contaminated blood, or possibly expo-
sure to other bodily fluids, and resulted in limited epi-
demics for such viruses as Ebola and Machupo virus. 

It is said that in some primitive societies, a victim of one
of these diseases is placed alone in a hut, with ample food
and water left at the doorstep, on the theory that those who
will recover will soon be able to feed themselves. If the food
is untouched for more than 3 days, the hut is burned. We can
hope that in the future more humane, if not more effective,
strategies for the control of HF viruses will be found.

EVOLUTION OF MINUS-STRAND RNA VIRUSES

As has been described, all (–)RNA viruses share a
number of features. These include virion structure
(enveloped viruses with helical nucleocapsids); mecha-
nisms for replicating the genomic RNA (replication within
RNP and a requirement for protein synthesis; self-comple-
mentarity of the ends of the RNA with its implications for
promoter elements involved in replication); mechanisms for
synthesis of mRNA (synthesis of leaders or the use of
primers for synthesis of mRNA, the presence of intergenic
sequences); and the complement of proteins encoded. These
similarities make it seem likely that all (–)RNA viruses
have diverged from a common ancestor fairly recently on a
geological timescale, certainly more recently than the diver-
gence of the extant plus-strand RNA viruses from a
common ancestor. The (+)RNA viruses are much more
divergent in structure and in the strategies used for replica-
tion and expression of the genome, suggesting that they
have had a much longer period in which to diverge from
one another. Although the complement of proteins encoded
is very similar in all (–)RNA viruses, the rate of evolution
of RNA viruses is so fast that little sequence identity can be
demonstrated between different groups. However, where
studies have been performed, evidence for common origin
of at least some of these proteins has been shown. As an
example, the M proteins of VSV and influenza virus are
related and have diverged from a common ancestor. It
seems likely that most of the various proteins are related in
this way, although it is clear that some viruses have genes
that are not represented in all viruses and which presum-
ably arose by recombination events that led to the insertion
of new functions, or to deletion events that resulted in a
virus with fewer genes, or, probably, to both. 

Because the (–)RNA viruses appear to be more recent
than the (+)RNA viruses, it is reasonable to postulate that
they arose from the (+)RNA viruses. If so, one obvious can-
didate for the ancestor is a coronavirus. Like the (–)RNA
viruses, coronaviruses are enveloped viruses with a helical

nucleocapsid that synthesizes RNA leaders and use primers
to prime mRNA synthesis, traits in which the coronaviruses
differ from other (+)RNA viruses. 

If the (–)RNA viruses did arise from the (+)RNA viruses,
what traits might account for their success once they arose?
One obvious possibility is the ability to synthesize individual
mRNAs for each protein needed. This trait also carries with
it the necessity to include the RNA synthesis machinery in
the virion, but the ability to control the order of synthesis
and the translation frequency of the different proteins has
obvious advantages for control of the replication cycle. The
(–)RNA viruses with segmented genomes also have the
ability to undergo ready reassortment, which is clearly
advantageous in the Orthomyxoviridae and probably impor-
tant for all viruses with segmented genomes. (+)RNA
viruses that infect animals do not have segmented genomes,
except for a few insect viruses with bipartite genomes, for
reasons that are not clear. (+)RNA viruses of plants with seg-
mented genomes are common, however. It is perhaps sug-
gestive that the (–)RNA viruses have not been as successful
in plants as they have been in animals, and the (–)RNA plant
viruses that do exist also replicate in arthropods, which serve
as vectors for transmitting the virus to plants.
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INTRODUCTION

Two families of animal viruses utilize reverse transcrip-
tase (RT) in the replication of their genome, the
Retroviridae and the Hepadnaviridae. Two floating genera
of plant viruses also use RT; their life cycles are more
similar to the hepadnaviruses than to the retroviruses. The
hepadnaviruses and the plant viruses are sometimes called
pararetroviruses, because their life cycle resembles that of
the retroviruses. For the viruses that use RT, the genetic
information in the genome alternates between being present
in RNA and present in DNA. RT, which is encoded in the
viral genome, converts the RNA genome of retroviruses, or
an RNA copy of the DNA genome of hepadnaviruses, into
double-stranded (ds) DNA. In the nucleus of the infected
cell, cellular RNA polymerase transcribes the DNA genome
of hepadnaviruses, or the DNA copy of the retrovirus
genome, to produce the RNA to be reverse transcribed. The
retroviruses package this RNA in the virion and are allied
to retrotransposons that form a prominent feature of
eukaryotic genomes. The hepadnaviruses and the plant
viruses reverse transcribe the RNA into DNA during pack-
aging, so that the virion contains DNA. Thus, the replica-
tion of the genome of retroviruses can be described as
RNA→DNA→RNA, whereas the replication of the
genome of hepadnaviruses can be described as DNA→
RNA→DNA. Although the two families differ in the timing
of when reverse transcription takes place in their life
cycles, this difference may not represent a fundamental dis-
tinction between them. Recent studies have indicated that
one genus of retroviruses, the spumaviruses, may package
DNA in the virion.

It is an interesting feature of reverse transcription that
the RNA template is destroyed in the process of conversion
to DNA. RT has associated with it an RNase H activity,
which specifically degrades the RNA strand of a

DNA–RNA hybrid. This activity is essential for the produc-
tion of a dsDNA copy of the viral RNA by RT. The destruc-
tion of the RNA template makes the process of reverse
transcription fundamentally different from other mech-
anisms used for transcription or copying of nucleic acids, in
which the template remains intact. 

An essential feature of the infection of cells by retro-
viruses is that the dsDNA copy of the genome is inte-
grated into the host chromosome, where it is called a
provirus. Only integrated DNA is stably and efficiently
transcribed by the host machinery. Thus, integration is
required for productive infection. During infection by
hepadnaviruses, however, the viral DNA does not inte-
grate. Instead, it is maintained in the nucleus as a non-
replicating episome. In contrast to retroviruses,
hepadnaviral episomal DNA is stably and efficiently tran-
scribed by the host machinery.

The retroviruses have been intensively studied for years
because researchers discovered early that avian retroviruses
have the ability to induce leukemias and sarcomas in chick-
ens. The study of these viruses led to the discovery of cellu-
lar oncogenes, of RT, and of mechanisms that regulate
cycling of the animal cell, and several Nobel prizes have
been awarded for work with the avian retroviruses (Chapter
1). Although clearly important for our understanding of
biology, for many years after their discovery retroviruses
were in some ways biological curiosities because no human
disease was known to be associated with retroviral infec-
tion. This changed with the discovery of human T-cell
leukemia viruses, now known as primate T-lymphotropic
viruses (PTLV), which cause leukemia in man. More
recently, the appearance of human immunodeficiency virus
(HIV) and of acquired immunodeficiency syndrome
(AIDS) in the human population has dramatically altered
our understanding of the disease-causing potential of retro-
viruses. 
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Virus Genus
MLV
FeLV
HERV-C
WDSV

HSRV

HIV-1
HIV-2
EIAV
VMV

MPMV

MMTV
HERV-K
IAP

RSV

BLV
PTLV-1
PTLV-2

Gammaretrovirus

Epsilonretrovirus

Spumavirus

Lentivirus

Betaretrovirus

Alpharetrovirus

Deltaretrovirus

new env

new env

orfA, orfB, orfC

bel1, bel2

tat, rev

dut

sag

tax, rex

FIGURE 5.1 Phylogenetic tree of the Retroviridae drawn from the amino acid sequences of the reverse
transcriptases. The lengths of the branches are proportional to the degree of divergence; the names of the
“simple” retrovirus genera are boxed in black, the “complex” genera are boxed in red. The green ovals indi-
cate the acquisition of new genes during the evolution of current extant viruses. Most of the virus name
abbreviations are found in Table 5.1; HERV-C and HERV-K are defective retroviruses in the human genome
and IAP is a virus-like element in rodent genomes. [Adapted from Coffin et al. (1997, Fig. 6, p. 43) and
Fields et al. (1996, p. 1769).]

The most important hepadnavirus is hepatitis B virus,
which is a major cause of hepatitis in man. Like hepatitis C
virus, it often establishes a chronic infection that can result
in cirrhosis or hepatocellular carcinoma. 

FAMILY RETROVIRIDAE

The retroviruses are a very large group of viruses that
infect invertebrates as well as vertebrates. Most of what we
know about this group of viruses comes from studies of
viruses that infect higher vertebrates. Hundreds have been
studied and, although considerable divergences exist, they
form a well-defined taxon. All are sufficiently similar to be
classified as belonging to a single family, the Retroviridae.
The family gets it name from the concept that these viruses
use retrograde flow of information, from RNA to DNA,
whereas the conventional flow of information in living
organisms is from DNA to RNA.

The RTs of retroviruses are the most highly conserved
elements of these viruses and have been used to study the
relationships among them. Figure 5.1 illustrates the rela-

tionships among the retroviruses of higher vertebrates
based on the sequences of their RTs. Included in the tree is
a lineage of fish viruses, now classified as members of the
genus Epsilonretrovirus. The tree is annotated to show
where various new genes entered different virus lineages
via recombination with the host or with other viruses.
Based on these sequence relationships, the retroviruses that
infect birds and mammals are classified into six genera, as
illustrated in Fig. 5.1 and as listed in Table 5.1. Of these,
members of three genera are characterized as simple retro-
viruses, which encode only the genes gag, pro, pol, and env
(and sometimes dut). The other three genera of retroviruses
of higher vertebrates, as well as the fish viruses, encode, in
addition, regulatory genes that control their life cycle, and
they are called complex retroviruses. Notice that these reg-
ulatory genes independently entered the four different lin-
eages of complex retroviruses represented by the four
different genera (Fig. 5.1). Thus, recombination to acquire
new functions has been an ongoing process in the retro-
viruses. Also notice that the complex retroviruses do not
group together. The epsilonretroviruses are more closely
related to the gammaretroviruses, which are simple viruses,
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TABLE 5.1 Retroviridae

Genus/membersa Virus name Host(s) Related defective Transmission Disease World

abbreviation viruses distribution

Alpharetrovirus (simple)

Avian leukosis ALV Birds Avian myeloblastosis (AMV) Worldwide

Avian myelocytomatosis (AMCV-29)

Rous sarcoma RSV Birds

Gammaretrovirus (simple)

Moloney murine leukemia MLV Mice Moloney sarcoma (MoMSV) T-cell lymphoma

Harvey murine sarcoma (HaMSV)

Feline leukemia FeLV Cats, Gardner-Arnstein T-cell lymphoma, 

humans feline sarcoma (GAFeSV) immunodeficiency

Betaretrovirus (simple)

Mouse mammary tumor MMTV Mice Vertical, including Mammary carcinoma, Worldwide

mothers’ milk T-cell lymphoma

Mason-Pfizer monkey MPMV Monkeys Unknown

Deltaretrovirus (complex)

Bovine leukemia BLV Cows B-cell lymphoma

Primate T-lymphotrophicb PTLV-1 Humans Vertical including T-cell lymphoma, 

mothers’ milk  neurological 

sexual transmission, disorders

PTLV-2 Humans blood TSP, HAMc

Epsilonretroviruses

Walleye dermal sarcoma WDSV Fish Benign sarcomas North America

Lentivirus (complex)

Human immunodeficiency HIV-1 Humans Neonatal infection,  AIDS Worldwide

sexual transmission,

HIV-2 Humans blood

Simian immunodeficiency SIV Monkeys Simian AIDS Africa

Visna-maedi VISNA Sheep Neurological disease Northern Europe

Equine infectious anemia EIAV Horses Anemia Current epidemic 

in Utah

Spumavirus (complex)

Chimpanzee foamy CFV Monkeys ?? None

Human spumaretrovirus HSRV Humans

aRepresentative replication competent members are shown; the first listed is the type species of the genus. Alpharetroviruses were formerly “avian type C,” betaretroviruses

include the “mammalian type B” and the “type D” retroviruses; gammaretroviruses were “mammalian type C,” deltaretroviruses were “BLV/HTLV,” and epsilonretrovirus is a

new genus of piscine viruses.
bPrimate T-lymphotropic virus 1 (PTLV-1) was formerly known as human T-cell leukemia virus and referred to as HTLV.
cTSP, tropical spastic pareparesis; HAM, HTLV-associated myelopathy.

than they are to other complex retroviruses, and the
deltaretroviruses, lentiviruses, and spumaviruses are not
particularly closely related. 

Members of the different genera differ in their structure
as visualized in the electron microscope. The simple viruses
were formerly classified on the basis of morphology into
groups A, B, C, and D. The nucleocapsids of C-type
viruses, now classified as alpharetroviruses and gam-
maretroviruses, assemble during budding, and the nucleo-
capsid is centrally located in the mature virion. The
nucleocapsids of B-type and D-type viruses, now classified

as betaretroviruses, assemble before budding and the nucle-
ocapsid is eccentrically located (type B) or bar shaped (type
D) in the mature virion (see Figs. 2.1 and 2.17).

Eukaryotic genomes contain a very large number of
genetic elements that are related to retroviral genomes.
Retrotransposons encode RT and can move around within
the genome by a process that uses reverse transcription and
insertion, similar to what happens with retroviruses. They
are related to retroviruses but have no independent lives as
viruses. Other elements in the eukaryotic genome contain
additional retrovirus-like genes and appear to have arisen
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FIGURE 5.2 Diagram showing the overall organization of the genes in the retroviral RNA genome, the
comparable organization of the DNA provirus, and the location of the various virus-encoded proteins in
the mature virion. The RNA strand is shown in green; the DNA provirus is shown in blue. The open
reading frames (ORFs) in the genome are color coded to match their products in the virion. The nontrans-
lated regions of the RNA genome and the long terminal repeats (LTRs) are described in detail in the text.
The pro gene, located between gag and pol, is not shown here. [Adapted Goff (1997, Fig. 3.5, p. 143).]

by insertion of retroviral genomes into the germ line at
some time in the past. Some of these are still active, capable
of giving rise to infectious retroviruses, whereas others are
defective. It is clear that this class of elements has been
coevolving with the eukaryotes for a long period of time.
The integrated copies of retroviruses in the germline consti-
tute a form of fossil record that allows us to trace the
lineage of at least some retroviruses for 100 million years
or longer. For other viruses, whether RNA or DNA, we can
only trace ancestry for much shorter periods of time.

Retroviral Genome

The RNA genome in the retrovirion is diploid, consist-
ing of two copies of a 7- to 10-kb single-stranded (ss)
RNA that is capped and polyadenylated. The two copies
of the genome are normally identical, but during mixed
infection hybrid genomes can result. They are joined near
their 5′ ends, and perhaps in other regions as well, by
hydrogen bonds.

All retroviruses encode the four genes called gag, pro,
pol, and env, which are always found in this order in the
genome. A simplified illustration of a retroviral genome, its

relation to the provirus, and the location of the different
gene products in the virion are shown in Fig. 5.2. The name
gag comes from group-specific antigen, because the pro-
teins encoded in this gene are more highly conserved, and
therefore more widely cross reactive immunologically, than
are the envelope proteins of the virion. The peptides derived
from the Gag polyprotein, the precursor polyprotein
encoded in the gag gene, form the capsid of the retrovirion.
The pro gene encodes a protease (PR) that is required for
the processing of Gag, and pol encodes three activities, RT,
RNase H, and integrase (IN). RNase H forms a separate
domain in the RT-RNase H protein, but functions as an inte-
gral component of RT. IN is required for the integration of
the dsDNA copy of the retroviral genome into the host
chromosome. The fourth gene, env, encodes the envelope
glycoproteins present at the surface of the enveloped retro-
virion. The primary product is Env, which is processed by
cleavage to form an N-terminal external protein called SU
(for surface) and a C-terminal protein that spans the mem-
brane called TM (for transmembrane). The order of genes
in the provirus is the same as in the viral genome.

As described above, the genomes of complex retro-
viruses contain a number of regulatory genes in addition to
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these four basic genes present in all retroviruses. These
genes will be described later.

Reverse Transcription of Viral RNA

Most retroviruses penetrate into a cell by fusion with the
plasma membrane, but some use the endosomal pathway.
Once inside the cell, reverse transcription takes place in a
subviral particle to produce a full-length, linear dsDNA
copy of the RNA. The composition of this subviral particle
is not well defined. It certainly contains RT and its associ-
ated activities as well as components derived from Gag, but
which Gag components are present and whether cellular
proteins form part of this particle are not known. 

Reverse transcription begins in the cytoplasm. In most
viruses, the full-length dsDNA is produced in the cyto-
plasm, but in some the finishing touches occur after transfer
to the nucleus. After transfer to the nucleus, the viral DNA
is integrated into the host chromosome, essentially at
random, in a process that requires the activity of IN. In the
simple viruses, transfer to the nucleus occurs during cell
division, when the nuclear envelope is disassembled. At
least some of the complex retroviruses, however, such as
HIV, encode proteins that allow the DNA-containing
complex to traverse the nuclear membrane. Thus, the
simple retroviruses can only productively infect dividing
cells, whereas HIV can infect nondividing cells. 

Synthesis of First DNA Strand

The process of reverse transcription of the viral genome
is illustrated in Fig. 5.3. At the ends of the viral RNA are
domains that are essential for production of the dsDNA
copy of the RNA genome. These are illustrated schemati-
cally in Figs. 5.2 and 5.3, and the sizes of these elements
are shown in Table 5.2 for a number of different retro-
viruses. A direct repeat element called R, 15–230 nt in
length depending on the virus, is present at the two ends of
the RNA genome. At the 5′ end of the genome, a unique
sequence element called U5 (70–220 nt long) is present
immediately downstream of R, and at the 3′ end of the
genome a unique element called U3 (230–1200 nt) is
present immediately upstream of R. On completion of DNA
synthesis, these elements give rise to direct repeats present
at the ends of the viral DNA, called the long terminal
repeats or LTRs, which have the sequence U3–R–U5. 

Immediately 3′ of U5 is a primer binding site (PBS),
where 18 nucleotides are exactly complementary to the 3′
end of a specific cellular tRNA. Each genomic RNA mole-
cule has bound to it at PBS one molecule of the appropriate
tRNA, which is used as a primer for DNA synthesis. The
tRNA used depends on the virus, and several different
tRNAs are known to be used by different viruses (Table 5.2).

Reverse transcription begins by extending the primer
tRNA through U5 and R, and stops when the end of the
RNA genome is reached (Fig. 5.3, steps 1 and 2). The
cDNA product, called the first strong stop DNA, is then
transferred, while still attached to the primer, from the 5′
end of the RNA to the 3′ end (“first jump,” Fig. 5.3, steps 3
and 4). It is unknown whether transfer is usually to the 3′
end of the same molecule, to the 3′ end of the second copy
of the genome, or randomly to either copy of the RNA in
the virus. This transfer uses the repeat element R at the 5′
and 3′ ends—the DNA copy detaches from R at the 5′ end
and anneals to R at the 3′ end, so that only one copy of R is
present in the DNA transcript. RNase H is presumably
important for this. During reverse transcription, the RNA
strand is destroyed by RNase H about 18 nt behind the tran-
scription point. The degradation of the RNA strand during
transcription of the DNA copy may encourage the jump to
the other end. Other components of the particle may also be
involved in the jump. 

After the jump, reverse transcription resumes until the 5′
end of the RNA template is reached. Note that the RNA
strand now ends at PBS because RNase H has degraded the
RNA strand of the DNA/RNA hybrid (but not the RNA in
PBS because this is an RNA–RNA duplex). This process
results in the formation of what is called first- strand DNA
or minus-strand DNA, because it is the antimessage sense
(step 5). 

Synthesis of the Second DNA Strand 

The first-strand DNA produced in this way is the tem-
plate for second-strand (plus-strand) DNA synthesis. The
primer for second-strand synthesis is an RNA oligonu-
cleotide, called the polypurine tract or PPT, positioned
immediately 5′ of U3. PPT survives RNase H degradation
and its 3′ terminus is exact; that is, the cleavages to produce
it are precise (Fig. 5.3, step 6). In addition to this precise
primer for plus-strand synthesis, which defines the bound-
ary of U3 and thus of the LTR, additional priming sites are
used in some retroviruses, such as HIV. 

The PPT plus-strand primer is extended through U3, R,
U5, and into the region of the primer tRNA, which is still
attached to the first-strand DNA. The 18 nucleotides of the
tRNA primer that are complementary to the PBS are
copied, but further copying is thought to be blocked by a
modified nucleotide in the tRNA that cannot be copied. The
tRNA primer is then removed by RNase H (step 7) and a
second jump occurs. In the second jump, the nascent
second-strand DNA is transferred to the other end of the
template, using the PBS sequence, which is now present at
the 3′ ends of both strands (second jump, step 8). Synthesis
of both strands of DNA resumes and it becomes full length
and double stranded. The resulting dsDNA is cleaned up,
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FIGURE 5.3 Mechanism of retroviral DNA synthesis (reverse transcription). Green lines are RNA, light blue lines
are minus-strand DNA, and the dark blue line in the last three steps is plus-strand DNA. Features within the LTRs (U3,
R, U5), as well as PBS and PPT, are indicated by colored bars beneath the lines designating the nucleic acids, to
clarify what is present at each step. [Adapted from Fields et al. (1996, p. 1792), Goff (1997, Fig. 3.6, p. 145) and
Coffin et al. (1997, Fig. 2, p. 123).]

probably by cellular enzymes. In the full-length, linear ds
copy of the genome, the LTR sequence U3–R–U5 has been
formed at both ends of the DNA genome (Fig. 5.3, step 9). 

It is of interest that RT, like DNA polymerases, requires
a primer to synthesize DNA, but unlike most DNA poly-
merases it can copy either DNA or RNA, given the appro-
priate primers. Thus, the enzyme differs from the RNA

replicases of RNA viruses, which use other mechanisms for
the initiation of RNA replication. 

Why Is the Genome Diploid?

Why the retroviral genome is diploid is not clear. In
other instances where reverse transcription occurs, such as
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TABLE 5.2 Terminal Regions of Retrovirus Genomes

Genus Prototype virus Approximate sizes in bases of terminal elements Primer tRNA

U3 R U5
used

Alpharetrovirus RSV, ALV 230a 20 80 Trp

Betaretrovirus MMTV 1200b 15 120 Lys-3

Gammaretrovirus MLV 450 70 80 Pro/Gln

Deltaretrovirus HTLV-1 350 230 220 Pro

Epsilonretrovirus WDSV 440 80 70 His

Lentivirus HIV-1 450 100 80 Lys-1,2,3

Spumavirus HRSV 910 190 160 Lys-1,2

Source: Adapted from Coffin et al. (1997, Table 2, p. 38).
aIncludes v-src gene.
bU3 contains sag gene.

in the hepadnaviruses and the retrotransposons, the RNA to
be copied is not diploid. Furthermore, in vitro studies have
shown that retroviral RT can use a single copy of the RNA
genome to produce a full-length dsDNA. Thus, two copies
of the genome are not essential. However, it is possible that
during infection the process is more efficient if the RT can
go back and forth between the two copies, and this resulted
in selection for a diploid genome in retroviruses. The
process of reverse transcription to produce the viral dsDNA
is complex with the multiple jumps required, and the
diploid genome could be organized in such a way as to
make these jumps more efficient. Other possible advantages
of a diploid genome that could have resulted in selective
pressure for diploidy are the possibility of overcoming at
least some damage in the RNA by switching templates, and
the fact that switching templates results in recombination.
Recombination does occur frequently in retroviruses, and it
is clear from many studies of virus evolution that recombi-
nation is important in their evolution. 

Integration

After the appearance of the full-length dsDNA genome in
the nucleus, the viral integrase catalyzes its insertion into a
host cell chromosome by means of a single recombinational
event. This process is illustrated in Fig. 5.4. Insertion is
essentially random within the host genome. The first event in
integration is the removal of two nucleotides from the 3′ end
of both strands of the viral DNA. The next two nucleotides
are always AC, from 3′ to 5′. The 3′ OH of the now 3′-termi-
nal A residue is used to attack an internucleotide phosphate
in the host DNA. Attack is coordinated so that both ends of
the viral DNA are inserted at once. The spacing between the
two insertion points depends on the viral integrase and is 4,
5, or 6 nucleotides in different viruses. The ends of the
inserted structure are then cleaned up, probably by host

enzymes. Insertion results in the loss of the two terminal
nucleotides of the viral DNA. In addition, a duplication of
the 4, 5, or 6 nucleotides of the host that lie between the two
insertion points is produced, and these duplicated nucleotides
flank the two ends of the viral genome.

The integrated form of the virus, the provirus, is stable.
No mechanism for precise excision of the provirus is
known, and integration is essentially irreversible. Most
retroviruses do not kill the host cell, and the provirus
behaves as a simple Mendelian gene that is transmitted to
all daughter cells. It is obvious that insertion of such a
provirus into the germ line would lead to its transfer to
progeny organisms, which appears to have occurred many
times in the past.

Transcription of RNA in Simple Retroviruses

The LTR of the integrated provirus has all of the signals
required for transcription of the provirus by cellular RNA
polymerase II. The transcription signals, almost all found
in U3, include TATA boxes as well as an array of binding
sites for cellular transcription factors that are optimal for
the cell in which the particular retrovirus primarily repli-
cates. Figure 5.5 gives examples of the binding sites for
transcription factors in several different retroviruses. This
figure illustrates that the constellation of binding sites is
complex and is different in different viruses that replicate in
different tissues. Only the upstream (5′) LTR is used to ini-
tiate transcription—or at least efficient transcription. 

Transcription initiates precisely at the 5′ end of R, as
indicated by the arrow in Fig. 5.5, and proceeds through the
proviral genome and into the 3′ flanking sequences. The
transcript is capped by host cell capping enzymes. There is a
poly(A) addition signal (AAUAAA) in the RNA, which is
usually present about 20–30 nucleotides upstream of the end
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FIGURE 5.4 Steps in the integration of retroviral DNA into the host genome. First, the termini of the blunt-ended
viral DNA are attacked by the integrase, and two bases (blue) adjacent to a highly conserved CA dinucleotide (red) are
lost by nucleophilic attack by a water molecule, leaving recessed 3′ OH ends. Next, the host DNA is cleaved at the
target sequence and the 3′ OH ends of the viral DNA are joined by the integrase to the 5′ phosphates on the host DNA.
Overhang removal and gap and nick repair by cellular enzymes complete the integration reaction. [From Hindmarsh
and Leis (1999), Goff (1997, Fig. 3.10, p. 145), and Collins et al. (1997, Fig. 8, p. 185).]

of the viral genomic RNA sequence (i.e., upstream of the 3′
end of R). Host cell polyadenylation machinery recognizes
the AAUAAA signal, cleaves the RNA transcript precisely at
the R-U5 boundary, and polyadenylates the RNA. Thus the
processed RNA transcript is identical to the genomic RNA
and a round-trip from RNA to DNA to RNA has been made.

In many viruses, the polyadenylation signal is present in
U3. Thus, there is only one copy of this signal in the RNA
transcript, near the 3′ end. However, in some viruses the signal
is present in R and is present in both the 5′ and 3′ regions of
the transcript. Interestingly, only the 3′ copy of the signal is
active for cleavage and polyadenylation of the transcript.
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Some fraction of the genomic RNA is exported to the
cytoplasm without further processing. There it serves as
mRNA for the synthesis of Gag, Gag–Pro, and/or
Gag–Pro–Pol, as described below. Alternatively, it can be
packaged into progeny viruses. Genomic RNA that serves
as mRNA and genomic RNA that serves as the source of
RNA for packaging are maintained in separate pools. 

Some fraction of the genomic RNA is spliced before
export to the cytoplasm. Only one spliced RNA is made in
the simple retroviruses, which serves as mRNA for Env. In
most retroviruses, the entire Gag–Pro–Pol region is spliced
out and the initiation codon for Env is encoded in env. In
the avian retroviruses, however, the upstream splice site is
located within the Gag coding sequence so that Env begins
with the first six codons of Gag.

The need for both spliced and unspliced versions of the
viral RNA means that mechanisms must exist to ensure
that both are produced and that the ratio of spliced to
unspliced RNA is optimal for virus replication. In the
simple retroviruses, the splice sites are suboptimal, so that
not all RNA is spliced. Experiments have shown that the
result is an optimal ratio of spliced to unspliced RNA.
Mutations that make splicing more efficient are deleteri-
ous for virus growth and revertants quickly arise that
restore the proper ratio. The second problem faced by
these viruses is the need to export unspliced RNA to the
cytoplasm. Eukaryotic cells have control mechanisms to
ensure that RNA containing splice sites is not exported
from the nucleus. It has been found that sequence elements
in the unspliced RNA are required for its export, and it is
assumed that these elements interact with cellular proteins
that promote export. In the simian retrovirus Mason–Pfizer
monkey virus, this element is called the constitutive trans-
port element. It is 154 nucleotides long and is located in
the 3′ nontranslated region of the RNA. In the avian retro-
viruses, an apparently unrelated element of about the same
size, also present in the 3′ nontranslated region, provides
the same function for unspliced avian retroviral RNA.
Interestingly, the avian sequence does not work in mam-
malian cells. The monkey virus sequence works in both
mammalian and avian cells, but works better in mam-
malian cells. These findings are consistent with the
hypothesis that these transport elements interact with cel-
lular proteins. The inability of unspliced RNA to be
exported from the nucleus is one of the reasons that the
avian retroviruses will not replicate in mammalian cells.

Translation of Viral Genomic RNA 

Retroviral genomic RNA is translated into two or three
polyproteins that are eventually processed by the viral PR.
The order of genes along the genomic RNA is gag–pro–pol,
encoding the proteins Gag, Pro, and Pol. Stop codons are
present between Gag and Pro, or between Pro and Pol, or in

both places, as illustrated in Fig. 5.6. Termination of the
polypeptide chain occurs at these stop codons most of the
time during translation. These stop codons are suppressed
some of the time, however, either by read-through or by
frameshifing (Chapter 1), so that the amount of Pol pro-
duced is usually about 5% that of Gag. In viruses with one
stop codon, the frequency of suppression is about 5%, but
in viruses with two stop codons, the frequency of suppres-
sion of each stop codon is higher so that significant
amounts of Pol are produced even though suppression of
two stop codons is required. This means that the frequency
of suppression is variable and can be controlled by changes
in the sequence of the viral RNA. Because reinitiation does
not occur once the chain is terminated, the polyproteins
produced are Gag and/or Gag–Pro and/or Gag–Pro–Pol,
depending on the positions of the stop codons (Fig. 5.6).

Pro is produced in three different ways in different retro-
viruses, as illustrated in Fig. 5.6. In the avian viruses, such
as ALV, there is no stop codon between Gag and Pro so that
a Gag–Pro polyprotein is produced. Gag and Pro are thus
produced in equal amounts. Frameshifting results in the
production of a longer polyprotein, Gag–Pro–Pol. Most of
the mammalian viruses also only have a single stop codon
in the ORF, but it is positioned between Gag and Pro.
Read-through of a UAG stop codon (murine leukemia
viruses) or frameshifting (other mammalian viruses with a
single stop codon) results in the longer polyprotein. The
two polyproteins produced are Gag and Gag–Pro–Pol, and
Pro and Pol are produced in the same low amounts. Finally,
several mammalian retroviruses, for example, MMTV and
PTLV-1, have two stop codons in the ORF, both of which
can be suppressed by frameshifting. Thus, three polypro-
teins are produced, Gag, Gag–Pro, and Gag–Pro–Pol. In
this case Pro is produced at intermediate levels.

Processing of these various polyproteins occurs during
assembly of progeny virions. The viral Pro is an aspartate pro-
tease whose active site contains two aspartic acid residues
(Chapter 1). The protease domain is functional in polypep-
tides containing the Pro sequence as well as after its release
by proteolysis as a small protein of about 100 residues. The
enzyme is active only as a homodimer, with each chain in the
dimer supplying one of the aspartic acids in the active site.
Because the monomer is not active, there is a delay in pro-
cessing. The high concentration of viral polyproteins that
occurs in viral particles or in previral particles is required to
achieve efficient dimerization of the protease and its activa-
tion. Experiments have shown that premature activation of the
protease, which can be achieved by using genetic tricks, is
deleterious for virus assembly. Thus, it is important that pro-
cessing be delayed until assembly begins or is completed.

During processing of Gag, several different proteins are
produced, some of which are quite small, whereas others
are larger. The proteins produced from Gag are illustrated
schematically in Fig. 5.7 for a number of retroviruses. Gag



Family Retroviridae 181

GAG POL

❈
 (5%)

Pro-Pol proteins

Frameshift

Readthrough❈

p66

(10%)

Gammaretrovirus (MLV)

Lentivirus (HIV)

MA CA NC Pro

β)

RT IN

(5%)

Alpharetrovirus (ALV)

Pr76 gag

Pr180 gag-pol

Pr65 gag

Pr55 gag
Pr165 gag-pro-pol

Pr180 gag-pro-pol

(25%)
(10%)

Betaretrovirus (MMTV)
Pr77 gag

Pr110 gag-pro

Pr160 gag-pro-pol

Spumavirus  (HSRV)
Pr78 gag
Pr125 pro-pol

Pr55 gag
Pr70 gag-pro

Pr165 gag-pro-pol

Deltaretrovirus  (PTLV-1)

RT   reverse transcriptase
IN   integrase
RNaseH (where known)

PRO

Pro   protease
DU   UTPase

Epsilonretrovirus (WDSV)

❈

Pr gag

Pr gag-pro-pol

DU

p95(

FIGURE 5.6 Organization of the gag, pro, and pol genes of representative retroviruses belonging to each genus.
In some cases two frameshifts are required to generate a complete Gag–Pro–Pol precursor. The gag proteins are
illustrated in more detail in Fig. 5.7. [This figure is a composite of Goff (1997, Fig. 3.16, p. 157) and Coffin et al.
(1997, pp. 45, 269, 795, 799).]

is cleaved to produce at least three protein products in all
retroviruses except the spumaviruses, called MA (mem-
brane-associated or matrix protein), CA (capsid protein),
and NC (nucleocapsid protein). These three peptides are
always present in that order from the N terminus to the C
terminus in the Gag polyprotein. Gag (and thus MA) is

myristylated in most retroviruses and associates with mem-
branes. Myristylation may serve to recruit Gag to mem-
branes for assembly or budding. NC is a small basic protein
that binds RNA and Zn2+. It has a number of functions,
including binding to the packaging signals in the viral RNA
that lead to its incorporation into virions, the facilitation of
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FIGURE 5.7 Organization of the Gag proteins in representatives of each retroviral genus. The
viruses are shown in the same order as those in Fig. 5.6. Vertical solid lines mark sites of cleavage by
the viral protease. Sequences representing the mature matrix, capsid, and nucleocapsid proteins are
indicated with different shadings, and the approximate molecular weights of the processed proteins
are shown. Note that the Gag polyprotein of HSRV is not processed. [From Coffin et al. (1997,
pp. 44, 798).]

binding of the tRNA primer to the genomic RNA, the for-
mation of the genomic RNA dimer, and strand transfer
during reverse transcription. CA is a larger protein that is
believed to form a shell  around the viral RNA and its asso-
ciated internal proteins (Fig. 2.17). In addition to these
three proteins, in most retroviruses other proteins, whose
functions are not well understood, are also produced from
Gag (Fig. 5.7).

Processing of Pol varies in different viruses. Three pat-
terns of cleavage can be distinguished. In some viruses, RT,
consisting of the polymerase domain and the RNase H
domain, is released from the upstream Pro and the down-
stream IN. The active reverse transcriptase is a monomer or a
homodimer of RT. In other viruses, cleavage between RT and
IN is incomplete, and the active enzyme is a heterodimer of

RT and RT-IN. A third pattern occurs in HIV, in which partial
cleavage occurs between the polymerase domain and the
RNase H domain. In this case, the products of Pol are a trun-
cated RT lacking the RNase H domain (called p51), the full-
length RT (called p66), and IN. The active reverse
transcriptase is a heterodimer between p51 and p66.

Production and Processing of Env

Translation of the mRNA for Env produces the envelope
glycoprotein precursor. Processing of Env and the location
of key features are illustrated in Fig. 5.8. The precursor has
an N-terminal signal sequence, which leads to its insertion
into the endoplasmic reticulum, a membrane anchor
sequence near the C terminus, and a C-terminal cytoplas-
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FIGURE 5.8 Organization of the envelope proteins of representatives of each genus of retroviruses, shown in the
same order as in Fig. 5.6 and 5.7. The domains corresponding to the mature SU and TM proteins are shown in different
shades of color. Cleavages by signalase to remove the leader peptdie (L) are indicated with white arrows, and those due
to furin by yellow arrows. The red arrow marks the site of cleavage in MLV by the viral protease. The fusion domains,
the transmembrane domains, and the sites of predicted N-linked carbohydrate addition are shown. [Adapted from
Coffin et al. (1997, Fig. 10, p. 56).]

mic domain (i.e., the protein is a type I integral membrane
protein). The signal sequence is removed during transloca-
tion into the endoplasmic reticulum, and the protein is gly-
cosylated and transported to the plasma membrane by
conventional cellular pathways. As with many other viral
glycoproteins, the precursor is cleaved by furin during
transport to produce an N-terminal extracellular component
called SU (for surface) and a C-terminal membrane-span-
ning component TM (for transmembrane). SU and TM
remain associated. In some cases, the association is stabi-
lized by disulfide bonds, but in other cases there is no cova-
lent linkage. SU is always glycosylated, whereas TM may
or may not be glycosylated. Cleavage to produce SU and
TM is required for the activation of the fusion activity,
which is located near the N terminus of TM. Thus, the pro-
duction of the envelope glycoproteins of the retroviruses

parallels that of the envelope glycoproteins of many
enveloped RNA viruses. 

Accessory Genes of Complex Retroviruses

In addition to the core genes gag, pro, pol, and env that
are present in all retroviruses, members of the four genera
of complex retroviruses possess additional genes that allow
them to regulate the development of the infection cycle.
Accessory genes are also present in the betaretroviruses,
but these are not regulatory in nature. A listing of the acces-
sory genes in different retroviruses is given in Table 5.3,
and a complete listing of all of the proteins of HIV is
shown in Table 5.4

The accessory genes of the complex retroviruses are
located upstream or downstream of env and are translated
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TABLE 5.4 HIV Proteins

Protein mRNA Size Post-translational Functions
(kDa) modifications

Gag Genomic RNA p25 (CA) None Capsid structural protein
p17 (MA) Myristylated at Gly-2 Matrix protein
p7 (NC) ? RNA-binding protein
p2 ? RNA binding protein

Pro Genomic p10 (Pro) Viral protease, processes Gag and
RNA, frameshifted Gag-pol polyproteins

Pol Genomic p66/p51 RT Heterodimer, p51 lacks RNase H Reverse transcriptase
RNA, frameshifted domain present in p66

p32 (IN) Cleaved from Gag–Pro–Pol by Pro Integrase

Vif vif mRNA p23 viral infectivity factor, essential for 
spread in macrophages

Vpr vpr mRNA p15 Associates with p7 Augments replication

Tat tat mRNA p14 Required for replication, 
transactivates RNA synthesis, 
binds to TAR RNA

Rev rev mRNA p19 Regulates splicing/RNA transport; 
binds RRE element and facilitates 
env translation

Vpu vpu/env mRNA p16 Phosphorylated on Ser Helps in virion assembly and release, 
dissociates gp160/CD4 complex

Env vpu/env mRNA gp 120 (SU) 24 sites for N-linked glycosylation Surface glycoprotein, 
mediates cellular attachment

gp 41(TM) 7 sites for N-linked glycosylation Transmembrane glycoprotein

Nef nef mRNA p27 Myristylated at Gly-2, Homodimer, causes pleiotropic effects, 
phosphorylated at Tyr-15 including downregulation of CD4

Source: Adapted from Levy (1994, p. 8).

TABLE 5.3 Accessory Genes in Retroviruses

Gene Functions

Betaretrovirus (MMTV)
sag Superantigen
dut dUTPase

Deltaretrovirus (HTLV/BLV)
tax Transcription activator (like tat)
rex Splicing/RNA transport regulator (like rev)

Lentivirus (HIV-1)
tat Transcription activator (like tax)
rev Splicing/RNA transport regulator (like rex)
vif
vpr/vpx
nef

See Table 5.4

vpu
dut dUTPase (in nonprimate lentiviruses)

Facilitates replication in certain cell types.

Spumavirus (HRSV)
bel1 Activates transcription
bel2 ?
bet ?

Epsilonretrovirus (WDSV)
Orf A ?
Orf B ?

Orf C ?

Source: Adapted from Coffin et al. (1997, Table 1, p. 36).

from spliced mRNAs, with some of the genes requiring
multiple splicing for expression. The genome organizations
of the different genera are diagrammed in Fig. 5.9 to show
the location of these accessory genes. The different acces-
sory genes have been inserted into the retroviral genome at
different times during the evolution of these viruses 
(Fig. 5.1), and insertion of such genes appears to be a
dynamic process that is ongoing. As one example, the vpx
gene of HIV-2 and the vpu gene of HIV-1 appear to have
been inserted into their respective viruses after the separa-
tion of HIV-1 and HIV-2. 

The presence of the accessory genes allows more vigor-
ous replication of the retrovirus that possesses them, which
can be fatal to the host cell. As described above, the simple
retroviruses do not kill the host cell, but instead establish a
persistent infection in which the cell survives and produces
low levels of virus indefinitely. However, at least some of
the complex retroviruses, such as HIV-1, can replicate to
high titer in some cell types with the result that the cells
die. It is interesting that many endogenous retroviruses are
present in the germ line of different vertebrates, as
described below. However, none of these are complex retro-
viruses. It is possible that the regulated lifestyle of the
complex viruses would make complex endogenous viruses
difficult to silence. The inability to silence such viruses



could lead to selection against organisms that contain them
in the germ line.

Many of these proteins encoded by the accessory genes
are multifunctional and their functions are only partially
understood. The intense interest in PTLV and HIV has led
to extensive study of their accessory genes, tax and rex in

the case of PTLV/BLV and tat, rev, vif, vpr/vpx, nef, and
vpu in the case of lentiviruses. The accessory genes of the
spumaviruses, bell, bel2, and bet, as well as those of the
epsilonretroviruses, have been less well studied. The func-
tions of these genes can be conveniently grouped into four
categories: (1) transport across the nuclear membrane of
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FIGURE 5.9 Coding regions of representatives of each retrovirus genus. Sites of translation initiation
are shown with arrows. The locations of the four major genes are shown in different colors. Accessory
genes are named. [Redrawn from Coffin et al. (1997, Fig. 5, p. 37) and from Fields et al. (1996, p. 1776).]
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FIGURE 5.10 Structures of HIV-1 and HIV-2 TAR RNA elements. Nucleotides are numbered from
the 5′ end of the RNA. For HIV-1, positions involved in binding to TAT protein (yellow oval) are
circled, and the bases involved in tertiary structure alterations following Tat binding are shown in red.
Less is known about the HIV-2 Tat blinding. [Adapted from Coffin et al. (1997, Fig. 12, p. 226).]

subviral particles that synthesize viral DNA after infection,
allowing the virus to infect quiescent cells; (2) activation of
the transcription of the provirus to greatly increase the rate
of production of viral RNA; (3) export of unspliced viral
RNA to the cytoplasm; and (4) promotion of virus assem-
bly or increase in the infectivity of the virion, whether
directly or indirectly. 

Transport of Viral DNA into the Nucleus

HIV-1, and probably other lentiviruses as well, can infect
quiescent cells because the viral DNA and associated pro-
teins can cross the nuclear membrane. The mechanism by
which this occurs is not known but the product of the vpr
gene is thought to be required. MA and IN have also been
implicated in the process.

Transactivation of the Transcription of Viral RNA

All complex retroviruses encode a protein that transacti-
vates transcription of viral RNA from the provirus. In
PTLV/BLV, the gene for this protein is called tax. The Tax
protein activates transcription by means of sequence ele-
ments in the U3 region of the viral DNA called Tax-respon-
sive elements (TREs), whose locations are shown in 
Fig. 5.5. Tax interacts with cellular transcription factors that

bind to TREs, and this interaction results in increased activ-
ity of the transcription factors. One such transcription
factor appears to be the cAMP response element/activating
transcription factor (CREB/ATF). Tax also increases the
transcription of certain cellular genes, in some cases
through its interactions with CREB/ATF, and in other cases
by stimulating the transcription of genes regulated by 
NF-
B. Many of these cellular genes are important in the
regulation of T cells, and their stimulation may relate to the
pathology of disease caused by the virus. 

In the lentiviruses, the gene for the transcriptional activa-
tor is called tat. The Tat protein works in one of two differ-
ent ways. Tat of visna virus appears to interact with cellular
transcription factors in a manner similar to Tax, using a
sequence element in U3, although the cellular factors are
different. Tat of HIV and its close relatives, however, stimu-
lates transcription by binding to a sequence element called
TAR at the 5′ end of the viral RNA. TAR is composed of
the first 60 nucleotides of HIV-1 RNA, which form a stem-
loop structure that is essential for the function of TAR. TAR
of both HIV-1 and HIV-2 are shown in Fig. 5.10. How the
binding of Tat to TAR activates transcription is not yet clear.
One model is that Tat interacts not only with the nascent
viral RNA but also with cellular transcription factors, and
in so doing stabilizes the transcription complex or changes
its composition. In this model, the altered transcription
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complex is more processive, allowing the production of
complete RNA genomes rather than truncated transcripts.
It may also initiate transcription more frequently.

Export of Unspliced Viral RNA to the Cytoplasm

Complex retroviruses encode proteins that promote the
export of unspliced or partially spliced RNA from the
nucleus. The proteins are Rex in the case of PTLV/BLV and
Rev in the case of lentiviruses. Rex and Rev are translated
from multiply spliced mRNAs, as are the transcriptional
activators and Nef in the case of the lentiviruses. The multi-
ple splicing events in HIV-1 are illustrated in Fig. 5.11.
Early in infection, before Rex and Rev are present, only
completely spliced mRNAs are exported from the nucleus
to the cytoplasm. Thus, the proteins made early are the tran-
scriptional activators, Nef, and the proteins that control the
export of unspliced or partially spliced viral RNAs from the
nucleus. The transcriptional activators accelerate the pro-
duction of viral RNAs, and Rex and Rev allow the export of

mRNAs for the other viral proteins, which includes the
genomic RNA. These processes are illustrated schemati-
cally in Fig. 5.12.

Studies with HIV-1 have shown that Rev binds to a
sequence element in the viral RNA called the Rev response
element or RRE. HIV-1 RRE is 234 nucleotides in size and
has multiple stem-loop structures that are important for
function. It is found in the env gene region and is therefore
spliced out of the multiply spliced mRNAs (Fig. 5.11). In
addition to binding to RRE, Rev also interacts with cellular
proteins involved with the nuclear export pathway.
Although the detailed mechanisms are not known, the end
result is that Rev promotes the export of RNAs containing
RRE (i.e., unspliced genomic RNA and singly spliced
mRNAs) from the nucleus to the cytoplasm (Fig. 5.12). Rev
appears to accompany the RNA to the cytoplasm and then
cycle back to the nucleus. Thus, after the appearance of
Rev, the infection cycle switches to a late phase with the
appearance in the cytoplasm of the mRNAs for
Gag–Pro–Pol, Env, Vpu, Vif, and Vpr. Genomic RNA
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AnCAP
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FIGURE 5.11 Genome organization and transcription map of HIV, the human immunodeficiency virus. The genome
is shown on the top line as the integrated provirus. The LTRs and all open reading frames (ORFs) are indicated. Below
this, the unspliced genome RNA is shown, with TAR and RRE (the Rev response element in env) indicated. The various
spliced mRNAs (and the ORFs translated from them) are diagrammed below the RNA genome. The pale blue shading
indicates the location of the RRE, which is spliced out of tat, rev, and nef messages. [Redrawn from Coffin et al.
(1997, p. 803).]
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FIGURE 5.12 Model of Rev action. Rev is thought to (A) mediate export of nonspliced or singly spliced RRE-
containing RNAs from the nucleus; (B) inhibit complete splicing of mRNA; (c) enhance translation of unspliced and
singly spliced mRNAs. [Adapted from Collins et al. (1997, p. 244).]

exported to the cytoplasm can also be packaged into
progeny virions.

In addition to its function in the export of viral RNAs to
the cytoplasm, Rev also has other functions. These func-
tions appear to include regulation of the splicing of HIV
RNAs and increasing the efficiency of translation of HIV
RNAs (Fig. 5.12).

The PTLV Rex appears to function similarly to Rev. It
binds to an RNA element, called the RexRE, that is similar
in size to the RRE, and binding of Rex promotes export of
viral RNA from the nucleus. However, the RexRE is found
in the U3–R region of the genome and is therefore present
in all of the viral mRNAs. It is curious that Rex binds HIV-

1 RNA, although not in the same place as Rev, and will
substitute for Rev in HIV-1. However, Rev does not bind
PTLV RNA and will not substitute for Rex. 

Assembly Functions

Other accessory proteins of the lentiviruses have multi-
ple functions that are not well understood, but all seem to
promote the assembly and release of infectious virus, either
directly or indirectly. Vpr, found in most lentiviruses,
including both HIV-1 and HIV-2, and Vpx, found in HIV-2
and its close relatives, but not in HIV-1, are structural pro-
teins that interact with Gag. They are found in the virion in
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amounts similar to that of Gag. Vif is a membrane-associ-
ated protein that is also present in the virion, but in amounts
similar to Pol rather than Gag. It has an effect on the pro-
cessing of Gag and is required for the production of infec-
tious virions. Nef, found in the primate lentiviruses, is a
multifunctional protein that has a role in the assembly and
release of infectious virus. Myristylated forms of Nef are
associated with the virion, where they may be required for
full infectivity of the virion. Another function of Nef is the
removal of CD4, the receptor for HIV, from the surface of
the infected cell. Removal of CD4 prevents the interaction
of Env with CD4 and facilitates the assembly and release of
viruses. It also prevents superinfection of the cell by
released virus. Finally, Vpu, a small integral membrane
protein found in HIV-1 but not in HIV-2, promotes virus
release in two ways. It promotes the degradation of CD4 by
a mechanism different from that used by Nef. It also facili-
tates the release of budding virus from the cell, a function
fulfilled by Env in HIV-2. 

The dUTPase Gene

The nonprimate lentiviruses and members of the betaretro-
viruses contain a gene encoding dUTPase, called dut. This
gene was acquired independently by these two different lin-
eages (Fig. 5.1). The enzyme dephosphorylates dUTP, thereby
preventing its incorporation into DNA. A cellular gene usually
provides this function for retroviruses (and for DNA viruses).
However, possession of this gene allows these two genera of
retroviruses to replicate in quiescent cells that do not express
adequate levels of the enzyme, such as macrophages.

Assembly of Retroviruses

The retrovirus virion is approximately 100 nm in diame-
ter and acquires its lipid envelope by budding through the
plasma membrane of the infected cell. Two forms of
budding occur, as illustrated in Fig. 2.17. In the betaretro-
viruses and the spumaviruses, the capsid is assembled in
the cell cytoplasm and then buds through the plasma mem-
brane. In the alpharetroviruses, the gammaretroviruses, and
the lentiviruses, the capsid assembles during budding and is
not visible as a distinct structure within the cell.
Mason–Pfizer monkey virus, a betaretrovirus, changes from
budding of preassembled capsids to assembly of capsids
during budding as the result of a single amino acid change
in MA. Thus, the distinction between the two types of
budding does not represent a fundamental difference in
budding pathway but simply a matter of the stability of the
capsid in the absense of interactions with other components
of the virion during budding.

The capsid is formed by the assembly of Gag, Gag–Pro,
and/or Gag–Pro–Pol polyproteins into a structure having
spherical symmetry. RNA appears to be required for assem-

bly but not the Env protein, even in viruses whose capsids
assemble during budding. These polyproteins are incorpo-
rated into the capsid in approximately the same ratio as they
are produced inside the cell. During or after budding, the
viral protease cleaves the polyprotein precursors to the final
products. These cleavages are required for the virus to be
infectious and result in a change in the structure of the
capsid. The final, fully cleaved virion may have the capsid
centrally placed within it or it may be eccentrically placed,
and the shape of the capsid may be spherical or it may have
other shapes, depending on the virus. As described above, it
is important that the cleavages be delayed until the virion is
partially or completely assembled, or the assembly process
will not work properly.

During assembly, the genomic RNA is recruited into the
capsid and dimerized. There is a packaging signal in the
RNA, usually referred to as �, that is often found in the 5′
region downstream of the LTR. The � signal is not present
in the spliced RNAs of many retroviruses but even in those
in which it is present, the spliced RNAs are not packaged.
The packaging signal is not absolutely required for packag-
ing, but increases the efficiency of incorporation into the
virion by about 100–fold. Because Gag is the only protein
required for assembly of capsids, the recognition of � must
be a property of Gag. During maturation of the virion, the
RNA dimer also matures from a less stable form to a more
stable form. tRNA is recruited into the capsid by RT, but
association with RT is not absolutely required for packaging
of the primer tRNA.

The envelope glycoproteins, SU and its associated TM,
are incorporated into the virion during budding. The mech-
anism by which SU/TM is recruited is uncertain. Evidence
indicates that MA interacts with TM, but a model in which
SU/TM is incorporated nonspecifically, perhaps because it
is free to diffuse whereas cellular proteins are not, cannot
be excluded. It is clear that SU/TM is not required for virus
assembly. Glycoproteins from other viruses can substitute
for SU/TM. More strikingly, capsids can bud to form bald
particles free of glycoprotein and, thus, noninfectious. In a
key experiment, it has been found that HIV-1 buds from the
basolateral surface of polarized cells, where SU/TM are
found. However, when SU/TM is absent, Gag-directed
budding occurs from both basolateral and apical surfaces.
This result provides evidence that specific interactions
between the capsid and the glycoproteins occur during
virus budding and are important, but these interactions are
not essential for budding to occur.

Alpharetroviruses and Gammaretroviruses

Alpharetroviruses

The alpharetroviruses comprise a large collection of
avian leukosis and sarcoma viruses. Dozens of ALVs are
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known. They are grouped into seven interference groups,
A–F, in which members of a group use the same receptor.
Infected cells cannot be superinfected by another member
of the same interference group, because the receptors for it
have been eliminated. Expression of the viral envelope
protein is usually responsible for the downregulation of
receptors, which is important for the budding and release of
virus. It also prevents the cell from becoming infected by
hundreds or thousands of progeny viruses. This may be
important for the survival of the infected cell and may
allow it to produce progeny viruses indefinitely. 

Interference groups A, B, C, and D of the ALVs are
exogenous viruses that are transmitted as infectious agents
from chicken to chicken. Members of group E are endoge-
nous viruses, resident in the germ line of the chicken. The
endogenous viruses may be quiescent and not expressed, or
parts of the provirus genome or even the entire genome may
be expressed. In the latter case, progeny viruses are formed
that can infect other cells, leading to widespread expression
of the virus in the animal. The endogenous viruses of chick-
ens, as well as those of mammals, tend not to be expressed.
Expression often results in disease and a shortened life
span, and the animals are selected to not express integrated
proviruses. In chickens, the level of expression and the time
in the animal’s life when expression of an endogenous virus
occurs is different for different strains of chickens.

ALVs are commonly present as infectious agents in
chicken flocks around the world. The major illness caused
by these viruses is a wasting disease characterized by
anemia, immunosuppression, and poor growth. Perhaps of
more interest to the molecular biologist, these viruses may
also cause leukemia or sarcoma, as described below. 

Interference groups F and G are viruses of pheasants.
These viruses have not been as well studied as the viruses
of chickens.

Gammaretroviruses

The gammaretroviruses consist of a large number of
leukemia and sarcoma viruses of mice, cats, primates, and
other mammals. Also included in the genus is reticuloen-
dotheliosis virus of birds, which causes immunodeficiency.
The murine leukemia viruses have been particularly well
studied. Both exogenous viruses and endogenous viruses of
mice are known. The mouse genome contains 500–1000
endogenous proviruses that are divided into four classes,
but only two of these classes are known to encode infec-
tious viruses. One class encodes betaretroviruses, described
below, and the other class consists of 50 to 60 copies of
gammaretroviruses. The host range of mouse endogenous
gammaretroviruses depends on the env gene. These viruses
may be ecotropic (able to infect only mice), xenotropic
(unable to infect mice but able to infect other animals, such
as rats), or polytropic (able to infect both mice and other

animals). The endogenous viruses are usually transcription-
ally silent, but expression does occur in some mouse
strains. In an extreme example, AKR mice usually become
viremic at an early age and most of the animals eventually
die of leukemia. 

Feline leukemia virus (FeLV) is an important pathogen of
cats. It is an exogenous virus that causes T- cell lymphomas
and immunodeficiencies, as well as severe aplastic anemia, in
cats. Sarcoma strains of FeLV are also known. Effective vac-
cines against FeLV have been developed for use in pet cats.

Gammaretroviruses of other mammals, including pri-
mates, are also known, as are sarcoma viruses derived from
them. Interestingly, however, none of the known gamma-
retroviruses infect man, although the human genome does
contain many retroviral-like elements.

Induction of Leukemia by Alpha- and
Gammaretroviruses

Alpha- and gammaretroviruses are an important cause of
cancer in chickens, mice, cats, and subhuman primates. The
cancers are usually forms of leukemia or lymphoma, and
arise only after a long latent period. The tumor cells are
usually clonal, having developed from a single progenitor
tumor cell. Not all infected animals develop cancer. Infection
by these retroviruses does not directly produce tumors.
Instead, rare insertional or recombinational events must
occur that give rise to a tumor cell. Although these events are
rare, the very large number of cells infected during the per-
sistent infection established by the virus may render such
events probable, and after a sufficiently long latent period the
probability that a tumor will arise may be high.

It is only recently that the mechanisms by which
unmodified alpha- and gammaretroviruses induce tumors
have become at least partially understood. One mechanism
involves the insertion of the provirus near to or within a cel-
lular oncogene. This may bring the expression of the gene
under the control of the strong viral promoters, and the
resulting overexpression of the oncogene may result in a
tumor cell. In the case of bursal lymphomas induced by
infection of chickens by ALV, for example, it has been
found that more than 80% of tumors have ALV provirus
inserted near the c-myc gene and overexpress the c-myc
product. In other cases, insertion of the provirus within the
oncogene may result in the expression of an mRNA that
lacks control sequences (such as sequences that cause the
mRNA to be degraded rapidly) or that is translated into an
altered protein product that has lost regulatory elements.
Such a process is often seen in erythroblastosis induced by
ALV in chickens, for example. Integration of the provirus
between two exons of c-erbB separates the domain of the
protein that binds epidermal growth factor and tumor
growth factor � from the domain that leads to downstream
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signaling by means of protein tyrosine kinase activity.
Unregulated signaling by the modified protein product
results in deregulation of growth.

A different mechanism of tumor induction is often seen in
mice infected by MLV. Most AKR mice spontaneously
express an endogenous virus called Akv1 early in life, and
die of thymic lymphomas in their first year of life. For the
tumors to develop multiple recombination events between
Akv1 and other endogenous viruses are required to produce
an Env protein with altered host range. The altered SU may
stimulate T-cell proliferation by binding the interleukin 2 (IL-
2) receptor, and other altered interactions with T cells and
their precursors may also be important in tumor induction.
Alterations in Env are also found in tumors induced by FeLV.

It is obvious from this description that the properties of
the virus (host range, the nature of the LTR promoters) as
well as the properties of the host cell are important in deter-
mining whether a tumor will arise. Thus, different strains of
the same virus may have different effects on infection of
the same host, or one strain of virus may affect different
strains of its hosts differently.

Alpha- and Gammaretroviruses That 
Express Oncogenes

Alpha- and gammaretroviruses undergo recombination
with cellular oncogenes to produce viruses capable of
causing tumors in their hosts. Recombination is thought to
occur during reverse transcription of a hybrid genome in
which a host mRNA replaces one copy of the viral RNA.
Recombinant viruses that express a variety of oncogenes
have been repeatedly isolated from spontaneous tumors in
animals that are infected by leukosis/leukemia viruses.
Such retroviruses will usually transform cells in culture and
rapidly cause tumors when inoculated into a new host.
Many of these viruses cause sarcomas and the oncogene-
containing virus is then referred to as a sarcoma virus.
Examples of the genomes of four oncogene-containing
retroviruses are shown in Fig. 5.13. Two are derived from
avian leukosis viruses and two from murine leukemia
viruses. These examples have been chosen to illustrate a
range of possibilities for the incorporation and expression
of the oncogene in the transforming virus genome. 

Most transforming retroviruses are defective, because
the oncogene replaces part of the retrovirus genome.
However, some isolates of Rous sarcoma virus (RSV) are
nondefective. In this case, the v-src gene in present in the 3′
region of the genome and is translated from an independent
spliced mRNA. Such a nondefective RSV is illustrated in
the figure. Also illustrated is an example of avian
myeloblastosis virus, which expresses the v-myb gene. This
virus is defective because the v-myb gene replaces most of
the env gene of the virus. It is translated as a v-myb-�env

fusion protein from the spliced mRNA that would express
the Env protein in ALV.

The Abelson murine leukemia virus expresses v-abl.
This gene replaces the pro and pol genes and part of gag, in
the example shown, and the virus is defective. In this case,
Abl is produced as a fusion protein linked to the N-terminal
domain of Gag. Molony murine sarcoma virus expresses v-
mos. In the example shown, v-mos replaces env and is trans-
lated from a spliced mRNA normally used to express Env.

RSV, named for its discoverer Peyton Rous, was one of
the earliest such retroviruses discovered. RSV causes sarco-
mas in chickens and transforms cells in culture. The trans-
forming ability is due to the expression by the virus of the
oncogene referred to as src. Many isolates of RSV have
been made over the years, and all such viruses express src
by definition. However, the v-src expressed by the different
isolates differ because the recombination points are differ-
ent, and the v-src genes usually have mutations that distin-
guish them from the cellular gene. Most RSVs are defective
because the recombination event results in the replacement
of parts of the viral genome by the cellular oncogene,
although nondefective RSVs have also been isolated as
shown in Fig. 5.13. In the case of defective RSVs, or of
other defective oncogene-containing retroviruses, a replica-
tion competent ALV is required to supply the missing func-
tions if the RSV is to produce progeny virions. However, a
defective RSV virion, once formed, is capable of infecting a
cell, making cDNA, and integrating the proviral DNA into
the host genome without help. Subsequent expression of
the oncogene under the control of the viral LTRs leads to
transformation of the infected cell. 

Since the discovery of RSV, many different oncogene-
expressing retroviruses have been isolated, primarily from
chickens, mice, and cats. The identification and study of
oncogenes has resulted in the discovery of many proteins
that are crucial for the regulation of cellular pathways. A
sampling of oncogenes that have been found in retroviruses
is given in Table 5.5 to illustrate the range of oncogenes that
have been captured by retroviruses. Oncogenes encode
protein kinases, receptors that respond to growth factors,
transcription factors, and other proteins that function at crit-
ical points in the cell regulatory cycle. The regulation of
cell growth is complex. In broad outline, cells express
receptors that bind growth factors. On binding its ligand,
the receptor signals the cell to synthesize DNA and divide.
This signal is often transmitted by means of a phosphoryla-
tion cascade by which transcription factors are activated.
The activated transcription factors cause mRNAs to be pro-
duced that result in the synthesis of proteins that, in turn,
induce DNA synthesis and cell division. These activities are
regulated in part by interactions with regulatory proteins
called anti-oncogenes, some of which are described in
Chapter 6. Thus, oncogenes all have in common that over-
expression of the protein, or expression of an altered form
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Avian Leukosis virus Rous sarcoma virus (nondefective)

Retrovirus v-onc- containing Retroviral Genome

gag-pro pol env gag-pro pol env src

p60 src

gag-pro pol Δenvv-myb

myb-Δenv

Avian myeloblastosis virus (defective)

Murine leukemia virus
gag-pro-pol env

Abelson murine leukemia virus (defective)

ΔenvΔgag v-abl
Δgag-abl

gag v-mos
mos

Moloney murine sarcoma virus (defective)

Alpharetrovirus

Gammaretrovirus

FIGURE 5.13 Representative v-onc-containing retroviral genomes and the nondefective retroviruses from which
they were derived by capture of cellular oncogenes. In each case the inserted oncogene is shown as a patterned domain
in the DNA and its product as a green box. For Rous sarcoma virus, the src gene is expressed from a new spliced
message. For Abelson murine leukemia virus, the abl gene is present in a fusion protein with a deleted form of gag.
Myb and mos are expressed from spliced Env messages, from which most or all of the env gene has been replaced by
the oncogene. [Adapted from Coffin et al. (1997, pp. 5, 504) and from Fields et al. (1996, p. 1776).]

of the protein that no longer responds appropriately to regu-
latory signals, leads to unregulated growth. The regulatory
signal could be, for example, the ligand to which a growth
receptor normally responds, or domains that interact with
inhibitory elements or that normally require phosphoryla-
tion for activity, or any one of many other mechanisms that
regulate cell growth.

For some oncogenes, overexpression by the strong retro-
virus promoter is sufficient for cell transformation. The
large amount of oncoprotein overwhelms the cells’ regula-
tory abilities, or the protein is expressed in tissues that nor-
mally do not express it and therefore lack the regulatory
machinery to control it. For most oncogenes, however, over-
expression is not sufficient and the viral oncogene, referred
to as v-onc, differs from its cellular counterpart, referred to
as c-onc. The changes in v-onc render the oncoprotein non-
responsive to regulatory controls so that the cell is always
turned on. One mechanism for the loss of regulatory

control is the loss of domains that respond to such control
signals. A second mechanism is point mutations that arise
during the replication of the recombinant retrovirus.
Mutations occur at high frequency during the replication of
retroviruses but at a very low frequency during the replica-
tion of cells. 

The dozens of oncogenes found in retroviruses are too
numerous to describe here, but a few examples are cited to
illustrate specific points. More than one-third of erythrob-
lastosis in chickens induced by oncogene-containing ALVs
arises from viruses that have captured the erbB gene, and
the viral erbB gene has changes in the C-terminal part of
the protein (these viruses are called avian erythroblastosis
viruses). It was noted above that ALV-induced erythroblas-
tosis often results from the provirus integration into the
erbB gene. Thus, this gene is very important for the induc-
tion of erythroblastosis. As a second example, Ras proteins
are G proteins that are important in signal transduction.
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TABLE 5.5 Selected Retroviral Oncogenes

Oncogene/ Retrovirus Viral oncoproteina

functional class

Growth factors

sis Simian sarcoma virus p28env-sis

Hormone receptor (thyroid hormone receptor)

erbA Avian erythroblastosis virusb p75gag-erbA

Tyrosine kinase growth factor receptors

erbB Avian erythroblastosis virusb gp65erbB

sea S13 Avian erythroblastosis virus gp160env-sea

fms McDonough feline sarcoma virus gp180gag-fms

kit Harvey-Zuckerman-4 feline sarcoma virus gp80gag-kit

ros UR2 avian sarcoma virus p68gag-ros

mpl Mouse myeloproliferative leukemia virus p68gag-ros

eyk Avian retrovirus RPL30 gp37eyk

Nonreceptor tyrosine kinases/signal transduction factors

src Rous sarcoma virus pp60src

abl Abelson murine leukemia virus p460gag-abl

fpsc Fujinami avian sarcoma virus p130gag-fps

fesc Snyder–Theilen feline sarcoma virus p85gag-fes

fgr Gardner–Rasheed feline sarcoma virus p770gag-actin-fgr

yes Y73 avian sarcoma virus p90gag-yes

Serine-threonine kinases/signal transduction factors

mos Moloney murine sarcoma virus p37env-mos

rafd 3611 murine sarcoma virus p75gag-raf

mild MH2 avian myelocytoma virus p100gag-mil

G Proteins (GTPases)

H-ras Harvey murine sarcoma virus p21ras

K-ras Kirsten murine sarcoma virus p21ras

Transcription factors

jun Avian sarcoma virus 17 p65gag-jun

fos Finkel–Biskis–Jenkins murine sarcoma virus p55fos

myc OK10 avian leukemia virus p200gag-pol-myc

myb Avian myeloblastosis virus p45myb

ets Avian myeloblastosis virusb p135gag-myb-ets

rel Avian reticuloendotheliosis virus p64rel

maf Avian retrovirus AS42 p100gag-maf

Source: Adapted from Fields et al. (1996, p. 309).
aIn these names, p is for protein, gp is for glycoprotein, pp is for phosphoprotein, and the numbers are the approximate apparent
molecular weight in kDa.
bThis is a retrovirus with two oncogenes.
cfps and fes are the same oncogene derived from the avian and feline genomes, respectively.
draf and mil are the same oncogene derived from the murine and avian genomes, respectively.

Three different ras genes have been found in retroviruses
and all have changes in codon 12, illustrating the impor-
tance of this amino acid for the control pathways that regu-
late its activity. Mutations in this same codon have also been
found in tumors that were not produced by retroviruses.

Two examples of transcription factor oncogenes will be
cited. The c-myc gene product is tightly regulated and
present in low amounts in normal cells. It is active on
forming heterodimers with a second factor, present in larger
amounts. Overexpression of v-myc seems to overwhelm the
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regulatory pathways and result in high-level expression of
genes required for cell proliferation. Even in this case,
however, mutations in v-myc upregulate its transforming
ability. Another transcription factor, the product of erbA, is
a receptor for thyroid hormone �. On binding the hormone,
it becomes active as a transcription factor. v-erbA expresses
a modified protein that no longer needs to bind the
hormone in order to be active as a transcription factor, and
thus is always on.

Often the expression of a single oncogene, whether
modified or not, is not sufficient to achieve full tumorigenic
potential. Some transforming retroviruses have been found
to express two oncogenes, both of which are required for
tumor induction. Furthermore, many oncogene-expressing
retroviruses induce tumors only after a lag and in some
cases the tumors are clonal. This suggests that for these
viruses, the expression of v-onc is not in itself sufficient,
and additional changes in the infected cell must occur
before it becomes fully tumorigenic.

The production of an oncogene-expressing retrovirus
that is capable of inducing a tumor is a rare event, but the
presence of the virus is signaled by the tumor itself. Most
such viruses have been isolated from chickens, mice, or
cats because these animals are commonly infected by C-
type retroviruses, but also because the occurrence of tumors
is more likely to be detected in these animals than in many
other animals. Chickens are processed for human food in
very large numbers, and tumors, although rare, are often
noticed during processing. Mice are used in large numbers
in laboratory experiments and receive attentive care from
investigators. Pet cats are regularly seen by veterinarians
when they become ill. 

The study of oncogenes that occur in transforming retro-
viruses has produced a wealth of information about cell reg-
ulatory pathways by which cell growth and the interactions
of cells with one another and with various growth hormones
are controlled. Many of these pathways were first discov-
ered because of the presence of critical components in retro-
viruses. Furthermore, some of the oncogenes found in
transforming retroviruses were later found to be overex-
pressed or to be expressed in a mutant form in human
cancers, confirming the importance of these products in the
production of human tumors. However, although of great
importance for our understanding of the regulation of
eukaryotic cells, and of importance for the animal in which
the tumor produced by the oncogenic retrovirus arose, the
transforming retroviruses have little significance for the per-
sistence in nature of their retroviral parent. The production
of a tumor shortens the life span of the host, and virtually
all transforming retroviruses are defective and require a
helper virus for multiplication. Thus, the probability of
transmission of the virus to a new host is low. The appear-
ance of a recombinant retrovirus expressing an oncogene is
an accident that soon disappears from the population, along
with the unfortunate host.

Betaretroviruses

The best studied member of the betaretroviruses is
mouse mammary tumor virus (MMTV). The promoters in
the LTR respond to estrogen stimulation, consistent with
the growth of the virus in mammary epithelium. MMTV
occurs as an endogenous virus, present in 0–4 copies in
different strains of mice. It also occurs as an exogenous
virus that infects mice by vertical transfer, usually from
mother to daughter through the milk. After a latent period,
the virus induces mammary tumors with a significant
frequency. 

MMTV encodes a superantigen (the sag gene in Table
5.3). As described in Chapter 8, T cells express a receptor
that, when stimulated by binding to a peptide antigen recog-
nized by it, causes the cell to become active and divide.
Activated T-cells induce B cells to proliferate. Super-
antigens bind to T cell receptors and to molecules of the
major histocompatibility complex. Binding is not to the
domain of the receptor that interacts with peptide antigen,
but to a region shared by all T-cell receptors of a given
class. A peptide antigen, presented by major histocompati-
bility complex molecules, may lead to activation of 10–5 of
all T cells. However, the Sag protein binds to receptors on
as many as 10% of all T cells, leading to their activation.
This, in turn, leads to proliferation of B cells, which are the
first targets of the virus on infection. In this way, the pool of
susceptible cells is increased in size and the infection is
amplified. Infected B cells spread the infection to the
mammary glands, where mammary epithelium is infected.
The virus induces proliferative changes in mammary cells,
which eventually leads to tumors.

Mason–Pfizer monkey virus and the so-called simian
AIDS virus, or SAIDS virus, are also betaretroviruses. The
SAIDS virus causes immunodeficiencies in monkeys but is
distinct from simian immunodeficiency virus (SIV). SIV is
closely related to HIV, described below. 

PTLV Viruses

The two human T-cell leukemia (or lymphotropic)
viruses are now called primate T-cell lymphotropic viruses
(PTLV) (Table 5.1). PTLV-1 causes adult T-cell leukemia
(ATL) in humans as well as a neurological disorder that has
been termed HTLV-1–associated myelopathy (HAM) (from
the former name for the virus). The distributions of PTLV-1
and PTLV-2 are shown in Fig. 5.14. PTLV-1 is prevalent in
southern Japan, where transmission appears to be either
through sexual intercourse or via breast milk. More than 1
million people in this region are infected by the virus. The
virus is also found in other parts of Asia, in the Caribbean
region, and in central Africa, as well as in the United States
and western Europe, where it is increasing due to injecting
drug use. Blood transfusions have also been implicated in
the spread of the virus. 
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FIGURE 5.14 Global distribution of PTLV-1 and PTLV-2. Shading indicates the areas of endemism, while the dots
are locations of isolates. For PTLV-1 most of the dots refer to subgroup A isolates, but the B subgroup is found in Zaire,
the D subgroup is found in pygmies in Central Africa, and subgroup C is found in Australia and the islands of
Melanesia. [Redrawn from Coffin et al. (1997, Fig. 21, p. 544).]

ATL has a long latent period, 20–30 years, and only
about 1% of infections result in leukemia. Tax is thought to
have a role in induction of leukemia, but the long latent
period implies that other events, probably mutations in the
affected cells, must occur before ATL appears. Patients
with acute ATL live only about 6 months on average.

HAM is a serious neurological disease. It usually devel-
ops more rapidly than ATL, and about 1% of PTLV-infected
humans develop the disease. Demyelination in the spinal
cord occurs, as well as a vigorous inflammatory response
involving T cells and other lymphocytes. It is not known
whether the pathology is due to damage to virus-infected
cells by CD8+ T cells (see Chapter 8) or whether the release
of cytokines and chemokines by the inflammatory cells is
responsible for the damage.

The retroviruses are best known for their ability to cause
tumors, including leukemia, or immunodeficiency, but it is
important to note that many retroviruses are associated with
neurological diseases. Some of these diseases are charac-
terized by an inflammatory response, as is HAM, whereas
in others there is no inflammation associated with the
disease. As examples, many strains of MLV cause a spongi-
form encephalopathy in mice, in which inflammation is

lacking, and many lentiviruses commonly cause neurologi-
cal disease, as will be described below. 

PTLV-2 is closely related to PTLV-1. It has been impli-
cated as the causative agent of hairy-cell leukemia, but the
number of cases is small and it is not certain that the virus
is in fact responsible for the disease. 

The PTLVs infect not only humans but also a number of
nonhuman primates. In any area, the strains of viruses iso-
lated from infected humans are more closely related to
viruses isolated from monkeys in the region than they are to
human strains isolated from another area. Thus, the viruses
seem to be passed back and forth between monkeys and
people.

A virus of cows called bovine leukemia virus (BLV)
also belongs to this genus of complex retroviruses. This
virus causes B-cell lymphomas in a small fraction of
infected animals.

Lentiviruses

The lentiviruses are complex retroviruses whose core is
cone shaped in the mature virion. The most important are
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the human immunodeficiency viruses, HIV-1 and -2. Other
members of the genus include simian immunodeficiency
virus (SIV), feline immunodeficiency virus (FIV), bovine
immunodeficiency virus (BIV), visna virus (which causes
disease in sheep), equine infectious anemia virus (EIAV),
and caprine arthritis-encephalitis virus (CAEV) (Table 5.1).
As described above, the regulation of lentivirus replication
is complex because lentiviruses encode three to six acces-
sory genes, depending on the virus, to regulate the replica-
tion cycle and aid in the assembly of progeny viruses. 

All lentiviruses have a specific tropism for macrophages,
which comprise the major reservoir of infected cells in an
animal. Other cells can also be infected, and this can be
important in the disease process (e.g., CD4+ T cells in HIV
infection). Lentiviruses establish a lifelong, chronic infec-
tion which elicits a vigorous immune response that is still
unable to clear the infection. Most known lentiviruses cause
serious disease in their native host after a long latent period.
However, SIV produces an asymptomatic, lifelong infection
of its natural host, African monkeys. Intriguingly, SIV
causes AIDS when transmitted to Asian monkeys. 

Human Immunodeficiency Virus 

The two human lentiviruses, HIV-1 and HIV-2, cause the
well-known disease called AIDS (acquired immuno-
deficiency syndrome). Although both HIV-1 and HIV-2 cause
AIDS in people, HIV-2 is not as serious a pathogen. The
latent period before disease develops is longer, the virus is
not as easily transmissible, and it has not spread as exten-
sively as has HIV-1. It is HIV-1 that is responsible for the
vast majority of AIDS in people, and HIV-1 has correspond-
ingly been much more exhaustively studied.

The primary cellular targets of HIV in infected humans
are macrophages and CD4+ T cells. These cells express
CD4, the primary receptor for all primate lentiviruses, as
well as chemokine coreceptors that are also required for
entry of the virus (Chapter 1). The infection of
macrophages and of CD4+ T cells differs in several impor-
tant respects. HIV can replicate in fully differentiated, non-
dividing macrophages, but infection of macrophages does
not lead to extensive cytopathology. Efficient infection of
CD4+ T cells, in contrast, requires that the T cell be acti-
vated (Chapter 8) and results in the death of the cell. As
described in Chapter 1, strains of HIV are known that infect
macrophages (M-tropic virus) or T cells (T-tropic) more
efficiently, which is a function of the env gene of the virus.

A representative time course of the infection of a human
by HIV-1 is shown in Fig. 5.15. Primary infection may be
asymptomatic (most infected people do not see a doctor on
primary infection) or accompanied by nonspecific symp-
toms that appear 3–6 weeks after infection. Symptoms may
include rash, fever, diarrhea, arthralgia, myalgia, nausea,
sore throat, lethargy, headache, or stiff neck. The number of
CD4+ T cells declines during this phase. An immune

response is mounted that includes both CD8+ cytotoxic T
cells (CTLs) and antibody production (Chapter 8). This
reduces the amount of virus in the blood, the number of
CD4+ T cells recovers but does not reach preinfection
levels, and symptoms of disease ameliorate. However,
clearance of the virus is not complete, and a long period of
clinical latency ensues. During this period, even though the
infected individual is often asymptomatic, the virus contin-
ues to replicate actively, especially in lymph nodes, and the
immune system continues to fight the infection. It has been
estimated that during this clinically quiescent period 108 to
109 virus particles per day are released into the peripheral
blood supply (and cleared). During this time the turnover of
CD4+ lymphocytes is also 108 to 109 cells per day. 

In untreated individuals, the continuing replication of
virus results in a steady decline in the number of CD4+ T
cells (Fig. 5.15) and the continuing appearance of muta-
tions in the virus. In the Env protein, the rate of change in
the amino acid sequence averages about 2.5% per year,
with a large fraction of changes occurring in certain hyper-
variable regions. It seems clear that this accumulation of
mutations is driven, at least in part, by immune selection.

AIDS, the Disease

With time the immune system is overwhelmed, with the
result that the replication of HIV escalates, opportunistic
fungal, protozoal, bacterial, and viral infections occur, char-
acteristic cancers appear, and neurological symptoms
become apparent. The time to progression to AIDS following
infection by HIV is variable but averages about 10 years.
Symptoms occur much sooner in infants infected at birth,
perhaps because the immune system is not as well devel-
oped. In adults infected by the virus, the time to appearance
of the symptoms of AIDS is correlated with the level of viral
replication during the latent period, as illustrated in Fig.
5.16. In individuals in which viral replication is high, the
CD4+ T-cell count declines faster and the time to appearance
of AIDS is shorter. The rate of virus replication is probably a
function of the strength of the immune response against the
virus, especially the CD8+ CTL response. Individuals with a
better immune response control virus replication better and
longer. Once the symptoms of AIDS appear, the time to
death is usually 1–2 years unless antiviral treatment is
administered.

CD4+ T cells, most of which function as T helper cells,
are a critical part of the immune system. They are necessary
for an immune response to an antigen, whether the response
is to produce CD8+ CTLs or to produce circulating antibod-
ies (see Chapter 8). AIDS results when so few CD4+ T cells
are present that the body is unable to mount an effective
immune response. A partial list of symptoms that appear and
opportunistic infections that occur is shown in Table 5.6. The
first symptoms usually occur when the CD4+ T-cell concen-
tration falls below 500/μl and may include reactivation of
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viruses such as herpes zoster, reactivation of bacteria such as
Mycobacteria tuberculosis, oral lesions caused by fungi, or
lymph node pathology. These first symptoms are sometimes
referred to as AIDS-related complex or ARC. Full-blown

AIDS is normally signaled by a drop in the CD4+ T-cell con-
centration below 200/μl. At this point the infected individual
becomes susceptible to numerous opportunistic infections,
including those of microorganisms such as Pneumocystis
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TABLE 5.6 Pathology and Opportunistic Infections of Patients with HIV/AIDS

Stage of HIV/AIDS Type of Organism Infectious agent
syndrome/symptoms

CD4+ T-cell count 200–500 cells/�l

Generalized lymphadenopathy

Headache, fever, malaise

Generalized weight loss

Shingles Viral Reactivation of herpes zoster

Skin lesions Viral Molluscum contagiosum

Basal cell carcinomas of skin

Oral lesions
Thrush Fungal Candida albicans
Hairy leukoplakia Viral Epsein–Barr virus

Lung disease (tuberculosis) Bacterial Reactivation of Mycobacterium
tuberculosis

CD4+ T-cell count <200 cells/�l

(Syndromes in addition to those mentioned above)

Microbial infections

Pneumonia Taxonomy unclear Pneumocystis carinii

Disseminated toxoplasma Protozoan Toxoplasma gondii

Severe diarrhea Protozoan Isospora belli

Chronic diarrhea Protozoan Cryptosporidia

Tuberculosis Bacteria Mycobacterium tuberculosis

Bacterial infections Bacteria Salmonella, Streptococcus,
Hemophilus

CNS disease Fungal Cryptococcus neoformans

Viral infections and malignancies

PML Viral JC polyomavirus

Disseminated disease Viral Genital herpes, cytomegalovirus
of lungs, brain, etc.

B-cell lymphoma Viral Epstein–Barr virus, HHV-8

Kaposi’s sarcoma Viral HHV-8

Anogenital carcinoma Viral Human papilloma virus

Other syndromes

Wasting disease ?? ??

Aseptic meningitis

AIDS dementia complex Viral HIV encephalopathy

Source: Adapted from Coffin et al. (1997, Table 1, p. 597).
Abbreviations: CNS, central nervous system; PML, progressive multifocal leukoencephalopathy; HHV-8, human herpesvirus eight.

carinii, bacteria such as Mycobacterium, and fungi such as
yeast. Viruses that are normally controlled by the immune
system become a problem, such as cytomegalovirus and
herpes simplex virus. Several virus-induced cancers become
common, such as lymphoma caused by Epstein–Barr virus,
Kaposi’s sarcoma caused by human herpesvirus-8, or
anogenital carcinoma caused by human papilloma virus.
Many of these opportunistic diseases, such as P. carinii
pneumonia or Kaposi’s sarcoma, are rarely seen in non-HIV-
infected people. Others are regularly seen in the general pop-

ulation but HIV-infected individuals have a much higher
incidence of the disease, 100–fold higher in the case of lym-
phoma, for example. Other symptoms of AIDS include a
wasting syndrome and neurological abnormalities, described
below. The symptoms of AIDS become progressively worse
as the CD4+ count continues to drop until virtually no CD4+

cells are present. The decline in numbers of CD4+ cells is
accelerated by the increased replication of HIV during this
terminal phase, when the immune system can no longer
control viral infection (Fig. 5.15).
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The lymph nodes are organs that trap invading pathogens
and present them to immune cells. Large numbers of
macrophages and CD4+ T cells are present in lymph nodes,
and the nodes are sites of active HIV replication. During
the progression of disease following HIV infection, the
lymph nodes deteriorate. During the final stages of disease,
the architecture of the nodes is completely destroyed and
this loss of lymph node function contributes to the loss of
immune function.

A wasting syndrome is characteristic of late-stage HIV
infection. Bowel involvement results in diarrhea and malab-
sorption. The wasting syndrome is thought to be a
symptom of HIV infection itself, but opportunistic infec-
tions of the gut probably exacerbate the symptoms in many
individuals.

Most HIV-infected individuals suffer, sooner or later,
from neurological disease. Some disease is caused by
opportunistic pathogens, such as progressive multifocal
leukoencephalopathy caused by JC virus (Chapter 6).
However, two-thirds of infected individuals develop an
encephalopathy induced by HIV infection itself that pro-
duces symptoms including dementia, motor and behavioral
abnormalities, and seizures. These symptoms are referred
to as AIDS dementia complex. HIV is present in the brains
of infected individuals in macrophages and microglia, but
does not infect neurons. The cause of the neuronal loss
induced by HIV infection is unknown. 

Spread of AIDS

HIV is spread sexually, through contaminated blood, and
from mother to child. The virus is present in semen, both as
free virus and in infected cells, and in vaginal secretions of
infected people, and can be transmitted by either homosex-
ual or heterosexual intercourse. The probability of a woman
becoming infected during unprotected vaginal intercourse
with an infected male is estimated at less than 1/50. The
risk of a man becoming infected during heterosexual inter-
course is less. The risk is much higher if genital lesions
resulting from sexually transmitted diseases are present.
The risk of infection is also much higher during receptive
anal intercourse. The use of condoms reduces the risk of
transmission considerably.

The virus can also be spread by means of contaminated
blood, whether through blood transfusions, the use of conta-
minated products by hemophiliacs, by needle stick in health
care workers, the sharing of needles by injecting drug users,
or via tattoo needles. Blood transfusion was an important
source of infection before the development of tests for the
virus and remains a problem in developing countries where
blood tests may not be regularly available. Similarly, many
hemophiliacs became infected before the development of
blood tests. Use of blood tests and screening of donors for
risk factors have greatly reduced the risk of transmission of

HIV through blood products in developed countries.
However, transmission among drug users remains an
important source of infection.

Untreated, infected women transmit the virus to a
newborn child about one-fourth of the time. Transmission
can occur during delivery or during breast feeding. The use
of anti-HIV drugs has reduced transmission to infants in
countries where the drugs are available.

At the end of 1999, an estimated 43 million people were
living with HIV/AIDS, with about 1 million of those in
North America (Table 5.7). The cumulative death toll from
AIDS since the beginning of the epidemic reached 20 million
in the first half of 2000. More than 5 million new infections
occurred worldwide in 1999, and about 5.4 million people
died of AIDS that year. In the absence of treatment, virtually
all infected people go on to develop AIDS and die within 2
years of the appearance of the symptoms of AIDS. 

The focus of HIV infection is sub-Saharan Africa, where
25 million people, or more than 5% of the population, are
thought to be infected and where medical care is still primi-
tive. In the 15 years from 1984 to 1999, the number of HIV
infections increased dramatically (Fig. 5.17; see also Table
5.7). The extent of the problem is illustrated by the fact that
in some large cities in sub-Saharan Africa, an estimated
20–40% of adults may be infected. The spread of HIV has
resulted in a marked decrease in life expectancy, which has
reversed a long period of increasing life expectancy as
health care standards have improved (Fig. 5.18). 

In other areas of the world, HIV continues to spread
but has not reached the extreme levels found in parts of
Africa (Table 5.7). In Latin America and in southern and
southeast Asia, about 0.6% of the population is infected.
In North America, western Europe, and Australia, esti-
mates are that 0.3% of the population is infected (see Fig.
5.19 for a breakdown by state in the United States). Table
5.7 documents the spread of the virus between 1996 and
1999.

In North America, HIV has been spread primarily
through homosexual contacts and by sharing of needles by
drug users who inject drugs, but the frequency of hetero-
sexual transmission is increasing. In developing countries,
heterosexual contact is the primary mode of transmission.
The result is that in Africa, the male/female infection ratio
is approximately 1 to 1, whereas in the United States the
male/female ratio is almost 4 to 1 because of the impor-
tance of male homosexual contacts in the spread of the
virus in this country (Table 5.7). In the United States, the
number of newly diagnosed cases of AIDS, especially in
white homosexual men, has dropped because awareness of
the disease has led to the more frequent use of condoms
and a lowered incidence of multiple sex partners, and
because more effective drug therapies have been introduced
(Fig. 5.20). This trend may be changing for the worse,
however, as the development of more effective drugs to
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TABLE 5.7 Characteristics of the Global HIV/AIDS Epidemic

Geographical Number of people Deaths % Women % Adult Primary mode of
region with HIV/AIDS from HIV/AIDS prevalence transmissiona

1996 1999 % Change 1996 1999 % Change
rate, 1999

1996–1999 1996–1999

North 750,000 900,000 20 61,300 20,000 –67 20 0.58 1) MSM
America 2) IDU and hetero

South America 1.3 million 1.3 million 0 70,900 48,000 –32 25 0.49 1) MSM

2) IDU and hetero

Caribbean 270,000 360,000 33 14,500 30,000 107 35 2.11 Hetero

Sub-Saharan Africa 14 million 24.5 million 75 783,700 2.2 million 181 >50 8.57 Hetero

North Africa and 200,000 220,000 10 10,800 13,000 20 20 0.12 1) IDU
Middle East 2) Hetero

W. Europe 510,000 520,000 2 21,000 6800 –68 25 0.23 1) MSM

2) IDU and hetero

C. and E. Europe 50,000 420,000 740 1000 8500 750 20 0.14 1) IDU
and Central Asia 2) MSM

South and 5.2 million 5.6 million 8 143,7000 460,000 220 35 0.54 Hetero
Southeast Asia

East Asia and Pacific 100,000 530,000 430 1200 18000 1500 13 0.06 1) IDU and hetero

2) MSM

Australia and 13,000 15,000 15 1000 <200 –80 10 0.13 1) MSM
New Zealand 2) IDU and hetero

Note: These data are through the end of 1999, from the web site http://www.unaids.org/epidemic_update/report/ At the end of 1999, 43.3 million people
were living with HIV/AIDS; during 1999 there were 5.4 million deaths, 47% of the infected were women, and the overall prevalence rate in adults was
1.07%
aAbbreviations: IDU, injecting drug use; hetero, heterosexual transmission; MSM, sexual transmission among men who have sex with men.

treat the disease appears to have resulted in an increase in
unprotected sexual activity.

The capability of HIV to spread rapidly is illustrated by
its recent spread in Thailand. In Thailand, every male is
subjected to compulsory military service and is tested for
HIV infection at the age of 18 when called up for military
duty. Several years ago HIV was almost unknown in
Thailand, but within a very few years the disease became
prevalent, infecting some 3% of the male population.
Thailand is a country that is very tolerant of sexual activity
and many young males visit prostitutes. Most of the prosti-
tutes became infected with HIV and began to transfer the
infection to many of their male partners, resulting in the
observed explosion of infections in the population. In some
provinces in northern Thailand, as many as 20% of 18-year-
old males were infected with HIV as of a few years ago.
Recently, due in part to an aggressive education campaign
by the government and to the distribution of condoms, the
proportion of infected inductees has begun to drop.

Prevention and Treatment of AIDS

The most successful method for the prevention of most
viral diseases has been the development of vaccines.
However, the development of a vaccine against HIV has

been a very slow, frustrating, and to date unsuccessful
process. This is perhaps not surprising in light of the fact
that the virus establishes a persistent lifelong infection in
the face of a vigorous immune response on the part of the
host that succeeds in controlling the virus for many years.
Vaccine development continues to be a priority, but to the
current time only public education to slow the spread of the
disease and the development of antiviral drugs have had
any success in control of the virus.

Much effort has been made to reduce the epidemic
spread of HIV by educating the public and thereby alter-
ing patterns of behavior, especially sexual behavior. AIDS
is a significant health problem in the United States, partic-
ularly in urban areas, and has become one of the major
causes of death for persons in their most productive years
(Fig. 5.21). However, safe sex practices, such as the use of
condoms, have lowered the numbers of new infections,
especially for HIV infections among gay white men.
Education campaigns in Thailand and Uganda have suc-
ceeded in slowing the spread of the disease, and similar
campaigns in other areas of the world have met with at
least some success. However, although such campaigns
slow the spread of the virus, they do not stop it and will
never succeed in eliminating the virus from the
population.
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The development of drug therapies for viral diseases has
met with partial success. Early drugs for treatment of HIV
infection were disappointing at best. The drug 5′ azi-
dothymidine (AZT) and related nucleoside analogues were
first used in monotherapy, and were initially successful in
decreasing virus load and allowing partial recovery of
immune function. Incorporation of these analogues into
DNA results in premature chain termination, and because

the viral RT has a high affinity for these drugs whereas cel-
lular enzymes have a low affinity for them, their primary
effect is to disrupt replication of HIV. However, virus
mutants that are resistant to the drugs rapidly appear, and
control by this agent was found to be of limited duration.
Second- generation inhibitors have now been developed that
interfere with the activity of the viral protease, which is
required for assembly of infectious virus. Variants resistant
to these inhibitors appear much more slowly, probably
because mutliple changes in the protease are required for
resistance. However, resistant virus does eventually emerge
when the inhibitor is used in monotherapy.

Third-generation drug therapy uses combinations of two
different nucleoside analogues and a protease inhibitor.
This treatment has been quite successful in more than half
of HIV patients, in which the viral load declines to unde-
tectable levels with full recovery of immune function. The
introduction of combined therapy has led to a marked
reduction of the death rate from AIDS in the United States
(Figs. 5.20 and 5.21) and other developed countries. At first
it was hoped that long-term treatment with this regime
would result in the elimination of the virus and curing of
the infection. However, results to date suggest that this may
not be possible and that the therapy will have to be contin-
ued over the lifetime of the patient. To date, resistant vari-
ants have not arisen, presumably because of the very low



202 Viruses That Use Reverse Transcriptase

Monotherapy

Multidrug therapies
with protease inhibitors

AIDS cases
Deaths

1993 AIDS case definition

85 86 87 88 89 90 91 92 93 94 95 96 97 98

N
u

m
b

er
 o

f 
C

as
es

/D
ea

th
s 

in
 T

h
ou

sa
n

d
s

25

20

15

10

5

0

Year of Diagnosis/Death

99

Primarily nucleoside inhibitors

FIGURE 5.20 Estimated incidence of AIDS by quarter-year of diagnosis and number of deaths by quarter-year of
death, among persons >13 years old in the United States from 1985 to 1998. [From MMWR 48; Suppl. RR-13, p. 3
(1999).]

87 2043

46
1454

586
107

186
1525

<5
5 to 9.9
10 to 14.9
15 to 47.9

838

District of ColumbiaPuerto Rico

1247

Virgin Islands

39

3181
854 421 476 1678

5468

15

100

5445

880 93

242
155 319

360

225
25

13

15
16

67

171

959

794
759

277

5473631557

531

152
649

190

69 943

20 80

194148

1967

7703

Rate:
Cases/100,000

population

7

FIGURE 5.19 AIDS in the United States in 1998. In 1998, a total of 46,521 cases of AIDS were reported in the
United States. In this map, the rate (cases per 100,000 population) is indicated by the color, and the total number of
reported cases is given for each state. The rate for District of Columbia is so far off scale (189.1) that a special color is
used. [Data from Summary of Notifiable Diseases in the United States for 1998. MMWR 47; No. 53 (1999).]



Family Retroviridae 203

FIGURE 5.21 Annual number of deaths in the United States in adults 25–44 years old for each of the 10 leading
causes of death, normalized for population growth. The data shown are the aggregate for all races and both sexes. [Data
from CDC, National Center for Injury Prevention and Control.]

rate of replication of the virus under these conditions, but it
remains possible that such variants will ultimately arise.

Although this therapy has been successful in many
patients, it is clearly not a panacea. First, it is very expen-
sive and suitable for use only in developed countries that
can afford a very high level of health care. Second, it
requires taking dozens of pills a day at precisely timed
intervals, and compliance becomes a major issue when the
therapy must be continued indefinitely. It may be for this
reason that the therapy fails in a significant fraction of HIV
patients. However, although this treatment is quite complex
and of limited success, its very existence seemingly has led
to a rise in unprotected sexual activity and to an upsurge in
the rate of HIV infection among populations at risk. 

Attempts to develop a vaccine continue and there is hope
that a vaccine may ultimately be produced. It is clear that
an immune response that involves both neutralizing anti-
bodies and CD8+ T cells is important in the control of the
virus during the clinically latent state. The T-cell response
seems to be especially important. Stronger CTL responses
result in lower levels of virus production during the latent

state, which results in a slower rate of progression to AIDS.
Neutralizing antibodies are also important, but it has been
found that fresh isolates of virus from patients are difficult
to neutralize, presumably because of the many carbohydrate
chains attached to the HIV surface glycoprotein and
because of the unusual folding properties of this protein. In
addition, variants arise during prolonged infection that are
resistant to the mix of antibodies that exist in the patient at
the time that the variants arise.

In developing a vaccine, there is the significant question
as to whether sterilizing immunity, which is very difficult to
achieve is required, or whether protection from disease can
be obtained with nonsterilizing immunity. For virtually all
other viruses for which vaccines have been developed, the
vaccine is nonsterilizing—subsequent infection with the
virulent virus results in a subclinical infection that is
quickly damped out. But with a virus that produces a life-
long persistent infection in the face of an immune response,
the needs may be different. Very recent findings are encour-
aging that nonsterilizing immunity may suffice. Eight
people were treated with anti-HIV drugs very early after
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mac, rhesus macaque; mnd, mandrill, l’hoest, l’hoest monkey; agm, African green monkey; cpz, chimpanzee. The
boxes at the right give the names of the five major lineages of primate lentiviruses identified to date. [Redrawn from
Whetter et al. (1999, Fig. 1) and Coffin et al. (1997, p. 563).]

infection and then taken off the drugs. Five of these patients
may have cleared the virus—they have no detectable virus
8–11 months after stopping therapy. The other three are
back on drug therapy. These results are very preliminary
but suggest that it may be possible for the immune system
to clear the virus if it gets a significant jump early in
infection.

A second, related question is whether is it possible to
boost the immune response in people infected with HIV
and obtain better control or elimination of the virus.
Because of the very long latent period before disease devel-
ops, this is an extremely difficult question to approach.
However, a number of clinical trials are under way to test
such possibilities, a topic that is covered in Chapter 9.
Clinical trials have also been conducted that test the
responses of uninfected people to immunization with the
external glycoprotein of HIV. Immune responses have been
generated, but it is unknown whether they are protective. 

The possibility of a live virus vaccine is suggested by
the finding that a small fraction of infected people exists
who have not progressed to AIDS after 10–15 years of
infection and whose CD4+ T-cell count has remained fairly
stable. In at least some of these individuals, the infecting
HIV strain has deletions in nef. Intriguingly, experiments
with nef deletions in SIV in monkeys give comparable
results—the monkeys do not develop AIDS and they are

protected from infection by wild-type strains of SIV.
However, any attempt to develop a live virus vaccine for a
virus that establishes a persistent infection that is ultimately
fatal, and for which the symptoms of disease are delayed
for many years, faces formidable obstacles.

The Origins of HIV

A phylogenetic tree of the primate lentiviruses is shown
in Fig. 5.22. There are two lineages of HIV-1, both of which
are related to SIV isolated from chimpanzees. Of the two
lineages of HIV-1, the M lineage, represented by YBF30
and U455(A) in the figure, is found worldwide and is
responsible for the majority of human infections. The O
lineage, represented by ANT70C, is found only in western
Africa and in France. It is not known if these two lineages
represent two different introductions of HIV into humans
or whether they represent a single introduction that has sub-
sequently diverged. Very few isolations of SIV from chimps
have been made, and the prevalence of SIV in chimps is not
known. In fact, it has not been demonstrated that SIVcpz is a
natural infectious agent in wild chimp populations.

HIV-2 represents a distinct lineage that is closely related
to SIV of sooty mangabey monkeys (smm) and of macaques
(mac). SIV of African green monkeys (agm) and of man-
drills (mnd) form other lineages that are more closely related
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to HIV-2 than to HIV-1. It is clear that SIVsmm and SIVagm

are naturally occurring infectious agents that are widespread
in Africa and have coevolved with their monkey hosts.
Sequence comparisons have shown that different isolates of
SIVagm group with their hosts rather than by geography, and
they are therefore adapted to their hosts. They cause no
disease in their natural host, but SIVsmm does cause AIDS
when transferred to Asian macaques in captivity. HIV-2 is
found primarily in western central Africa, where its distribu-
tion is almost coincident with that of mangabey monkeys. It
seems clear that HIV-2 represents a separate introduction of
SIV from a different monkey host into humans.

Thus, SIV must be the source of HIV, with different
viruses serving as the source of HIV-1 and HIV-2. When
the viruses crossed the species barrier and became estab-
lished in man as HIV is not clear. HIV-1 has been isolated
from serum collected in 1959 in Zaire and antibodies to
HIV have been found in serum collected  in 1963 in
Burkino-Faso, so HIV-1 has been in the human population
at least that long. From sequencing studies of the glyco-
protein gene and examination of the rate of divergence,
one estimate is that the virus might have entered the
human population about 70 years ago, although estimates
of divergence rates are controversial. A likely scenario is
that the viruses have been introduced into human popula-
tions many times in the past but failed to become epi-
demic. Infections in humans either died out because of the
low transmissibility of the virus or smoldered in only a
small fraction of the population. The different lineages of
HIV-1 and, especially, of HIV-2 suggest, in fact, that they
may result from independent introductions into humans,
consistent with the hypothesis that multiple introductions
of both viruses have occurred. Recent changes in human
behavior, including more extensive travel by truck, bus,
and plane, changes in sexual practices, and the use of
injectable drugs, as well as the increase in the human pop-
ulation, could have allowed the virus to spread more exten-
sively than in the past and to become epidemic worldwide.
The spread of the virus could also have been aided by the
appearance of mutants that were more easily transmissible
from person to person. The large increase in population
during the last century has certainly resulted in more
opportunities for the introduction and spread of the virus
in humans, and therefore for the selection of such trans-
missible mutants.

Nonhuman Lentiviruses

SIV, FIV, and BIV cause AIDS or an AIDS-like disease
in animals. SIV causes AIDS in Asian monkeys but not in
African monkeys, which are its natural hosts. The disease
appears very similar to human AIDS, and SIV has been
useful in laboratory studies as a surrogate for human AIDS.
The primary receptor for SIV is CD4, as is the case for

HIV. FIV causes immunodeficiency in cats that appears to
result by mechanisms similar to those that produce human
AIDS, although the primary receptor for the virus is differ-
ent. The number of CD4+ T cells declines markedly in the
late stages of the disease and the disease is characterized
by opportunistic infections as well as by neurological
symptoms. BIV infection results in persistent killing of
lymphocytes and lesions in the central nervous system,
symptoms that resemble those produced by HIV. 

In contrast, equine infectious anemia virus (EIAV) in
horses, caprine arthritis-encephalitis virus (CAEV) in
goats, and visna in sheep produce quite different symptoms.
EIAV causes recurrent anemia in horses and is an important
veterinary problem. Primary infection by EIAV results in
an acute disease that is soon controlled by an immune
response. However, variants arise that are resistant to preex-
isting antibody and cause recurrences of fever and acute
anemia. This continues for 6 months to 1 year, after which
the infection becomes clinically inapparent. Infection is
lifelong, however, as in all lentiviruses. It is thought that
the virus binds to, but does not infect, red blood cells.
These cells are then destroyed by a complement pathway or
by engulfment by macrophages, resulting in the anemia.
The virus also appears to suppress the differentiation of
precursors to red blood cells. Although anemia is the char-
acteristic disease produced by EIAV, in a small number of
horses virus infection results in encephalomyelitis.

CAEV infection of goats produces an inflammatory
response that often results in arthritis. The arthritis arises
several years after infection and resembles rheumatoid
arthritis in humans. Other symptoms produced by infection
include encephalomyelitis in 20% of infected animals,
which arises within 6 months of infection. Visna virus
infection of sheep follows a similar course, but the charac-
teristic disease produced is pneumonia, which arises several
years after infection. Encephalomyelitis occurs in less than
5% of infected animals.

Spumaviruses

The spumaviruses comprise a genus of complex retro-
viruses. There are no known human spumaviruses. A virus
previously isolated from human cells in culture, and referred
to as human foamy virus or human spumaretrovirus, is now
thought to be a virus of chimpanzees or other monkeys. The
spumaviruses group with the retroviruses (Fig. 5.1), but differ
in many properties from other retroviruses. The Gag polypro-
tein is not cleaved to produce MA, CA, and NC proteins.
Spumaviruses appear to bud into the endoplasmic reticulum,
rather than from the plasma membrane as do other retro-
viruses. In addition, Pol appears to be translated from its own
mRNA, rather than from the genomic RNA as a fusion
protein with Gag. Recent studies have also indicated that the
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TABLE 5.8 Retroelements and Their Distribution in Nature

Class Distribution

Eukaryotic retroelements

Retroviruses Vertebrates

Pararetroviruses

Hepadnaviruses Mammals, birds

Caulimoviruses Plants

Retrotransposons

LTR retrotransposons Animals, plants, fungi, protozoa

Non-LTR retrotransposons Animals, plants, fungi, protozoa

Mitochondrial elements

Group II Introns (retrointrons) Mitochondria of fungi and  plants, plastids of algae

Mauriceville plasmid Mitochondria of neurospora

RTL gene Mitochondria of chlamydomonas

Prokayotic retroelements

msDNA-associated RTa Myxococcus xanthus, E. coli, other bacteria

Source: Adapted from Eickbush (1994), Table 1, p. 122).
amsDNA, multicopy single-stranded DNA.

RNA of human spumavirus is converted to DNA during
packaging of the virion. It is possible that virions may contain
either DNA or RNA, since both are found in virus prepara-
tions. The packaging of DNA in the virion rather than RNA,
the translation of Pol from its own mRNA, and budding into
the endoplasmic reticulum, resemble the events that occur in
the pararetroviruses such as the hepadnaviruses, described
below. In other respects, the spumaviruses resemble retro-
viruses rather than pararetroviruses. They use a tRNA primer
for reverse transcription, like the retroviruses, and their DNA
integrates into the host genome as a provirus. Thus, they are
retroviruses that are intermediate in their properties between
the classical retroviruses and the pararetroviruses.

Retroelements in the Genomes of 
Living Organisms 

Reverse transcriptase is an ancient enzyme. Its origins
probably go back to the RNA world at the time of the
invention of DNA, when such an enzyme would have been
useful for converting informational RNA molecules into
DNA, the form in which genetic information is now stored.
It appears to resemble the RNA polymerases of RNA
viruses more than DNA polymerases or DNA-dependent
RNA polymerases, and may have evolved from a primordial
RNA polymerase of the RNA world. The enzyme still exists
in modern eukaryotes and plays a role in the replication of
eukaryotic cells. Telomerase is a eukaryotic enzyme that
repairs the ends of the linear chromosomes, which are pro-
gressively shortened during replication. Cells lacking

telomerase cease to divide after the ends of the chromo-
somes become too short to support replication. Telomerase
is a ribonucleoprotein enzyme that synthesizes repeat
sequence elements that are attached to the end of the chro-
mosomes. These elements are specific for a given species.
This process involves reverse transcription of an RNA tem-
plate that is a component of the telomerase, and the ends of
the chromosomes serve as primers. The composition of
telomerase has not been completely elucidated, but it does
have a reverse transcriptase activity that is related to the RT
present in a variety of retroelements. 

There has been a long period of time in which elements
that utilize reverse transcription for insertion into eukary-
otic and prokaryotic chromosomes have been able to
evolve. The number of different kinds of retroelements is
consequently very large and encompasses endogenous
retroviruses, retrotransposons of various types, retrointrons,
retroplasmids, and retrons, among others. A partial listing
of these elements is given in Table 5.8, and the phyloge-
netic relationships among the RTs of those elements that
possess RT are shown in the tree in Fig. 5.23. 

As a class, retroelements are found in all organisms
from prokaryotes to mammals. Many of these elements are
capable of amplification and are mobile, able to move
within the genome. Some encode RT, whereas others utilize
RT of other elements for their propagation. These elements
can be thought of as selfish DNA. They replicate to fill up
the host genome to what is, in essence, its carrying capac-
ity. These elements must be benign and have only limited
effects on the replication potential of the organisms in
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FIGURE 5.23 Phylogenetic tree of the retroelements, based on the sequences of the reverse tran-
scriptases. The blue boxes enclose the retroviruses and pararetroviruses. (Gypsy and Ty3 are known to
be infectious viruses and are provisionally classified in a new family, Metaviridae.) The hosts are
shown; plant hosts are shown in green. The vertical distances are arbitrary; the length of the horizontal
branches is proportional to the number of changes. The tree has been rooted with the RNA-dependent
RNA polymerase sequences. Abbreviations of retrovirus names were given in Table 5.1; abbreviations
of vertebrate pararetrovirus (Hepadnavirus) names are found in Table 5.9. CoYMV, commelina yellow
mottle (Badnavirus); CAMV, cauliflower mosaic (Caulimovirus); d.m., Drosophila melanogaster (fruit
fly). [Redrawn from Coffin et al. (1997, Fig. 17, p. 411).]

which they reside. Otherwise their host would be selected
against during evolution. 

The number of retroelements in eukaryotic genomes is
often very large. In mammals, 5–10% of the genome
appears to consist of elements that were introduced by
reverse transcription. Of these, approximately one-tenth are
provirus-like, containing LTRs and primer binding sites
flanking regions with detectable relationships to gag and
pol. Some of these are active endogenous viruses that have
inserted into the genome recently, whereas others are inert.
The time at which any element entered the germline can
often be estimated from comparative studies of these ele-
ments in different animals, and these proviruses or other

retroelements constitute a kind of fossil record for these
elements. As one example, chickens have one to four
endogenous proviruses closely related to the ALVs, but
there are no endogenous viruses in turkey or quail. Thus,
insertion into the chicken genome occurred after chicken
and turkey separated. 

Below, four classes of eukaryotic elements, the endoge-
nous retroviruses, the LTR-containing retrotransposons, the
poly(A)-containing retrotransposons, and the group II
retrointrons, are described in more detail. The relationships
among these elements and their relationships to the infec-
tious retroviruses described above, and to the pararetro-
viruses described below, are illustrated by the phylogenetic
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[Adapted from Eickbush (1994).]

tree in Fig. 5.23. The genetic organizations of these ele-
ments are compared in Fig. 5.24. 

Endogenous Retroviruses

Endogenous retroviruses are proviruses that have
become established in the germ line of many different
organisms at various times in the past. They align with the
retroviruses in the tree in Fig. 5.23, and their genetic orga-

nization is identical to that of the simple retroviruses (see
Fig. 5.24). However, many are defective, having deletions
or mutations in them that prevent them from undergoing a
full round of replication. Others are not defective and can,
upon activation, give rise to progeny virus that can infect
other cells. In most cases, endogenous retroviruses are
silent—the genes that they encode are not expressed or are
expressed only under restricted conditions. In some
animals, however, one or more endogenous retroviruses are
normally expressed during the lifetime of an animal. 
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The best studied endogenous retroviruses are those of
chickens and of mice. Mice contain more than 1,000
endogenous viruses or elements that are thought to have
originated from endogenous viruses. Most of these are
defective and unable to undergo a complete cycle to give
rise to infectious virus. However, up to 100 copies of non-
defective endogenous retroviruses are present in some
strains of mice. As described above, these viruses can be
ecotropic, xenotropic, polytropic, or modified polytropic,
depending on the receptor recognized by their envelope
gene. In most strains of mice, these viruses are not
expressed, but in many cases can be induced to replicate by
treatment of the cell with mutagenic agents or agents that
lead to demethylation of DNA. In some strains of mice,
however, the endogenous viruses are transcriptionally active
and expressed at some stage during the lifetime of the
mouse. Early expression and vigorous replication in strains
of mice such as AKR leads to the development of leukemia
in most of these mice. 

An interesting question deals with how the xenotropic
viruses, which cannot infect mice, entered the mouse
germline. The simplest explanation would be that these
viruses entered the germ line of an ancestor of the modern
mouse that did express receptors for the virus. In this
model, during the evolution of mice these receptors were
silenced or mutated to a form that was no longer usable by
the xenotropic viruses. It is possible that modern mice were
selected to not express a functional receptor for these
viruses, in order to minimize the virus load from endoge-
nous viruses. 

LTR-Containing Retrotransposons

The LTR-containing retrotransposons are essentially
endogenous retroviruses that lack the envelope gene (Fig.
5.24B). They contain LTRs and encode Gag-related pro-
teins, protease, and RT with its associated activities. RNA
transcribed from the elements is translated to produce Gag
and Pol, and the RNA is assembled into intracellular
capsid-like particles that reverse transcribe it back into
DNA. Subsequent integration into the genome allows the
elements to spread within the genome. Therefore, they are
effectively intracellular viruses that replicate only within an
individual cell. 

The LTR-containing retrotransposons are obviously related
to retroviruses. The LTRs that they possess are closely related
to retroviral LTRs, including the conserved two terminal
nucleotides of the provirus. They have tRNA primer binding
sites and polypurine tracts, so that reverse transcription of the
RNA appears to follow the same pathways as in retroviruses.
These elements could be degenerate proviruses that have lost
the envelope gene. Alternatively, they could represent an
ancestral form of retroviruses in which an RT-containing
element became mobile by associating with gag-like genes

that allowed it to spread within the cell. Later acquisition of an
envelope gene would then give rise to a complete retrovirus.

Several lineages of LTR retrotransposons, or of elements
that resemble them, are known. Two lineages have been found
in fungi, plants, and invertebrates (Fig. 5.23), which represent,
therefore, two independent evolutionary lines. One lineage
contains Ty3 and Gypsy and is related to the pararetroviruses
of plants. The second lineage contains Ty1 and Copia. The
Ty3/Gypsy lineage is more closely related to retroviruses than
it is to the Copia lineage (Fig. 5.23). There are also elements
in mammals that resemble LTR retrotransposons, but these
may belong to a distinct lineage that arose more recently.

Poly(A) Retrotransposons

Non-LTR-containing retrotransposons, often called
poly(A)-containing retrotransposons because many have a
poly(A) tract or an A-rich tract at the 3′ end, are a very
large family of elements found in virtually all eukaryotes.
Many of these elements encode RT, and of these many
encode Gag-like proteins. The structures of two elements
from Drosophila melanogaster are illustrated in Fig. 5.24C.
Both encode RT. The I factor element encodes Gag-like
proteins, whereas R2 encodes proteins that bind nucleic
acid but are not obviously related to Gag. The elements that
encode RT use it to move by reverse transcription, but
because they lack LTRs, the mechanism of reverse tran-
scription is different.

The human genome contains many non-LTR-containing
retrotransposons. About 20% of the genome, in fact, con-
sists of repeated elements called LINEs (long interspersed
nuclear elements, often abbreviated L1). L1 belongs to the
same lineage as the Drosophila elements R2 and I factor
(Fig. 5.23). L1 elements encode Gag-like proteins and RT,
but lack LTRs as well as an envelope gene. It is thought that
reverse transcription is coincident with integration of L1
into a new location. In this model, the cell chromosomal
DNA is nicked by an endonuclease encoded in the retro-
transposon, and the nick site is used as a primer for reverse
transcription of the L1 RNA. 

In addition to the L1–like retrotransposons, a simpler
class of poly(A) transposons exists that does not encode RT.
This class includes elements in the human genome called
SINEs, for short interspersed nuclear elements. SINEs
include the human ALU sequences present in large
numbers in the genome. It is thought that these elements
probably borrow the transcription machinery of the
L1–type elements during retrotransposition. 

Group II Retrointrons

Group II introns are self-splicing introns that encode RT.
The structure of such an intron is shown in Fig. 5.24D.
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TABLE 5.9 Hepadnaviridaea

Genus/members Abbreviation Natural host(s) Transmission Disease

Orthohepadnavirus

Hepatitis B virus HBV Humans, chimpanzees, Horizontal, IDU, sexual, ACS, hepatitis, cirrhosis, HCC
` gibbons, woolly monkeys infected blood, vertical

Ground squirrel hepatitis B virus GSHV Ground  squirrels, Horizontal, sexual, blood ACS, hepatitis, HCC
woodchucks, chipmunks

Woodchuck hepatitis B virus WHBV Woodchucks Horizontal, sexual, blood ACS, hepatitis, HCC

Avihepadnavirus

Duck hepatitis B virus DHBV Ducks Predominantly vertical ACS, hepatitis
Geese

Heron hepatitis B virus HHBV Herons Predominantly vertical

Source: Adapted from Fields et al. (1996, Table 1, p. 2708).
Abbreviations: ACS, asymptomatic carrier state; HCC, hepatocellular carcinoma; IDU, injecting drug users.
aHepatitis B virus has a worldwide distribution in humans, as show in Fig. 5.28A.

These introns are able to move and may have been the
source of introns in nuclear genes. They are mostly found in
prokaryotes and in organelles. The RT is translated as a
fusion protein from unspliced RNA. Thus, the amount of
RT produced, which determines the ability of the element to
move, is regulated by the efficiency of splicing. The retroin-
trons group with the retroplasmids and retrons in the RT
tree to form a distinct lineage (Fig. 5.23).

Effects of Retroelements on the Host

In many ways, retroelements are not that different from
extracellular viruses that have learned to infect organisms
and pass from organism to organism. These elements multi-
ply to fill an ecological niche, but are limited to intracellular
spread. However, these retroelements, as noted above, must
be benign in order to avoid being selected against. The ability
of retroelements to cause disease appears to be quite limited,
and in many organisms they may cause no disease. In at least
a few cases, they may even serve a useful function.

The ability of endogenous viruses to cause leukemia in
AKR mice or mammary tumors in some mice seems to
contradict this observation. However, these diseases are
largely characteristic of inbred laboratory mice. Wild mice
control their endogenous viruses much more successfully.

There is no evidence that endogenous viruses ever cause
disease in humans. Humans appear to have no endogenous
proviruses that are ever expressed, although humans do
have defective proviruses that have been present in the
germ line for a long time. The absence of endogenous
viruses may be a function of the long life span of humans.
Long-lived animals have a longer time span to express
endogenous viruses, which would lead to selection against
animals that contain such viruses. 

FAMILY HEPADNAVIRIDAE

The hepadnaviruses (hepa from hepatotropic, dna from
their DNA genome) share with retroviruses the property of
encoding RT and replicating via an RNA-to-DNA step.
They package DNA in the virion, however. The process of
reverse transcription shares features with that described for
the retroviruses but also differs in many important details, as
described below. Because of the similarities in their mode of
replication to that used by retroviruses, the hepadnaviruses
and the plant viruses that replicate via RT are referred to as
pararetroviruses. The hepadnaviruses form a distinct taxon
in phylogenetic trees, however, and are not particularly
closely related to the plant pararetroviruses or to the retro-
viruses (Fig. 5.23). In fact, the plant pararetroviruses, even
though they package DNA in the virion, appear to be more
retrovirus-like in their replication than are the hepad-
naviruses, consistent with their position in the tree.

The hepadnaviruses include three viruses of mammals:
hepatitis B virus of primates (HBV), woodchuck hepatitis
virus (WHV), and ground squirrel hepatitis virus (GSHV);
and two viruses of birds: duck hepatitis B virus (DHBV)
and heron hepatitis B virus (HHBV) (Table 5.9). Other
viruses are also known but have not been well studied. The
mammalian viruses are closely related and share extensive
nucleotide sequence identity (e.g., HBV and WHV are 60%
identical in nucleotide sequence). The bird viruses form a
distinct lineage (Fig. 5.23). They are closely related to one
another but more distantly related to the mammalian
viruses. As their names imply, all of the known hepad-
naviruses are hepatotropic, infecting liver cells, and all can
cause hepatitis in their native host. All have a very narrow
host range that may be determined by the identity of the
receptors used for entry.
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The hepadnaviral genome is circular and approximately
3.2 kb in size, as illustrated in Fig. 5.25A. It consists of
DNA that is mostly, but not completely, double stranded.
One DNA strand, the minus strand, is unit length and has a
protein covalently attached to the 5′ end (the P protein). The
other strand, the plus strand, is variable in length, but less
than unit length, and has an RNA oligonucleotide at its 5′
end. Thus neither DNA strand is closed and circularity is
maintained by cohesive ends. 

Hepadnavirus virions are enveloped and about 42 nm in
diameter. The nucleocapsid or core of the virion contains a

major core protein called the HBV core antigen, abbrevi-
ated HBcAg. The external glycoproteins are called HBV
surface antigens or HBsAg. Budding is through internal
membranes.

In the description here, the focus is on HBV, but DHBV
has been important for working out the mechanisms of
replication. None of the established cell lines support the
complete infection cycle of any hepadnavirus, making study
of virus replication difficult. Much of what we know comes
from studies of infected liver in experimental animals or
studies in explanted primary hepatocytes. DHBV replicates
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well in primary duck hepatocytes, but the mammalian
viruses replicate poorly in explanted hepatocytes.
Interestingly, a number of hepatoma cell lines will support
viral replication if transfected with viral DNA. However,
attempts to infect them with virus do not result in replica-
tion, for reasons that are not clear.

Transcription of the Viral DNA

After infection of a cell, the viral genome is transported
to the nucleus and converted to a covalently closed, circular,
dsDNA molecule, called cccDNA. In this process, the P
protein attached to the minus strand is removed, as is the
RNA oligonucleotide at the 5′ end of the plus strand, gaps
are filled in, and the ends of the DNA strands are closed.
Host repair enzymes are assumed to carry out this process.
The resulting cccDNA does not integrate into the host
genome nor does it replicate as an episome; rather it is
maintained as a single copy of circular DNA. Note that a
primary site of replication of the virus, and the cells in
which most of the studies of replication have been con-
ducted, are terminally differentiated hepatocytes which
divide only rarely and in which there is no ongoing DNA
synthesis. Thus, the virus has evolved other means for
amplification of its genome.

The cccDNA is transcribed by cellular RNA polymerase II
to produce several mRNAs (Fig. 5.25B). Only one strand is
transcribed. Four different promoters in the DNA of the
mammalian viruses lead to the production of unspliced tran-
scripts of lengths 3.5 kb (i.e., slightly greater than unit
length), 2.4, 2.1, and 0.7 kb, all of which terminate at the
same poly(A) addition site. More than one start point is used
in the case of two of the promoters, and from these two pro-
moters, RNAs with different 5′ ends are transcribed that serve
different functions, as illustrated in Fig. 5.25B. The RNA
transcripts are capped and polyadenylated. The polyadenyla-
tion signal in the mammalian hepadnaviruses is TATAAA
rather than AATAAA, and the use of this suboptimal signal
appears to require viral sequences upstream of this site.

Transcription of viral RNA is most efficient in hepato-
cytes. At least some of the promoters require transcription
factors such as hepatocyte nuclear factor 1, present primar-
ily in hepatocytes, for optimal activity. Furthermore, at least
two enhancer sequences are known to be present in the
DNA that function most efficiently in hepatocytes. In addi-
tion to the various cellular factors, the X gene product
encoded in the mammalian viruses, also upregulates tran-
scription of viral DNA.

The four classes of mRNAs are exported to the cyto-
plasm for translation and assembly of virions. Export is
facilitated by a sequence element of about 500 nucleotides
called the post-transcriptional regulatory element (PRE).
This element is required because the major hepadnaviral
RNAs are not spliced. Thus, PRE is functionally analogous

to RRE of HIV or CTE of the simple retroviruses, but it is
not known if the mechanisms by which these elements
effect export are the same.

Synthesis of Viral Proteins

Synthesis of the viral proteins is complex. Four genes
in mammalian viruses and three in avian viruses are
usually recognized. The core gene gives rise to two prod-
ucts called precore (preC) and core (also referred to as
HBcAg or simply C). The polymerase gene gives rise to
RT (usually called the polymerase or P). The surface
protein gene gives rise to three proteins called preS1,
preS2, and S (also called HBsAg). The X gene and its
encoded X protein are present only in the mammalian
viruses. Four classes of mRNAs, produced by initiation at
the four promoters, are produced, which form an overlap-
ping set (Fig. 5.25B).

Both C and P are translated from the largest (3.5-kb)
mRNAs, which are slightly longer than unit length. Two
mRNAs are produced starting at this promoter. One mRNA
is slightly longer and is translated to produce the protein
called preC. The shorter form of the 3.5-kb mRNA, which
is also called pgRNA, lacks the AUG used to initiate trans-
lation of preC. A downstream AUG in this mRNA, which is
in the same reading frame as preC, is used to initiate trans-
lation of the protein called C, which is the major capsid
protein of the virion. PreC has a different fate. It is inserted
into the endoplasmic reticulum during synthesis and trans-
ported through secretory vesicles, undergoing cleavages to
remove an N-terminal signal sequence and some C-termi-
nal residues. It is secreted from the cell as a 17-kDa protein
called HBeAg. HBeAg may be important for the establish-
ment of a chronic infection in infants (see below). HBcAg,
HBsAg, and HBeAg are all used as clinical markers of
infection and virus replication. In general, HBeAg is asso-
ciated with more aggressive clinical hepatitis.

The gene for P is downstream of C (Fig. 5.25B). It is in
a different reading frame than C and partially overlaps C.
The mechanism by which translation of P is initiated is not
yet resolved. It is translated from the same mRNA as is C
(i.e., pgRNA), but initiation is internal, using the start
AUG of P, rather than being produced by some form of
frame shifting and cleavage. Internal initiation does not
appear to use an IRES but appears to be cap-dependent,
and some form of ribosome scanning has been invoked in
order to position the ribosome at this start site. This
process is inefficient, and about 200 copies of C are pro-
duced for each copy of P.

Three forms of S are produced, a long version called L
or preS1, a medium size version called M or preS2, and a
short version S (Fig. 5.25B). These differ only at the N
termini and are produced by using different in-frame AUG
initiation codons. PreS1 is translated from the 2.4-kb
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mRNA, whereas preS2 and S are translated from two forms
of the 2.1-kb mRNA in a manner similar to preC and C. 

X is translated from the 0.7-kb mRNA. As described, it
is absent in the avian hepadnaviruses. 

The viral genome is very compact (Fig. 5.25). Over half
of it is translated in two reading frames. The P gene requires
about three-quarters of the coding capacity of the genome
and this gene overlaps each of the other three genes. The S
gene is completely contained within the P gene.

Replication of the Viral Genome

The 3.5-kb pgRNA serves not only as a messenger but
also as an intermediate in viral genome replication. This
process is illustrated in Fig. 5.26. Protein P (which has RT
activity) uses this RNA as a template to make the (partially)
dsDNA copy found in the virion. As is the case for retro-
viruses, transfer of initiated complexes from one end of the
genome to the other occurs twice during reverse transcrip-
tion. Unlike retroviruses, however, the primer for first-
strand synthesis is not a tRNA but protein P itself, which
remains covalently attached to the 5′ end of the first strand. 

DNA synthesis takes place in capsids and the first step is
therefore the encapsidation of the pgRNA. Only pgRNA is
packaged. This RNA is the messenger for both C and P, and
both C and P are required for encapsidation. P binds to a
specific sequence called  present in the 5′ region of the
RNA (Fig. 5.26, step 1). The signal is found within a stem-
loop structure present within direct repeats of about 200 nt
at the two ends of the RNA, which is illustrated in Fig.
5.27. Interestingly, although  is present at both the 5′ and
3′ ends of the RNA, only the 5′ signal functions for encap-
sidation. Once P binds to , C is recruited and the capsid
assembles. In the absence of P, C assembles into capsids
that package RNAs randomly. Thus, the specificity in pack-
aging of viral RNA lies in the interaction of P with the
RNA, unlike most viruses, including the retroviruses, in
which it is the capsid protein that recognizes a packaging
signal in the viral genome.

In the nucleocapsid, first-strand synthesis is initiated by
using the –OH group of a specific tyrosine in P as the primer.
This tyrosine is present in an N-terminal domain that is dis-
tinct from the domain that constitutes the RT. Four
nucleotides are added, copied from  (Fig. 5.26, step 1; see
also Fig.5.27). P with its covalently attached chain is then
transferred to the DR1 acceptor site at the 3′ end of the RNA
(which has a sequence complementary to the four nucleotides
used to start DNA synthesis) (indicated by the red arrow in
step 1). DNA synthesis of first strand then continues until the
5′ end of the RNA is reached (Fig. 5.26, steps 2, 3 and 4).

The RNase H activity of P degrades the RNA strand
during synthesis of first-strand DNA, but the extreme 5′ end
of the RNA is not degraded. This 5′ piece, which is capped
and about 18 nucleotides long, is transferred to the DR2

acceptor site near the 5′ end of the first-strand cDNA (step
4), where it serves as a primer for second strand DNA syn-
thesis (step 5). After reaching the 5′ end of the first-strand
cDNA, continued synthesis of second- strand cDNA requires
translocation to the 3′ end of the first strand, as is the case for
retroviruses (step 6). In the case of hepadnaviruses, cycliza-
tion of the DNA occurs during this translocation, promoted
by terminal redundancies. Second-strand synthesis is usually
not complete so that the genomic double-strand DNA has a
single strand gap, of variable length, in it (step 7).

In the model for DNA synthesis shown in Fig. 5.26, the
terminal protein domain is cleaved from the polymerase
domain after initiation of DNA synthesis. However, reports
conflict about whether cleavage does or does not occur. If
no cleavage occurs, the entire P protein remains covalently
attached to the 5′ end of the DNA, rather than just TP (ter-
minal protein). If P remains attached to the 5′ end of the
minus strand, it will keep the end of the first-strand DNA
with it at all times. This could simplify the second jump and
the cyclization of the DNA, since DR2 would be close by.

Some copies of the resulting viral DNA genome are trans-
ported back into the nucleus to amplify the replication cycle.
This results in the accumulation in the nucleus of about 20
copies of viral DNA to serve as templates for mRNA synthe-
sis. This is thought to occur primarily early in infection,
before accumulation of large amounts of S protein. 

Assembly of the Virion

Cores, with their partially dsDNA, bud through intracellu-
lar membranes to produce mature virions called Dane parti-
cles. The 42-nm virions contain both L and S in their
envelopes, with at least one-fourth as much L as S, and both L
and S are required for virion assembly. In the virion, both L
and S have both their N and C termini outside. Thus, they
must span the membrane at least twice, and some models
propose that they span the membrane four times. L is myristy-
lated at the N terminus. Myristylation is required for the
infectivity of the virus, but not for assembly. Thus, myristyla-
tion may serve a function in entry. Virions also contain M in
amounts equivalent to L. However, M does not appear to be
required for assembly or for infectivity of virions.

In addition to the 42-nm Dane particles, 20-nm particles
are also produced in abundance (104- to 106-fold excess
over Dane particles). These particles contain S and M but
little or no L, and lack the core. These particles form when
S alone is expressed in cells, and thus S has the ability to
produce a bud in the absence of other viral components.
Why the virus produces vast quantities of such particles,
which can result in concentrations as high as 1013/ml in
serum, is not clear. However, these particles do express
HBsAg, whose concentration can reach more than 100
�g/ml in serum, and could be produced to tolerize the
immune system.
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FIGURE 5.26 Mechanism of HBV DNA synthesis. Pregenomic RNA (pgRNA) is capped, polyadenylated,
and greater than genome length (green line). It contains two copies each of DR1 and , the encapsidation
sequence shown in Fig. 5.27. (Step 1) Priming of reverse transcription occurs when P protein (consisting of
TP, RT, and RNase H domains) makes a tetranucleotide copy of the bulge in the  structure. This tetranu-
cleotide is covalently linked to P. The nascent DNA strand is then translocated to DR1 at the 3′ end of
pgRNA. (Step 2) TP (terminal protein) is cleaved from P (but see text for an alternative hypothesis) and
remains attached to the 5′ end of the minus strand, while the minus-strand DNA (light blue) is extended right
to left by RT. (Step 3) During minus-strand DNA synthesis, RNase H activity degrades pgRNA until P (RT)
reaches the 5′ end of the template RNA. (Step 4) A short RNA oligomer is left annealed to a short terminal
duplication. (Step 5) The RNA oligomer is translocated to DR2 where it primes plus-strand DNA synthesis
(medium blue) left to right. (Step 6) During plus-strand elongation, a second template transfer circularizes the
genome and plus strand is extended a variable length to give mature progeny viral DNA. [Modified from
Locarnini et al. (1996) and Fields et al. (1996, p. 2719).]

HBV and Hepatitis in Humans

HBV has a pronounced tropism for hepatocytes, as do
all hepadnaviruses, and causes hepatitis in humans.

Infection of neonates or very young children is usually
asymptomatic, but infection nevertheless has serious conse-
quences. Infection of adults results in serious disease char-
acterized by liver dysfunction accompanied by jaundice in
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FIGURE 5.27 Two-dimensional structure of the RNA element that forms the packaging signal in hepatitis B
RNA. Numbering is that for the sequence as presented in GenBank. The initiation codons for the precore and
core proteins are marked, the direct repeat sequence (DR1) is shaded, and the blue arrow shows the initiation
sequence for DNA replication (see Fig. 5.26). [Redrawn from Buckwold and Ou (1999, Fig. 2).]

about one-third of infections, although death from fulmi-
nant hepatitis is uncommon (the fatality rate is around 1%
of acute cases). The incubation period is long, 45–120 days,
and convalesence is usually extended (more than 2 months),
but more than 90% of adults infected by HBV recover com-
pletely. In the United States, about 40,000 cases of hepatitis
are reported annually, of which about one-third are due to
HBV. It is reasonable to assume that the total number of
new infections with HBV is perhaps 10-fold the number of
reported cases of HBV-induced hepatitis.

In a small number of adult cases, less than 10%, the infec-
tion is not cleared and becomes chronic. Infection of neonates
or young children results in high levels of chronicity,
however. Up to 90% of neonates infected with HBV become
chronically infected, and infection of 3-year-old children may
result in 30% chronicity. It is thought that the immature state
of the immune system in the very young is important in the
development of a chronic infection. Chronic infection may
remain asymptomatic and may even eventually clear in a
small fraction of cases, especially if infection occurred as an
adult. However, other patients develop chronic active hepati-
tis that may progress to cirrhosis and death.

HBV is spread primarily by contact with contaminated
blood, by sexual intercourse, and from mother to child
during delivery or breast feeding. Persistently infected indi-
viduals can have very high titers of virus in the blood, up to
1010/ml, and the virus resists drying for up to 1 week. Thus,
contact with infected blood need not be extensive to trans-
mit the virus. It has been suggested that household contact
leads to spread via sharing of razors, for example. Medical

personnel are at risk of contracting the virus from their
patients, not only by needle stick, which is responsible for
many cases in unvaccinated individuals, but through other
contact with contaminated blood as well. The virus also
spreads readily among institutionalized individuals. At one
time, blood transfusion was a source of spread of virus, but
with the development of sensitive assays for the presence of
the virus, the risk of infection following blood transfusion
in developed countries is now 1/200,000 per unit of blood.

Chronic infection acquired at birth is thought to be the
major mechanism by which the virus persists in nature. Up
to 90% of babies born to mothers who are acutely or chron-
ically infected with HBV and positive for HBeAg will be
infected by HBV, and most of these will become chroni-
cally infected. In the United States, there are an estimated
1.2 million carriers of HBV, and worldwide there are an
estimated 350 million. The fraction of the population
chronically infected with HBV varies from 0.1–0.5% in
developed countries to 5–15% in Southeast Asia and sub-
Saharan Africa. A map that illustrates the prevalence of
HBV in different regions of the world is shown in Fig. 5.28. 

HBV and Hepatocellular Carcinoma

Liver cancer causes more than 500,000 deaths a year
worldwide, and about 90% of primary malignant tumors of
the liver are hepatocellular carcinoma (HCC). HCC is more
common in men than women, by 4 to 1, and is in the top 10
in frequency of cancers in humans. HCC is more common in
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FIGURE 5.28 Geographic pattern of hepatitis B prevalence as of June 1998. Each country is designated as having
high, medium, or low levels of endemicity, based on estimates of carrier frequency. The level of endemicity is corre-
lated with the percentages of persons who show serological evidence of past infection. [From WHO Program on
Diseases and Vaccines web page at http://www.who.int/vaccines-surveillance/graphics/htmls/hepb.htm.

regions that exhibit high chronicity for HBV (compare Fig.
5.29 with Fig. 5.28). The association of HBV with HCC is
clearly shown by data such as the finding that in areas in
which chronic infection occurs in 5–10% of the population,
50–80% of HCC patients are chronically infected with
HBV. It seems reasonable to conclude that chronic HBV
infection contributes to a large fraction of HCC cases.

The mechanisms by which chronic infection by HBV
leads to HCC is not altogether clear, and may not be the
same in all cases. One possibility is that long-term infec-
tion, characterized by continuing destruction of liver cells
followed by regrowth, results eventually in the appearance
and selection of tumor cells. Up to 90% of patients with
HCC associated with HBV infection have cirrhosis, imply-
ing extensive liver damage. It also appears that HCC may
result from other causes of liver disease such as alcohol-
induced cirrhosis or chronic infection by HCV (see Chapter
3). Furthermore, HCC often appears only after 30–40 years
of chronic infection by HBV. Thus, there is an association
between HCC and continuing liver damage and regenera-
tion over very long periods. 

However, data for HBV, but not for HCV, suggest that
HCC may result from a more direct effect of HBV infec-
tion. Chronic infection of woodchucks by WHV results in
HCC, and in 40% of HCC cases in this system there is inte-

gration of the WHV DNA genome near N-myc.
Furthermore, the HBV X gene can induce HCC in trans-
genic mice. This protein binds to p53, a known anti-
oncogene (Chapter 6) that regulates signaling pathways the
complex and modifies the activities of transcription factors.
Thus, it is probable that the X gene product is responsible
for induction of HCC in some fraction of cases.

The Immune System and HBV

HBV infection of itself does not lead to the death of
infected hepatocytes. Whether in vivo or in cell culture, a
persistent, noncytolytic infection is established by the virus.
Liver damage during HBV infection results instead from the
activities of cytotoxic T lymphocytes (CTLs) (see Chapter
8), which attempt to clear the infection by killing infected
cells. It appears that the strength of the CTL response deter-
mines the course of infection. A vigorous response results in
clearance and recovery, although often after frank hepatitis
with jaundice. A weak response results in chronic infection
with little symptomology. An intermediate response results
in chronic infection characterized by chronic hepatitis.

Because of the potential seriousness of chronic infection
by HBV, including the potential to infect others, continuing
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FIGURE 5.29 Average annual incidence (cases per 100,000) of liver cancer in various regions of the world in 1990.
Of these cases, 67% are due to chronic hepatitis B and 26% are due to chronic hepatitis C infection. The names of the
regions and the incidence for men/women are: (1) Eastern Africa, 9.4/3.1; (2) Middle Africa, 16.8/9.4; (3) Northern
Africa, 2.6/1.5; (4) Southern Africa, 12.7/4.7; (5) Western Africa, 12.6/4.0; (6) Caribbean,6.7/4.0; (7) Central America,
3.1/2.5; (8) temperate South America, 2.7/1.8; (9) tropical South America, 2.1/1.5; (10) North America, 4.0/2.1; (11)
China, 19.9/10.3; (12) Japan, 38.2/12.1; (13) other East Asia, 23.3/8.3; (14) Southeast Asia, 11.3/4.1; (15) South
Central Asia, 1.8/1.0; (16) Western Asia, 3.0/2.1; (17) Eastern Europe, 5.7/4.7; (18) Northern Europe, 4.1/2.7; (19)
Southern Europe, 12.6/6.1; (20) Western Europe, 6.9/3.1; (21) Australia/New Zealand, 3.3/1.4; (22) Melanesia,
11.3/6.3. [Data from Parkin et al. (1999).]

efforts are being made to develop methods of controlling or
clearing the infection in chronically infected people.
HBeAg was used as a marker of severity of infection until
recently. This has now been replaced clinically by direct
measurement of viral titers, which is used to assess the
response to therapy.

The first treatment that showed at least partial success
was use of high doses of interferon � for extended periods
of time. This succeeds in clearing the viral infection in a
small minority of patients. Interferon is a cytokine that
boosts the immune response (see Chapter 8), and these
doses of interferon appear to enable the immune system to
eradicate the virus in those patients that respond. However,
the drug is expensive and poorly tolerated, with significant
side effects.

Trials are ongoing to test the effectiveness of nucleoside
analogues in controlling HBV infection. Most analogues
tested have not been effective with one or two exceptions.
Lamivudine treatment resulted in improvement in more
than 50% of patients in a large trial, and the apparent clear-
ing of infection in 16% of patients. Resistant viruses

appeared in more than 10% of cases, which limits the
effectiveness of continuing treatment. It is hoped that com-
bination therapy will increase the success rate.

Liver transplantation is offered to some patients with
HBV infection. However, circulating virus invariably rein-
fects the graft.

Vaccination against HBV

Several vaccines have been developed to prevent infec-
tion by HBV. The first vaccine, which was licensed in 1981,
was prepared from blood plasma from chronically infected
individuals. It consisted of highly purified preparations of
20-nm particles that were treated to inactivate any residual
virus infectivity (whether HBV or any other virus). This
vaccine was effective and safe, but obvious difficulties
accompany the production of large amounts of such a
vaccine. Recombinant vaccines in which the S gene is
expressed in yeast or in Chinese hamster ovary cells have
now replaced this early vaccine. These vaccines are cheaper
and can be produced in very large quantities. 
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FIGURE 5.30 Global status of hepatitis B immunization policy, as of March 2000. Countries that have policies in
place for routine immunization of infants are shaded in green. [From WHO Program on Diseases and Vaccines web
page: http://www.who.int/vaccines-surveillance/graphics/htmls/hepb.htm.

The current vaccination schedule calls for three injec-
tions of S protein over a period of 6 months. Further boost-
ing, assessed by anti-HBV titers in serum, may be
necessary to achieve adequate immunity. These vaccines
are quite effective if received prior to exposure or shortly
after infection (the incubation period of HBV is quite long,
as noted above). They are unable to eliminate the infection
in a chronically infected individual, however. Adults in
high-risk groups, such as medical personnel, laboratory
personnel who handle potentially infected blood samples,
sexually active individuals, drug users who inject drugs, or
individuals in ethnic groups that have a high incidence of
HBV such as Alaskan natives, are encouraged to become
vaccinated. Vaccination of all infants at birth is also rec-
ommended by the American Academy of Pediatricians, in
part to prevent the establishment of chronic infection in
babies born to infected mothers, but also in order to even-
tually eliminate the virus from the population. Immuni-
zation of infants starting within 12 hr of birth and going
through three or four shots has proven to be effective in
preventing chronic HBV infection even in infants that
would otherwise have become chronically infected (born
to mothers positive for HBsAg). Many countries have now
initiated programs to immunize infants, and the current
status of vaccination against HBV on a worldwide scale is
shown in Fig. 5.30. 
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INTRODUCTION

Twenty families of viruses that contain double-stranded
DNA (dsDNA) as their genome are currently recognized by
the International Committee on Taxonomy of Viruses
(ICTV). These families are listed in Table 6.1 together with
their hosts. The dsDNA viruses infect bacteria, mycoplasma,

algae, fungi, invertebrates, and vertebrates, but interestingly
there are no known dsDNA viruses of plants. Members of
five of these families, the Poxviridae, the Herpesviridae, the
Adenoviridae, the Polyomaviridae, and the Papillomaviridae,
infect humans and cause disease, and only these five fami-
lies are considered further. The genomes of these viruses
vary in size from about 5 to 375 kb. 
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DNA-Containing Viruses

TABLE 6.1 Double-Stranded DNA Viruses

Family Generaa Genome size Type species Host
(kbp)

Myoviridae “T4-like phages” ~170 Enterobacteria phage T4 Bacteria

Siphoviridae “�-Like phages” 48.5 Enterobacteria phage � Bacteria

Podoviridae “T7-like phages” 40 Enterobacteria phage T7 Bacteria

Tectiviridae Tectivirus 147–157 Enterobacteria phage PRD1 Bacteria

Corticoviridae Corticovirus 9 Alteromonas phage PM2 Bacteria

Plasmaviridae Plasmavirus 12 Acholeplasma phage L2 Mycoplasma

Lipothrixviridae Lipothrixvirus 15.9 Thermoproteus 1 Archaea

Rudiviridae Rudivirus ? Sulfolobus SIRV 1 Archaea

Fuselloviridae Fusellovirus 15.5 Sulfolobus SSV 1 Archaea

Poxviridae 130–375

Chordopoxvirinae See Table 6.3 Vertebrates

Entomopoxvirinae Entomopoxvirus A, B, C Invertebratesb

Asfarviridae Asfivirus 170 African swine fever Vertebrates

Iridoviridae Iridovirus 170–200 Invertebrate iridescent 6 Invertebrates

Chloriridovirus Invertebrate iridescent 3 Invertebrates

Ranavirus Frog 3 Vertebrates

Lymphocystivirus Lymphocystis disease 1 Vertebrates

(continues)



There are also five families of DNA viruses that contain
single-stranded DNA (ssDNA) as their genome, as listed in
Table 6.2. These viruses infect bacteria, mycoplasma, spiro-
plasma, plants, invertebrates, and vertebrates. Members of
only one family, the Parvoviridae, infect humans and cause
disease, and only this family is considered further. The par-
voviruses have a small genome (4–6 kb), whence they
receive their name (Latin parvus = small). Note that in the
classification used here, viruses with a DNA genome that
replicate through an RNA intermediate, such as the hepad-
naviruses and the caulimoviruses, are not referred to as con-
ventional DNA viruses and were considered in Chapter 5.

During infection, most vertebrate DNA viruses stimulate
host-cell DNA replication, or at least the early stages of
DNA replication, in order to prepare a suitable environment
for their own DNA replication. Such a favorable environ-
ment includes the presence of cellular factors required for
DNA replication as well as an increase in the amount of
substrates required for making DNA. Further, some viruses
cause cells to proliferate, at least early in the infection
cycle. For this reason, most DNA viruses are at least poten-
tially transforming. If an incomplete replication cycle
occurs and the early genes that stimulate DNA replication
continue to be expressed, a cell may become transformed.
Many DNA viruses are known to cause tumors in humans
or in other animals.

In contrast, the parvoviruses do not encode proteins that
stimulate cellular DNA replication. For this reason, they can
only replicate in cells that are actively dividing and their

target tissues in the host are organs that undergo continual
renewal. Members of one genus of the Parvoviridae, the
Dependoviruses, require a helper virus for replication, and
replication will occur only in cells coinfected with the helper.

The larger DNA viruses interfere with the defenses of
the vertebrate host against viruses. Some inhibit the inter-
feron system, some inhibit immune effector functions,
some interfere with the complement system, and most large
DNA viruses interfere with more than one host defense
pathway. In part because of this ability to interfere with
host defense systems, infection with some DNA viruses
results in a latent or a persistent infection that can endure
for the life of the infected individual. Some aspects of these
interference pathways are described in this chapter, where
needed to understand the replication cycle and epidemiol-
ogy of the virus, but a more detailed description of these
defense mechanisms is presented in Chapter 8.

Some DNA viruses, such as the poxviruses and the aden-
oviruses, cause epidemics of symptomatic disease in verte-
brates from which recovery is complete (if the infection is
not fatal) and immunity is established. Other vertebrate DNA
viruses, such as the herpesviruses and the polyomaviruses,
establish long-term infections that persist despite a vigorous
immune response. For such a strategy of long-term persis-
tence to be successful, infection in the majority of hosts must
be inapparent or cause only moderate symptoms that are not
unduly deleterious. Spread may be epidemic and accompa-
nied by symptoms during primary infection, but for some
herpesviruses, vertical transmission to infant progeny occurs
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TABLE 6.1 (continued)

Family Generaa Genome size Type species Host
(kbp)

Phycodnaviridae Three genera of algal viruses >300 Paramecium bursaria chlorella 1 Algae

Baculoviridae Nucleopolyhedrovirus 90–160 Autographa californica Invertebrates
nucleopolyhedrovirus

Granulovirus Cydia pomonella granulovirus Invertebrates

Herpesviridae ~125–235

Alphaherpesvirinae See Table 6.6 Vertebrates

Betaherpesvirinae See Table 6.6 Vertebrates

Gammaherpesvirinae See Table 6.6 Vertebrates

Adenoviridae See Table 6.9 20–25 Vertebrates

Polyomaviridae See Table 6.11 5 Vertebrates

Papillomaviridae See Table 6.13 8 Vertebrates

Polydnaviridae Ichnovirus N.A. Invertebrates

Bracovirus Invertebrates

Ascoviridae Ascovirus ? Spodoptera frugiperda ascovirus Invertebrates

aQuotes are used to denote taxa without internationally approved names; kbp, kilobase pairs.
bViruses in families in boldface type have vertebrate hosts, which include human hosts except for the genera Asfivirus, Ranavirus, and Lymphocystivirus.



without producing symptoms and persists for the life of the
animal. For such viruses, transmission needs to occur only
once per generation for the virus to persist. 

FAMILY POXVIRIDAE

The poxviruses are a very large family of dsDNA-con-
taining viruses that infect mammals, birds, and insects.
Eleven genera are recognized, eight of which infect verte-
brates and three of which infect invertebrates. Viruses that
infect vertebrates are classifed in the subfamily
Chordopoxvirinae, and Table 6.3 lists the genera in this
subfamily. Only two human poxviruses are known, variola
or smallpox virus, a member of the Orthopox genus, and
molluscum contagiosum virus, the only member of the
genus Molluscipoxvirus.

The host range of any particular poxvirus is usually
narrow. The two human poxviruses infect only humans in
nature and other poxviruses are similarly limited in their
natural host range. However, a number of mammalian
poxviruses whose primary host is not man can cause natural,
albeit usually limited, infections of humans, and still other

poxviruses, including the avian poxviruses, can infect
humans under experimental conditions. Such mammalian
and avian poxviruses have been used as agents for vaccina-
tion against virulent human viruses (smallpox, described in
detail below) or as vectors to express foreign antigens for
the purposes of immunization (Chapter 9), because they
normally cause only a limited or an abortive infection of
humans and can be engineered to express foreign antigens. 

The poxviruses are exceptional among DNA viruses
because they replicate in the cytoplasm. The structure of the
virion is also unusual and poxviruses may well have had an
origin separate from that of other DNA viruses.

Structure of the Virion

Poxvirions are large and brick shaped. Vaccinia virus,
which serves as a model for the family, is approximately
350 by 270 nm. Two forms of infectious vaccinia virions
are known, an intracellular form and an extracellular form,
which are illustrated in Fig. 2.20. The intracellular form has
a lipid-containing surface membrane and can be released by
disruption of the infected cell. The extracellular form has a
second, lipid-containing envelope around it, which contains
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TABLE 6.2 Single-Stranded DNA Viruses

Family Genera Genome size Type species Hosta

(kb)

Inoviridae Inovirus 4.4–8.5 Enterobacteria phage M13 Bacteria

Plectrovirus Acholeplasma phage MV-L51 Mycoplasma

Microviridae Microvirus ~4.4–6.0 Enterobacteria phase 	X174 Bacteria

Spiromicrovirus Spiroplasma phage 4 Spiroplasma

Bdellomicrovirus Bdellovibrio phage MAC1 Bacteria

Chlamydiamicrovirus Chlamydia phage 1 Bacteria

Geminiviridae Mastrevirus 2.5–3.0 Maize streak Plants

Curtovirus Beet curly top Plants

Begovirus Bean golden mosaic-Puerto Rico Plants

Circoviridae Circovirus 1.7–2.3 Chicken anemia Vertebrates

Circinoviridaeb Circinovirus 3.8 TT Vertebrates

Parvoviridae 4.0–6.0

Parvovirinae See Table 6.15 Vertebrates

Densovirinae Densovirus Junonia coenia densovirus Invertebrates

Iteravirus Bombyx mori densovirus Silkworms

Brevidensovirus Aedes aegypti densovirus Mosquitoes

aViruses in families in boldface type have vertebrate hosts; only members of the Parvovirinae and Circinoviridae infect humans; kb, kilobases.
bThe taxonomic status of the Circinoviridae is provisional.
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TABLE 6.3 Poxviridae (Chordopoxvirinae)

Genus/members Virus name Usual Transmission Disease World
abbreviation hosts(s)a distribution

Orthopoxvirus

Variola virus VARV Humans/none Contact Smallpox (now extinct) Formerly worldwide

Monkeypox MPXV Squirrels/humans, Contact Smallpox-like West and Central 
monkeys Africa

Vaccinia VACV Unknown/humans, Contact Localized lesions Worldwide
bovines

Cowpox CPXV Rodents/humans, cats, Contact Localized lesions Europe, W. Asia
bovines, zoo animals

Camelpox CMLV Camels/none Contact, aerosols Localized lesions Africa, Asia

Ectromelia ECTV Unknown/laboratory Contact, aerosols Lesions plus Europe
mouse colonies, disseminated disease
foxes, mink

Volepox virus VPXV Voles/none Contact ? Western US

Parapoxvirus

Orf virus ORFV Sheep/humans, Contact Localized lesions Worldwide
ruminants

Bovine papular BPSV Cattle/humans Contact Localized lesions Worldwide
stomatitis

Pseudocowpox PCPV Cattle/humans Contact Localized lesions Worldwide

Parapox of red deer PVNZ Red deer/none Contact ? New Zealand

Yatapoxvirus

Yaba monkey YMTV ?Rodents/primates, MTBAb Localized lesions East and Central 
tumor virus humans Africa

Molluscipoxvirus

Molluscum MOCV Humans/none Contact, including Many nodular Worldwide
contagiosum sexual transmission lesions

Capripoxvirus

Sheeppox SPPV Sheep/none Contact, fomites,

Goatpox GTPV Goats/none MTBA Asia, Africa

Suipoxvirus

Swinepox SWPV Swine/none MTBA, primarily  Generalized skin Worldwide
lice disease

Leporipoxvirus

Myxoma MYXV Sylvilagus rabbits MTBA, primarily Benign tumors in South America, 
mosquitoes natural hosts, severe Western United States, 

disease in European introduced into 
rabbits Australia

Rabbit fibroma SFV Sylvilagus rabbits Eastern United States

Hare fibroma FIBV European hare Benign tumors Europe
MTBA

in natural hosts

Squirrel fibroma SQFV Sciurus squirrels Eastern and Western 
United States

Avipoxvirus

Many species including Birds Contact, MTBA Lesions of skin Worldwide
fowlpox and digestive tract

aHosts are listed as “reservoir host/other naturally infected hosts”; viruses for which humans are the sole host are shown in bold face.
bMTBA, mechanical transmission by arthropods.
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glycoproteins that are not present in the intracellular form.
Within the virion is a core, which in mammalian viruses
appears dumbbell–shaped, and one or two flanking lateral
bodies. The core contains the viral DNA complexed with
protein. The lateral bodies are proteinaceous. Altogether,
the virion contains 30 or more structural proteins.

The cellular receptors used by poxviruses to enter cells
have not been characterized. Evidence conflicts as to
whether the virus enters by fusion at the cell plasma mem-
brane or via the endosomal pathway, and it is possible that
both pathways are used.

Replication of Poxviruses

An overview of the poxvirus replication cycle is shown
in Fig. 6.1. Following infection, an RNA polymerase within
the core is activated by the release of the core into the cyto-
plasm. This polymerase, together with accessory enzymes
such as the capping enzyme and poly(A) polymerase, syn-
thesizes mRNAs that are capped and polyadenylated. These
are extruded from the core and translated by the host-cell
machinery. Translation of early mRNAs leads to further
uncoating of the virus and the development of a regulatory

FIGURE 6.1 The replication cycle of vaccinia virus. Sequential steps are numbered in order. Note that
despite the fact that vaccinia is a DNA virus, the entire replication cycle takes place in the cytoplasm.
[Adapted from Fields et al. (1996, p. 2638).]
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FIGURE 6.2 Schematic representation of the DNA of vaccinia virus. Upper part: linear double-
stranded DNA with terminal hairpins and inverted repeats (not to scale). Center line is the HindIII
restriction map (* indicates the TK gene). Color coding of the HindIII fragments is the same as that
used in Tables 6.4 and 6.5. Lower line diagrams the internal structure of the terminal repeats. [From
Fenner et al. (1988).]

pathway by which midcycle genes and finally late genes are
expressed. Early and mid-cycle functions include interfer-
ence with host defense mechanisms and the replication of
the viral genome, whereas late genes are primarily involved
with formation of progeny virions. 

Poxviruses have large genomes, from 130 to 380 kb, and
encode hundreds of proteins. A schematic of the vaccinia
virus genome is shown in Fig. 6.2. It is double stranded and
linear but the ends of the genome are covalently closed so
that the genome consists, in essence, of a very large single-
stranded circular molecule that is self-complementary. The
ends of the genome possess inverted terminal repeats that
are involved in the initiation of DNA replication. 

Because virus replication, including DNA replication,
occurs in the cytoplasm, poxviruses must encode all
enzymes required for DNA replication and production of
mRNAs. Thus the encoded proteins include DNA and RNA
polymerases, a poly(A) polymerase to polyadenylate
mRNAs, a capping enzyme, several enzymes with functions
in nucleotide metabolism, protein kinases, DNA topoiso-
merases, as well as the proteins that form components of
the virion and proteins that interfere with antiviral host
defense mechanisms. Table 6.4 lists many enzymatic pro-
teins encoded by vaccinia virus and Table 6.5 lists struc-
tural proteins and proteins without enzymatic activity.
Poxvirus-encoded molecules that interfere with host
defenses are discussed in Chapter 8.

A model for vaccinia DNA replication is shown in 
Fig. 6.3. The mechanisms by which DNA replication is ini-
tiated have not been completely worked out, but it is
thought that a viral enzyme specifically nicks the DNA in
or near the terminal repetitions, and the 3′ end of the nicked
DNA forms a primer for DNA synthesis. Continued elonga-

tion of the DNA chain leads to production of concatenated
progeny DNA. These concatamers must subsequently be
resolved into genome-length segments whose ends are then
covalently closed.

Replication of DNA and assembly of progeny virions
occurs in what have been called factories in the cytoplasm.
These are electron-dense areas that contain viral DNA and
membranes. Progeny DNA is assembled into cores and
assembly of virions occurs by condensation of membranes
around the viral core. It is not clear whether the membranes
that are used to assemble virions are derived from previ-
ously existing cell membranes or are newly synthesized.
Intracellular forms of the virus, which are infectious, are
surrounded by a lipid-containing membrane, but extracellu-
lar virions have an additional lipid-containing envelope. It
is not known how the envelope is acquired. Poxvirions are
illustrated schematically in Fig. 2.20.

Interactions with the Host

The poxvirus genome encodes many proteins that are not
required for replication of the virus in cell culture. These
include proteins that subvert the antiviral defenses of the host
and that may extend the host range of the virus. Vaccinia
virus, variola virus, and other poxviruses encode proteins
that interfere with the complement system and the interferon
system, that prevent an inflammatory response to the virus or
the induction of apoptosis (programmed cell death), and that
interfere with the activity of TNF (tumor necrosis factor),
among others. The discovery of these proteins that interfere
with host antiviral defenses is recent, and more study is nec-
essary to understand the full extent of viral inhibition of host
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TABLE 6.4 Vaccinia-Encoded Enzymes

Functional group ORFa kDa Properties
name of enzyme

DNA replication

DNA polymerase E9L 110

Protein kinase B1R 34 Phosphorylates H5R

Unknown D5R 90 Replication fork, ATP/GTP binding motif A

Uracil DNA glycosylase D4R 25

Nicking-joining enzyme ?? 50 Concatemer resolution

DNA toposiomerase H6R 32

ssDNA binding protein I3L 30

DNA ligase A50R 63 Nonessential

DNA helicase A18R 57 DNA-dependent ATPase

Early DNA-related metabolism

Thymidine kinase J2R 20

Thymidylate kinase A48R 23

Ribonucleotide reductase Provide dNTPs

M1 I4L 87 Large subunit

M2 F41 37 Small subunit

dUTPase F2L 15 dUTP->dUMP, downregulate dUTP

DNA repair? D9R 25

D10R 29 Hydrolyze 8-oxo-GTP

DNA dependent NTPase D11L 72 NPHb I

RNA transcription

RNA polymerase Multisubunit enzyme

RPO147 J6R 147

RPO132 24R 133

RPO35 A29L 35

RPO30 E4L 30 Transcription factor

RPO22 J4R 22

RPO19 A5R 19

RPO18 D7R 18

RNA polymerase-associated protein H4L 94 RAP94, early promoter-specificity factor

Early transcription factor DNA-dependent ATPase

A7L 82 ETR subunit I

D6R 74 ETR subunit II

Poly(A) polymerase E1L 55 Catalytic subunit

J3R 39 Stimulatory subunit, methyl transferase

Capping enzyme RNA triphosphatase, guanyl transferase

D1R 97 Large subunit, catalytic activities

D12L 33 Small subunit, stimulates transferase

RNA/DNA-dependent NTPase I8R 77 NPH IIb

Protein kinase 2 F10L 52 Phosphorylates, serines, and threonines

Glutaredoxin O2L 12 Thioltransferase, dehydroascorbate reductase

Source: Adapted from Fields et al. (1996, Table 3, p. 2645) and data from Goebel et al. (1990).
aORFs are named and color coded according to the restriction map shown in Fig. 6.2.
bNPH, nucleoside triphosphate phosphohydrolase.
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TABLE 6.5 Vaccinia-Encoded Nonenzymatic Components

Location in virion ORFa kDa Properties

Membrane of I5L 8.7 Hydrophobic
intracellular L1R 27.3 Myristylated, hydrophobic
mature virus H3L 37.5 Hydrophobic

H5R 22.3 Phosphorylated by B1R to give 34–36 kDa
D8L 35.3 Cell-surface binding, virulence
D13L 61.9 Rifampicin resistance
A13L 7.7 Oligomeric
A14L 10.0 Oligomeric
A17L 23.0 Dimer, neutralizing epitope
A27L 12.6 Fusion protein, neutralizing epitope, required for EEV, nonessential

Core of intracellular F17R 11.3 Phosphoprotein, DNA binding
mature virus 17L 49.0 Homology to topoisomerase II

G7L 41.9 Processed
L4R 28.5 Structural protein VP8
D2L 16.9
D3R 28.0
A3L 72.6 Major core protein P4b
A4L 30.8
A10L 102.3 Major core protein P4a
A12L 20.5 Processed

Specific to enveloped F13L 41.8 Envelope antigen
extracellular virus (EEV) A34R 19.5 N-glycosylated, homologous to lectin, EEV release

A36R 25.1
56R 34.8 N- and O-glycosylated, hemagglutinin, nonessential
B5R 35.1 Complement control protein, required for EEV, homologue to C3L

Source: Adapted from Fields et al. (1996, Table 2, p. 2643) with additional information from Goebel et al. (1990).
aORFs are named and color coded according to the restriction map show in Fig. 6.2.

defenses. It is clear that these various viral functions are
required for successful viral infection of their hosts in nature,
and the existence of these viral activities has been very useful
for our understanding of host defenses against viral infection.
We will return to this topic in Chapter 8. 

Genus Orthopoxvirus

The best known poxviruses are the orthopoxviruses.
Vaccinia virus has been widely studied in the laboratory as
a model for the replication of poxviruses and has been used
to immunize hundreds of millions of people against small-
pox virus, also known as variola (from the Latin word for
“spotted”). The extensive knowledge of vaccinia virus
gained from laboratory and clinical studies has also led to
its use as a vector to express foreign antigens in cultured
cells or in animals (Chapter 9). Other members of the genus
infect a variety of domestic and wild animals (Table 6.3). A
similarity tree that illustrates the relationships among the
orthopoxviruses is shown in Fig. 6.4. Notice that the human
smallpox viruses, variola major and its close relative variola
minor, are related to cowpox virus, but the lineage formed
by these viruses is distinct from the lineage that contains
vaccinia virus and monkeypox virus. Nonetheless, all of
these viruses are cross-protective.

Smallpox Disease

Smallpox once caused vast epidemics in human popula-
tions. It was already endemic in India 2000 years ago and
had spread to China, Japan, Europe, and northern Africa by
700 A.D. It was introduced into the New World by the
Europeans during their explorations. Infection resulted in a
fatality rate of 20–30% in most populations and at one time
the virus infected virtually the entire population of Europe.
Thus, the virus was responsible for a significant fraction of
all human deaths on the Continent. When introduced into
virgin populations in the New World, the mortality rate was
much higher, probably due in part to a lack of previous
selection for resistance to smallpox and in part due to the
breakdown of the social system caused by the simultaneous
infection of most of the population. The importance of
smallpox, measles, and other Old World plagues in the con-
quest and settlement of the Americas by the Europeans was
discussed in Chapter 4. A detailed description of the effect
of smallpox virus on human civilization through the ages
can be found in the book Princes and Peasants: Smallpox in
History by Hopkins. The history of nations has often been
changed by the early death of rulers from smallpox or from
the appearance of smallpox in armies. As one example of
interest to Americans, an invasion of Canada by American
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troops during the Revolutionary War, with the idea of
adding Canada to the American colonies, failed when an
epidemic of smallpox swept through the American troops.

Smallpox virus was exclusively a human virus, main-
tained by person-to-person contact, and recovery from the
disease resulted in lifelong immunity to the virus. Thus, it
was a disease of civilization. As was described for measles
virus, it must have originated from a nonhuman poxvirus,
possibly a poxvirus of a domesticated animal, at the time

that the development of human civilization led to the pres-
ence of large population centers and the domestication of
animals.

Although infection by smallpox began as an upper respi-
ratory disease, infection became systemic and many organs
were infected. The virus replicated extensively in the skin,
leading to pocks that could cover the entire body. These
pocks left scars, particularly in the facial area, which
marked the person for life, and at one time the fear of scar-



ring on recovery from smallpox appears to have been at
least as terrifying as the fear of death caused by the disease.
A photograph of an infected child is shown in Fig. 6.5.

Immunization against Smallpox

So great was the fear caused by smallpox that a tech-
nique of immunization was developed by the 10th century,
called variolation, in which people were deliberately
infected by smallpox using dried skin from pox lesions. The
infecting virus was delivered by blowing the inoculum up
the nose or by inoculation into the skin. Infection via either
method led to relatively low mortality, about 1–2% com-
pared with 20–30% following natural infection, and the
disease was milder with less scarring. 

Jenner developed the modern concept of vaccination
when he introduced and popularized the use of cowpox
virus as a vaccine against smallpox. It was known that
milkmaids had beautiful complexions because they never
contracted smallpox, and there was some evidence that
their resistance to smallpox resulted from infection with
cowpox virus, which was occupationally acquired. In milk-
maids, cowpox virus caused localized lesions, usually on
the hands where they came in direct contact with the virus
during milking, but the lesions did not spread. The virus is
antigenically related to smallpox virus and will protect
against infection with smallpox. Jenner’s investigation in
the 1790s included inoculation of a young boy with cowpox
virus and then challenging him with virulent smallpox
virus, to which the boy was found to be resistant, an experi-

ment that could not be performed today because of ethical
considerations.

Jenner then introduced cowpox virus as a vaccine
against smallpox in the general population. This concept
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Ectromelia (Mice)
Cowpox (Bovines)

Variola major (Humans)
Alastrim (variola minor, Humans)
Monkeypox, Zaire (Squirrels)

Monkeypox, W. Africa (Squirrels)
Tateropox (Gerbils)
Camelpox (Camels)

Vaccinia, Lister (Unknown)
Vaccinia, Venezuela (Unknown)

Index of Dissimilarity
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FIGURE 6.4 Phylogenetic tree of some orthopoxviruses. The tree was constructed from similarities and differences
in HindIII restriction sites. Presence, absence, and impossibility of sites (because the fragments were too small) were
analyzed. Index of dissimilarity has no absolute value, but illustrates that pairs of poxviruses isolated from the same
reservoir hosts (for example, variola and alastrim) resemble one another more closely than poxviruses from divergent
hosts. It also illustrates that the vaccinia virus used in recent times as a vaccine against variola, and whose natural reser-
voir host is unknown, is only distantly related to cowpox virus (see the discussion in the text). [Redrawn from Fenner
et al. (1988, p. 94).]

FIGURE 6.5 Child with smallpox, on the eighth day of the rash. The
rash began to develop one day after the onset of fever. (From Fenner et al.
(1988, p. 15).]
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was controversial at first, but gradually won widespread
acceptance. The virus now used for immunization is
referred to as vaccinia, derived from the Latin name for
cow. However, the relationship between modern vaccinia
virus and cowpox virus is a mystery. At some time in the
last century, the source of the virus was changed and no one
knows where vaccinia virus came from. Modern vaccinia
virus is more closely related to camelpox virus than to
cowpox (Fig. 6.4) but exhibits a fairly wide experimental
host range. It has been suggested that it was derived from a
domestic animal other than the cow, perhaps a horse. 

Jenner “vaccinated” people by placing a drop of vaccinia-
containing solution on the skin and then scarifying the skin
in some way, allowing the virus to replicate in this region.
Vaccinia virus infection is localized to the area inoculated in
the vast majority of people, leading to a localized lesion that
results in a pock. This vaccination procedure gave solid
immunity against smallpox but because of the limited repli-
cation of the virus in humans, the immunity was not consid-
ered to be lifelong and periodic reimmunization was
practiced. Vaccinia virus has been used to immunize hun-
dreds of millions of people over the years. It is generally
safe, but infection of a small fraction of people results in a
more serious disease. In people whose immune system is
impaired, progressive vaccinia may develop because the
individual cannot control the replication of the virus, which
results in a fatal illness. Generalized cutaneous vaccinia can
also result from inoculation or, very rarely, encephalitis. 

Eradication of Smallpox

Following the introduction of vaccination, the incidence
of smallpox declined and the virus was largely eliminated
from developed countries. Interestingly, there also appeared
a variant of smallpox that produced only a 1% mortality
rate, called variola minor or alastrim (from the Portuguese
word meaning something that “burns like tinder, scatters,
and spreads from place to place”). Variola minor was
endemic in Africa and the Americas and coexisted with
variola major. Beginning in the 1960s, the World Health
Organization (WHO) began an intensive campaign to eradi-
cate smallpox virus from human populations. Such a cam-
paign was possible because smallpox was exclusively a
human virus, there was only a single serotype, vaccination
with vaccinia virus was safe and effective, and inapparent
infection was virtually unknown. Every case of smallpox
was tracked down, infected patients were quarantined, and
all contacts were immunized against smallpox. Over a
period of about 10 years, smallpox epidemics became less
frequent and more completely contained until finally the
virus was, in fact, eliminated (Fig. 6.6). The last case of
natural smallpox occurred in 1977, and vaccination against
the virus is no longer practiced because of the possible side
effects of the vaccine. Smallpox is the first virus to be

deliberately exterminated, and the effort and dedication
required to accomplish this were remarkable.

The remaining, known stocks of smallpox virus are now
stored in two laboratories, the Centers for Disease Control
and Prevention in Atlanta and the Vector Laboratories in
Novosibirsk. These viruses are still being worked with and
there is an effort being made to sequence many different
strains of the virus and to obtain cDNA clones of them. The
WHO has adopted the principle that all remaining stocks of
smallpox should at some time be destroyed, but the earliest
date for this has already passed as the deadline has been
extended more than once. This issue has been controversial
because many scientists believe that further useful informa-
tion can be obtained from the study of smallpox virus. The
genes that block human antiviral defenses have only recently
been described, for example, and there are surely secrets of
viral virulence that we do not understand. Furthermore, new
forms of smallpox virus might arise. For example, monkey-
pox virus causes a disease in humans that is similar to small-
pox but with greatly reduced transmissibility. Variants or
recombinants able to spread more readily could well arise.
(Could this have been the origin of smallpox in the first
place?) Thirdly, there is no guarantee that if the known
smallpox stocks in the United States or in Russia were
destroyed, smallpox virus would cease to exist. There may
be other stocks in laboratories around the world (the virus
was very widespread at one time and extensively studied). If
the virus surfaced from such a source at some time in the
future, having ready stocks of virus for study would be
useful. The other side of the argument is that smallpox virus
represents a great threat to the human population, which is
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FIGURE 6.6 Number of countries reporting the occurrence of endemic
smallpox between 1923 and 1978, grouped by continents. (1) marks the
WHO resolution on global smallpox eradication in 1959; (2) shows the
start of the intensified eradication program in 1967; (3) marks the last case
of smallpox on October 22, 1977, in Somalia. [From Fenner (1983).]
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now largely nonvaccinated and within another generation
will be completely susceptible to infection by smallpox. If
the virus were to be released, whether accidentally or delib-
erately, it could again cause devastating epidemics.

Monkeypox Virus

Monkeypox virus was thought to be a virus of monkeys
but is now known to be associated with squirrels. It infects
humans under natural conditions but was thought to be only a
rare zoonosis. The disease in humans caused by monkeypox
virus is clinically very similar to smallpox, and it was not rec-
ognized as a distinct human pathogen until the eradication of
smallpox in Africa. A recent epidemic of monkeypox in Zaire
from February to August 1996, involving 89 cases of clinical
disease with six deaths, challenges the prevailing view that

monkeypox is rare in humans and does not spread in humans.
A follow-up investigation of monkeypox in the area in
February 1997, which included a hut-by-hut search for active
cases in 12 villages, gave evidence that up to 73% of mon-
keypox cases resulted from secondary human-to-human
transmission (Fig. 6.7). Furthermore, three of the deaths were
in children less than 3 years old and a large proportion of
cases were in persons <15 years old. Thus, it is possible that
the outbreak may be due to the cessation of vaccination
against smallpox in the late 1970s, since smallpox vaccina-
tion is also protective against monkeypox. Monkeypox virus
is therefore a human pathogen that can cause fatal illness,
spread from person to person, and cause outbreaks of disease
in susceptible populations. To date, spread has been limited,
but the potential for wider spread exits. There is continuing
need to monitor the incidence of monkeypox.
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FIGURE 6.7 Number of monkeypox cases by date of rash onset in 12 villages in the Katako-Kombe health zone,
Kasai Oriental, Zaire, February 1996–February 1997. Note that most of the cases are secondary cases resulting
from human-to-human transmission. [From MWWR 46; 306 (1997).]



Molluscum Contagiosum

Molluscum contagiosum virus is the sole representative
of the genus Molluscipoxvirus. It is a widely distributed
human virus that is spread by contact, including sexual
contact. The virus causes a skin disease characterized by
raised lesions. The disease is chronic but usually resolves
within a few months, and the illness is considered to be
trivial in immunocompetent individuals. In HIV-infected
patients, however, the disease can be more troublesome. It
has not been possible to grow the virus in cultured cells,
and all virus for laboratory study has been derived from
lesions of infected individuals, which usually contain large
amounts of virus. Despite this limitation, the genome of the
virus has been completely sequenced and molecular biolog-
ical studies are under way.

Rabbit Myxoma Virus

Rabbit myxoma virus, a member of the genus
Leporipoxvirus, has been widely used in Australia to control
populations of the European rabbit, which was introduced
with disastrous results into Australia after its settlement by
Europeans. The history of the virus in Australia represents a
facinating story of viral evolution in the field and is one of
the best studied examples of coevolution of both a virus and
its host. The story has important implications for our under-
standing of virus–host interactions. 

Rabbit myxoma virus is native to the Americas, where it
causes a localized skin fibroma in American rabbits. The
virus is mechanically transmitted by mosquitoes. It does not
replicate in the mosquito (it is not an arbovirus), but the
mosquito can transmit the virus when mouth parts become
contaminated by feeding on an infected rabbit with skin
lesions. It was early discovered that, although the virus
causes a trivial illness in American rabbits, it causes a sys-
temic infection in European rabbits that is fatal more than
99% of the time, a disease called myxomatosis. 

In Australia, a land of marsupials, the European rabbit
was introduced as potential food for foxes, which in turn had
been introduced for the pleasures of fox hunting. The rabbits
multiplied as rabbits proverbially do and became a plague.
The enormous populations of these introduced rabbits
threatened agricultural crops and also threatened to over-
whelm a number of Australian marsupials by competing
with them for food supply. Campaigns in which people went
out in large groups and killed as many rabbits as possible
were undertaken in order to reduce the rabbit population, but
it was a losing game. To make matters worse, the introduced
foxes preferred the Australian fauna to the introduced rabbits
anyway, and constituted a second plague on the native fauna,
which have not evolved to deal with mammalian predators.

In an effort to eliminate or control the rabbit popula-
tion, rabbit myxoma virus was introduced. At first this

strategy was very successful and vast numbers of rabbits
died. It was believed that the virus would have to be broad-
cast every year in order to continue the campaign against
the rabbits, but there was hope that the rabbit plague would
end. However, soon after its release, new strains of virus
arose that were less virulent, as illustrated in Fig. 6.8.
These strains prevailed because they persisted more suc-
cessfully in the rabbit population—less virulent viruses
remained within a host longer and were transmitted to new
rabbits more successfully than virus that rapidly killed its
host. Furthermore, rabbits that survived infection with the
less virulent strains were now immune to the virulent
virus, making it more difficult to control the rabbits by
reintroduction of a virulent strain (although rabbits have a
short life span and herd immunity is not very important in
resistance to disease). With time the virus became progres-
sively less virulent but, interestingly, strains of very low
virulence never became dominant components of the virus
population. Very low virulence strains did arise (Fig. 6.8,
grade 5) but did not persist, presumably because they were
transmitted less efficiently than were strains of moderate
virulence. After a few years, the dominant strains were
grades 3 and 4, which kill 50–95% of nonimmune, wild-
type (i.e., not selected for resistance to myxomatosis)
European rabbits.

At the same time that less virulent virus strains were
being selected, rabbits that were more resistant to myxo-
matosis were also being selected. The enormously high
death rate caused by viral infection coupled with the short
generation time of rabbits rapidly led to the selection of
rabbits that exhibited increased resistance to the disease
caused by the virus, as illustrated in Fig. 6.9. Perhaps this is
the reason that strains of low virulence first arose and then
faded from the virus population. Notice that after seven epi-
demics of myxomatosis, virus strains of grade 3, the domi-
nant strain in the virus population, now caused severe
disease in only 60% of rabbits, compared with 95% in uns-
elected rabbits. With continuing passage of time, the virus
and rabbit populations evolved such that rabbit myxoma
virus was approximately as serious for the rabbit popula-
tion as smallpox was for man, that is, 20–30% mortality
following viral infection. At this point, efforts were made to
select more virulent strains of virus that would kill a larger
percentage of the rabbits. This approach has been only
modestly successful and although it continues to be
pursued, control of the rabbit populations is only partial and
this method of biological control is failing.

The case history of myxomatosis in Australia makes
clear that a situation in which a virus rapidly kills the vast
majority of its hosts is inherently unstable. There is selec-
tive pressure on the virus to attenuate its virulence and on
the host to become resistant to the virus. Because both
rabbits and rabbit myxoma virus multiply rapidly, the
accommodation of the virus and host occurred rapidly.

Family Poxviridae 233



FAMILY HERPESVIRIDAE

The herpesviruses, of which more than 100 are known,
infect vertebrates. A partial listing of these viruses is given
in Table 6.6, together with their hosts and the diseases they
cause. Most herpesviruses infect mammals or birds, but rep-
tilian, amphibian, and fish herpesviruses exist as well. The
viral genome is large, 120–230 kb, and the viruses encode
many dozens of proteins, which allows them to finely regu-
late their life cycle. Virions are enveloped, 100–300 nm in
size, with an icosahedral nucleocapsid (Figs. 2.1 and 2.16).

Herpesviruses are ancient viruses that have coevolved
with their vertebrate hosts. Phylogenetic trees of a number
of viruses belonging the subfamily Alphaherpesvirinae are
shown in Fig. 6.10. Figure 6.10A shows a tree of 14 viruses
representing four genera. Genera Simplexvirus and
Varicellovirus, both of which contain important human
viruses as well as viruses of other animals, form well-
defined taxa. Figure 6.10B compares the tree for four sim-
plexviruses with the tree of their host species. The trees are
congruent. Similarly, Fig. 6.10C compares the tree of four
varicelloviruses with that of their hosts, and again the trees

are congruent. Thus, it is clear that these herpesviruses
have coevolved with their hosts. 

The tree in Fig. 6.10A also contains another interesting
feature. All of the simplexviruses are primate viruses, infect-
ing man and various species of monkeys, except for bovine
herpesviruses (BoHV) 2. BoHV-2 fits well in the virus tree,
but cattle obviously do not fit in the primate tree of
Fig. 6.10B. Thus, this bovine virus has not coevolved with
cattle but appears to have been obtained from a primate. An
obvious hypothesis is that this represents the spread of a
virus from humans to their domestic animals, the other side
of the coin from the transfer of viruses like measles to
humans from domestic animals. Intriguingly, BoVH-2
causes lesions largely confined to the udders of dairy cattle,
which could have come into contact with a human virus
during milking.

The herpesviruses have a narrow host range and any par-
ticular herpesvirus is adapted to use only a single vertebrate
host in nature. All herpesviruses are capable of establishing
a latent infection in their natural host whereby they persist
for the life of the animal. Latent infection is established in
one specific set of cells that are nonpermissive or
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FIGURE 6.8 Virulence of field isolates of myxomatosis virus over a number of years in Australia after the introduc-
tion of a grade 1 virus for biological control in 1950. Field isolates were classed as belonging to one of the five grades
of virulence on the basis of average survival times (MDOD = mean day of death) of six laboratory rabbits inoculated
with each isolate. This measure closely correlates with case fatality rates (which defined the original grades of viru-
lence). Isolates were collected over intervals of 3–5 years, and the collective data for each interval are plotted at a year
in the midpoint of the interval. [Data from Fenner (1983).]
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FIGURE 6.9 Incidence and severity of disease in nonimmune wild rabbits experimentally inoculated
with a strain of myxomatosis of virulence grade 3 (which induces 70–95% mortality in laboratory rabbits)
following a given number of epidemics of myxomatosis. [Data from Fenner (1983).]

TABLE 6.6 Herpesviridaea

Subfamily/genus/membersb Virus name Usual Transmission Disease
abbreviation host(s)

Alphaherpesvirinae

Simplexvirus

Herpes simplex 1 HHV-1 or HSV-1b Humans Contact Cold sores on face and lips
Herpes simplex 2 HHV-2 or HSV-2 Humans Contact Genital ulcers
Herpes Bc CeHV-1 or HBV Monkeys Saliva Cold-sore-like lesions in 

macaques, fatal infection in man
Ateline herpesvirus 1 AtHV-1 Spider monkeys
Simian agent 8c CeHV-2 or SA8 Vervet monkeys
Bovine herpesvirus 2 BoHV-2 Cattle

Varicellovirus

Varicella-zoster HHV-3 or VZV Humans Aerosols Chicken pox, shingles
Pseudorabies virusd SuHV-1 or PRV Swine
Equid herpesvirus 1 and 4 EHV-1,-4 Horses Aerosols, contact Respiratory disease, abortigenic disease
Bovine herpesvirus 1 BoHV-1 Cattle

(continues)
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semipermissive for virus growth and which differ from virus
to virus. A different set of cells is lytically infected so as to
produce a progeny virus that is capable of spreading to new
hosts. Lytic infection is invariably fatal for the infected cell.
Reactivation of latent virus and lytic infection of permissive
cells allow the virus to reemerge unchanged and infect new
hosts. For some herpesviruses reactivation occurs only spo-
radically, sometimes only at very long intervals, whereas for

other herpesviruses reactivation occurs more or less continu-
ously and infectious virus is usually present. The ability of
the viruses to latently infect their hosts for life presents a
different set of constraints and opportunities for the spread
of the virus in nature. The disease caused by the virus must
be relatively innocuous, or at least not life threatening, in an
immunocompetent native host if lifelong latent infection is
to be a viable strategy for the virus. However, the ability of

TABLE 6.6 (continued)

Subfamily/genus/membersb Virus name Usual Transmission Disease
abbreviation host(s)

“Marek’s disease-like viruses”e

Marek’s disease virusf GAHV-2, -3 Chickens Aerosols, contact T-cell lymphoma
Herpes virus of turkeysg MRHV-1 Turkeys

“ILTV-like viruses”e

ILTVh GaHV-1 or ILTV Chickens

Numerous alphaherpeviruses unassigned to genera.

Betaherpesvirinae

Cytomegalovirus

Cytomegalovirus HHV-5 or CMV Humans Saliva, Disseminated disease in neonates or 
urogenital excretions immunocompromised hosts leading 

to CNS involvement, hearing loss, and 
fatal pneumonitis

Muromegalovirus

Mouse cytomegalovirusi MuHV-1 (MCMV-1) Mice Saliva

Roseolovirus

Human herpesvirus 6 HHV-6 Humans Contact, saliva Exanthum subitum or sixth disease, 
may be associated with chronic fatigue 
syndrome and/or multiple sclerosis

Human herpesvirus 7 HHV-7 Humans Saliva, urogenital excretions Unknown

Gammaherpesvirinae

Lymphocryptovirus
Epstein–Barr HHV-4 or EBV Humans Saliva, contact Infectious mononucleosis, Hodgkin’s 

lymphoma, Burkitt’s lymphoma

Rhadinovirus
Ateline herpesvirus 2 AtHV-1 Spider monkeys
Human herpesvirus 8 HHV-8 Humans Kaposi’s sarcoma

Numerous gammaherpesviruses unassigned to genera, such as herpesvirus saimiri (SaHV-2) and equid herpesviruses 2 and 5 (EHV-2 and EHV-5)

aHerpesviruses are generally worldwide in distribution.
bAlthough the newer nomenclature lists an adjective describing the species, followed by “herpesvirus” and a number, e.g. human herpesvirus 3 or HHV-3,
many authors still use the former names, “varicella-zoster” or VZV, so both forms are shown for the commoner viruses.
cHerpes B is cercopithecine herpesvirus 1; simian agent 8 is cercopithecine herpesvirus 2.
dSuid herpesvirus 1.
eQuotes are used to denote taxa without internationally approved names.
fGallid herpesviruses 2 and 3.
gMeleagrid herpesvirus 1.
hILTV, infectious laryngotracheitis virus or gallid herpesvirus 1.
iMurid herpesvirus 1.
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the virus to remain latent and reemerge after long intervals
means that a minimum sized population is not necessary to
maintain the virus in nature. Thus, these viruses could have
been present in human populations since humans arose,
being passed on from their nonhuman ancestors, as sug-
gested by Fig. 6.10. The interplay between the virus and the
host required to establish lifelong infection in the face of a

vigorous immune response as described below and in
Chapter 8, is further evidence that the herpesviruses have
coevolved with their hosts. Further support for this idea is
the fact that most herpesviruses are worldwide in distribu-
tion. In the case of the human herpesviruses, most are
present in almost all people on earth, including the most iso-
lated and remote tribes of people that have been examined.

Simplexvirus

Varicellovirus

HSV-1
HSV-2
SA8
BoHV-2
AtHV-1
SaHV-1

FeHV-1

VZV
MDV
ILTV

B. Tree of some Simplexviruses and their hosts

C. Tree of some Varicelloviruses and their hosts

Human HSV

Green Monkey SA8

Spider Monkey AtHV-1

Squirrel Monkey SaHV-1

VZVHuman

EHVHorse

PRVPig

Cow BoHV-1

A. Phylogenetic tree of alphaherpesviruses

EHV-1
EHV-4

PRV
BoHV-1

“Marek’s disease-like viruses”
“ILTV-like viruses”

Species Genera

FIGURE 6.10 Evolutionary relationships among the alphaherpesviruses and their hosts. (A)
Phylogenetic trees of the Alphaherpesvirinae, based on the analysis of deduced amino acid sequences from
the glycoprotein B gene, using the neighbour-joining method. The most robust portions of the tree are
shown in heavy lines. (B) Comparisons of the host and viral trees for several simplexviruses. (C)
Comparison of host and viral trees for several members of the Varicellovirus genus. Virus abbreviations:
HSV includes both herpes simplex type 1 (HSV-1) and herpes simplex type 2 (HSV-2); SA8 is simian
agent 8 or cercopithecine herpesvirus 2; BoHV-1 and BoHV-2 are bovine herpesviruses; AtHV-1 is ateline
herpesvirus 1; SaHV-1 is saimiriine herpesvirus 1; EHV includes both EHV-1 and EHV-4, equid her-
pesviruses; FeHV-1 is feline herpesvirus; PRV is pseudorabies virus or suid herpesvirus 1; VZV is vari-
cella-zoster virus or human herpesvirus 3; MDV is Marek’s disease virus; ILTV is infectious
laryngotracheitis virus of chickens. [From McGoech and Cook (1994).]
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Classification of Herpesviruses

Herpesviruses have been divided into three subfamilies,
alpha, beta and gamma (Table 6.6). Classification has been
based on biological properties, as shown in Table 6.7, but
as more sequence data become available these data are also
used. Alphaherpesviruses have a broad host range in the
laboratory and will infect a wide variety of cultured cells
or experimental animals. They spread rapidly in cultured
cells with a short reproductive cycle and efficiently destroy
infected cells. In their natural host, latent infections are
usually established in sensory neurons and lytic infection
often occurs in epidermal cells. The human viruses belong
to two genera, Simplexvirus and Varicellovirus, as shown
in the table. Betaherpesviruses have a restricted host range
and a long infection cycle in culture, and infected cells
often become enlarged (cytomegaly). In the natural host,
the virus is maintained in latent form in secretory glands,
lymphoreticular cells, kidneys, and other tissues. The
human viruses belong to two genera, Cytomegalovirus and
Roseolovirus. Gammaherpesviruses have the narrowest
host range and infect only the family or order to which the
natural host belongs. They replicate in lymphoblastoid
cells, and some can lytically infect epithelium and
fibroblasts. They are specific for B or T cells and infection
is frequently latent. HHV-4 belongs to genus
Lymphocryptovirus and HHV-8 belongs to the genus
Rhadinovirus.

Herpesviruses can also be grouped according to the
structure of their genome. In some viruses, including herpes
simplex, inverted repeats in the DNA lead to inversions of
parts of the DNA sequences relative to one another during

the process of replication. These different orientations are
called isomers. In others, the linear sequence of the DNA is
fixed (only one isomer exists). Herpesviruses have been
grouped into six classes on the basis of the genome organi-
zation, in particular the location of reiterated domains, as
illustrated in Fig. 6.11A. The repeated domains in the
viruses in Class E of this figure give rise to four isomers;
those in Class D give rise to two isomers. The genome orga-
nizations are important for the expression and replication
of the genome, but the grouping according to genome orga-
nization does not coincide with the taxonomy of her-
pesviruses based on biological criteria (Table 6.6). Thus, the
development of the constellation of repeated sequences may
be a more recent occurrence, consistent with the multiple
rearrangements in the genomes of herpesviruses docu-
mented by Fig. 6.11B. In this figure the genomes of three
human herpesviruses, each of which belongs to a different
subfamily, are compared. All share a substantial number of
genes, but extensive genomic rearrangements have occurred
during the evolution of these viruses.

The eight known herpesviruses of humans can be
referred to as human herpesviruses (HHV) 1 through 8, but
the older names for HHV-1 to 5 are still in common use and
are used below. Although they generally cause inapparent
or innocuous disease, serious illness can result, particularly
in immunocompromised people. Some cancers are also
associated with certain of these herpesviruses. In addition
to the human herpesviruses, at least one herpesvirus of
monkeys, Cercopithecine herpesvirus-1 or B virus, causes a
serious, usually fatal illness of man that is of concern to
animal handlers. These nine viruses and the diseases they
cause are described next.

TABLE 6.7 Biological Characteristics of the Three Subfamilies of Herpesviruses

Characteristic Alphaherpesvirinae Betaherpesvirinae Gammaherpesvirinae

Host range Variable, often broad Restricted Limited to family of natural host

Reproductive cycle Short Long Relatively long

Infection in Spreads rapidly Progresses slowly Infects primarily lymphoblastoid cells
cell culture Infects many cell types

Cytotoxicity Much cell destruction Enlarged cells form Some lytic infections of 
epithelial and fibroblastic cells

Latency Primarily in sensory ganglia Maintained in many cells including Specific for either B or T lymphocytes
secretory glands, lymphoretic
ular cells, kidneys, and others

Genera/human Simplexvirus Cytomegalovirus Lymphocryptovirus
representatives HHV1 (HSV-1) HHV-5 (CMV) HHV-4 (EBV)

HHV-2 (HSV-2)

Varicellovirus Roseolovirus Rhadinovirus
HHV-3 (VZV) HHV-6 HHV-8

HHV-7



Family Herpesviridae 239

Virus
Abbreviation Common Name

IgHV-1 Green iguana herpesvirus

Subfamily Genus
Classification

CCHV Channel catfish herpesvirus Unassigned

HHV6 Beta Roseolovirus
SaHV-2 Herpesvirus saimiri Gamma Unassigned

HHV-4 Epstein-Barr virus Gamma

HHV-3 Varicella-zoster
AlphaPRV Pseudorabies virus Varicellovirus

HHV-1, -2 Herpes simplex
HHV-5 Human  cytomegalovirus

MCMV-1 Mouse cytomegalovirus
TuHV-1 Tree shrew 

herpesvirus

Alpha Simplexvirus
Beta Cytomegalovirus

Beta Muromegalovirus
Unassigned

Class Sequence Arrangement

A
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FIGURE 6.11 (A) Grouping of herpesviruses by their genome organization. The narrow lines are the unique regions
of the genomes and the rectangles are repeated domains. These are designated the left and right terminal repeats (LTR
and RTR) in Class A, internal repeats R1 to R4 in Class C, and the internal and terminal repleats (IR and TR) in Class
D. In Class E, both the long and short unique regions are flanked by inverted terminal repeats (shown as ab and b′a′).
Note that this grouping does not correspond exactly with the taxonomy of these viruses as shown in Table 6.6, which is
based on a number of biological characters. [From Murphy et al. (1995, p. 116).] (B) A more detailed view of human
cytomegalovirus, herpes simplex type 1, and Epstein–Barr virus showing conserved sequence blocks, which are distin-
guished by color and pattern. Blocks shown below the midline in HSV and EBV are those in which the orientation is
reversed from that in CMV. [From Chee et al. (1990).]

Structure of the Virion

Herpesviruses are enveloped and approximately spheri-
cal, with a diameter of 100–300 nm (Fig. 2.1). They possess
an icosahedral nucleocapsid 100 nm in diameter that is sur-
rounded by or embedded within a structure known as the
tegument (Figs. 2.5 and 2.16). The tegument is composed of
virus-encoded proteins and its thickness can vary, even
within a single virion. Outside the tegument is the envelope
containing about a dozen virus glycoproteins. The mecha-
nisms by which the extracellular virion obtains its envelope
are still not well understood. The nucleocapsid and tegu-
ment assemble in the nucleus and bud through the nuclear
membrane to obtain an envelope (Fig. 2.21A). However, it is
not known whether this enveloped particle is then excreted

by an unknown pathway, or the particle subsequently buds
into the cytoplasm, losing the envelope, and then buds again
at the plasma membrane to regain an envelope. Both theo-
ries have their proponents, and experimental data exist to
support either point of view. Perhaps both occur.

Replication of Herpesviruses

The best studied herpesvirus is herpes simplex virus
type 1, which has been used as a model for the entire
family, and a more detailed description of its replication
will be presented in the section that discusses this virus.
Here some generalities of the replication cycle of her-
pesviruses are described. 
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Herpesvirus DNA is linear in the virus but circularizes
on infection. As described earlier, a circular genome obvi-
ates the need for a special mechanism to repair the ends of
the DNA during replication. Replication of the DNA occurs
in the nucleus, and all herpesviruses encode a large number
of enzymes that are involved in nucleic acid metabolism.
Among these proteins are a DNA polymerase and a protein
that binds to the viral origin of replication in order to initi-
ate DNA replication.

Herpesviruses encode more than 70 proteins. The promot-
ers used to transcribe mRNAs fall into different classes such
that there is a temporal program for the expression of genes
during the lytic cycle. The proteins encoded by the first genes
to be expressed, the immediate-early genes, have regulatory
functions. Expression of these genes permits the expression
of the early genes, most of which are involved in DNA repli-
cation. Expression of the early genes results in DNA replica-
tion and the expression of the late genes, most of which
encode structural proteins required for assembly of virions.
The mRNAs are transcribed by host RNA polymerase II and
the promoters are in general 40–120 nucleotides in length.
Most promoters reside outside the open reading frames, but
some are found within them. The genome organization is
complex. Some genes lie within other genes, and a few genes
are antisense to another gene.

The use of host RNA polymerases to transcribe mRNAs
limits the host range of a herpesvirus, since cells that do
not express the factors required for recognition of the viral
promoters are not susceptible to a complete replication
cycle. The mRNAs are polyadenylated following the cellu-
lar AATAAA consensus poly(A) signal and exported to the
cytoplasm for translation. From most transcripts only one
protein is translated. Most mRNAs are not spliced, but
some transcripts are spliced or multiply spliced and par-
tially overlapping transcripts may exist that form nested
sets, using a common polyadenylation signal. Many of the
proteins synthesized are dispensable in cell culture and
function to extend the host range and tissue tropism of the
virus or to subvert host antiviral defenses.

Herpes Simplex Viruses (HHV-1 and 2)

Herpes simplex virus (HSV) causes fever blisters or cold
sores around the lips or in the genital area. The disease
caused by the virus has been known for thousands of years.
The characteristic vesicles were described by the ancient
Greeks and have been noted in writings through the ages.
The name of the virus comes from the Greek word herpes, to
creep or crawl, referring to the lesions caused by the virus.
HSV exists as two serotypes, HSV-1 and HSV-2, also known
as HHV-1 and HHV-2. These alphaherpesviruses share about
50% sequence identity and produce a similar disease, but
usually infect different parts of the body. HSV-1 infects the
facial area, whereas HSV-2 infects the genital area. In

humans, the viruses lytically infect epidermal and mucosal
cells; they latently infect neurons. In the laboratory they lyti-
cally infect cells of many different origins and will infect
many experimental animals. Because of the relative ease of
experimental manipulation, HSV has been intensively
studied as a model for the entire group of herpesviruses. The
large size of the genome, 150 kb, and the large number of
encoded genes have made a detailed understanding of the
virus genome organization very complicated. However, due
to the efforts of large numbers of workers, maps such as that
shown in Fig. 6.12 can now be constructed. This map illus-
trates the different genes of HSV, their functions, and their
classification into three temporal groups described below.
The complexity of the genome and the existence of very
many genes are clear from this diagram.

Lytic Infection by the Virus

A schematic representation of the lytic cycle of her-
pesvirus infection is shown in Fig. 6.13. Infection is nor-
mally initiated by fusion of the viral membrane with the cell
plasma membrane and is mediated by specific viral glyco-
proteins on the surface of the virion. The nucleocapsid is
then transported to nuclear pores where the viral DNA is
released and enters the nucleus (stages 1–3). There the viral
DNA is transcribed by RNA polymerase II to produce
mRNAs. Of the 80 or so mRNAs produced, only 4 appear to
be spliced. Transcription is regulated and can be divided
into three phases, �, �, and �. Transcription of � genes, also
called immediate-early genes, occurs immediately on entry
of the DNA into the nucleus. Transcription of these genes is
transactivated by �TIF, a virus-encoded protein that is
present in the tegument of the virion. �TIF interacts with a
cellular transcription factor called Oct-1, which recognizes
octomer sequences, and, to simplify somewhat, a complex
of Oct-1, �TIF, and another cellular factor called C1 binds
to the consensus sequence TAATGARAT in the HSV
genome (R=A or G). This binding results in transcription of
the � genes (stage 4). Five � genes are transcribed (stage 5),
called ICP0 (ICP = intracellular protein, to distinguish them
from virion proteins), ICP4, ICP22, ICP27, and ICP47.
These proteins have regulatory roles in viral replication and
are required to activate the � genes (stage 6). ICP4 transac-
tivates HSV genes and functions together with ICP0. ICP27
activates expression of � genes and blocks splicing of cellu-
lar pre-mRNAs, thereby interfering with host protein syn-
thesis. It shuttles between the nucleus and the cytoplasm at
late times. ICP22 is not required in cultured cells and its
function is unknown. ICP47 blocks presentation of antigens
to cytotoxic T cells (CTLs) (see Chapter 8).

Most of the � genes encode proteins required for DNA
replication, which include a DNA polymerase, a
primase/helicase, a DNase, both double-strand and single-
strand DNA binding proteins, thymidine kinase, ribonu-
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cleotide reductase, dUTPase, uracil DNA glycolase, and a
protein kinase. Synthesis of the proteins encoded by these
genes (stage 7) allows DNA replication (stage 8) to begin.
There are three origins of replication, which are 800–1000

nucleotides in length and have a 100- to 200-nt critical core,
but only one origin appears to be required. Replication
takes place by a rolling circle mechanism (at least late in
infection) so that continual initiation of DNA replication is
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FIGURE 6.13 Replication of herpesviruses in permissive cells.
(A) Early events

Stage 1) Attachment to cellular receptor and entry by pH-independent fusion with plasmalemma.
Stage 2) Release of tegument proteins causing shutoff of host protein synthesis; nucleocapsid goes to a nuclear pore.
Stage 3) �-TIF (VP16) is transported to the nucleus; viral DNA enters nucleus and circularizes.
Stage 4) Transcription of early (�) genes by nuclear enzymes, and export of � mRNA.
Stage 5) Immediate-early (�) proteins transported to nucleus.
Stage 6) � proteins are involved in � mRNA synthesis.
Stage 7) Chromatin (c) is degraded and nucleoli disaggregated.

(B) Late Events
Stage 8) � proteins replicate DNA by rolling circle to give head-to-tail concatemers.
Stage 9) � proteins lead to transcription of late (�) mRNAs that are translated into structural proteins.
Stage 10) Formation of empty capsids.
Stage 11) Packaging of unit length DNA into capsids.
Stage 12) Addition of further structural proteins.
Stage 13) Particles receive envelope and tegument at nuclear membrane.
Stage 14) Particles mature in Golgi and exit by exocytosis.
[Redrawn from data in Reizman and Sears (1990).]

not required (see Fig. 1.7B). Unit length DNA is cut from
the rolling circle by viral nucleases that recognize specific
signals at the ends of the linear DNA. During replication,
up to 50% of the whole-cell DNA becomes viral.

DNA replication is required for transcription of the �
genes, which mostly encode the proteins that form progeny
virions, of which there are more than 30 (stages 9 and 10).
The nucleocapsid and the tegument are assembled in the
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nucleus and bud through the nuclear membrane (stages 11,
12, and 13) (see also Fig. 2.21A). Cleavages in capsid pro-
teins occur during assembly, associated with uptake of
DNA, and may serve a maturation function. 

More than half of the 80 or so genes in HSV are not
required for replication of the virus in cultured cells.
However, all, or almost all, appear to be required for infec-
tion of humans and maintenance of the virus in nature. 

Host-cell macromolecular synthesis is shut off after lytic
infection. A component of the virion called vhs (for virion
host shutoff) inhibits host protein synthesis by mediating
the degradation of cellular mRNA, so that inhibition begins
very early. Later synthesis of new viral proteins leads to a
more profound inhibition of host expression. Lytic infec-
tion is also accompanied by characteristic morphological
changes in the nucleus, which include fragmentation of the
nucleolus and degradation of the host cell chromosomes
(stage 7). The profound inhibition of host macromolecular
synthesis invariably results in the death of the host cell.

Latent Infection

After the infection of epithelial tissues, HSV infects
sensory nerves that serve these tissues and establishes a
latent infection. Virus, probably as nucleocapsids, is trans-
ported up axonal processes to sensory ganglia, where it is
estimated that 5–10 copies of viral DNA, in the form of cir-
cular episomes, take up residence. Less than 1% of the
neurons within a ganglion appear to be latently infected.
Much of what we know about latent infection comes from
studies of animal models. HSV will infect and establish a
latent infection in mice, guinea pigs, and rabbits, but it is
not known how faithfully these animal models reflect the
situation in humans. Only one viral transcript is detected in
latently infected neurons, called latency-associated tran-
script or LAT. This transcript does not appear to be required
for establishment or maintenance of latency or for reactiva-
tion of the virus and its function is not understood, nor is it
understood how latency is established and maintained. It is
assumed that part of the answer is that neurons are nonper-
missive for a lytic replication cycle.

Reactivation of virus occurs sporadically, in response to
stressful stimuli such as fever, exposure to UV light, men-
struation, or emotional stress. The frequency of recurrence
varies in different people from monthly to less often than
once per year. Stresses that are well known to induce reacti-
vation include high fever resulting from infection with
influenza virus and prolonged exposure to sunlight. On
induction, limited replication of virus occurs in the neuron
and it travels down the axon, where it infects epithelial cells
served by that neuron. Thus, fever blisters erupt in the same
tissues as were originally infected, and these lesions contain
infectious virus. Classically, these lesions occur around the
lips (HSV-1) or in the genital region (HSV-2). Virus replica-

tion in epithelial cells is quickly controlled by the immune
system and the lesions heal within 2 weeks or so. Although
not yet resolved, it appears that the limited replication of
the virus in the neuron is probably fatal for that neuron. 

Primary Infection and Maintenance of the Virus

Primary infection is established when a seronegative
individual comes in contact with the virus, usually from a
person who is secreting the virus at the time. Thus, a person
with a reactivated infection can serve as the source of infec-
tion, but virus may be actively secreted even when no
lesions are present. Acute infection is accompanied by the
formation of vesicles that are sites of virus replication and
contain infectious virus. In the case of HSV-1 these vesicles
are normally found in the facial skin and in the oral
mucosa, and latent infection is established in the trigeminal
ganglion. HSV-2 is sexually transmitted and infects the
genital area. Latent infection is established in neurons in
the sciatic ganglion. At one time, HSV-2 was thought to be
a causative agent of cervical carcinoma, but this disease is
now known to be associated with papilloma virus infec-
tions, which are also sexually transmitted and produce
warts in the genital region.

HSV-1 is extremely common in human populations. It
has been found in every population examined, with
50–90+% of adults having been infected. Primary infection
often occurs early in life, but may be delayed in some frac-
tion of the population, especially in developed countries.
Because of its mode of transmission, HSV-2 is less
common and primary infection occurs later in life.
Estimates of its prevalence in human populations center
near 10%, but the only population found to be completely
free of antibodies to HSV-2 was a group of Roman Catholic
nuns. The acquisition of seropositivity to HSV-1 and HSV-2
in the United States in different populations is shown in
Fig. 6.14.

Serious Disease Caused by HSV

Primary infection with HSV is usually inapparent or
produces only minor illness. In one study of children, for
example, 70% of infections were found to be asympto-
matic. However, HSV infection of neonates is almost
always symptomatic and frequently fatal. Infection in utero,
during delivery, or shortly after birth usually leads to a dis-
seminated infection often accompanied by encephalitis. The
neurotropism of the virus also leads to serious illness on
occasion in postneonatal individuals. The Centers for
Disease Control and Prevention estimates that about 50
cases of herpes encephalitis occur yearly in the United
States that are usually fatal if untreated, and this incidence
may be underestimated. Of these cases, about half are due
to primary infection and half to reactivated infection. HSV
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FIGURE 6.14 Seropositivity to herpes simplex virus types 1 and 2 as a function of age, sex, and race in the United
States in 1978. [Data from Johnson et al. (1989) and Nahmias et al. (1990).]

keratoconjunctivitis also occurs and can lead to impairment
of vision. Herpetic whitlow is an occupational hazard of
dentists and other health care workers, characterized by
painful herpetic infection on the fingers. And as is true of
many viral infections, HSV infection or reactivation can be
very serious in individuals whose immune function is com-
promised by suppressive therapy for organ transplant or by
infection with HIV. 

HSV infections can be treated with acyclovir. Acyclovir
is a guanine analogue that is incorporated into DNA and
results in chain termination. It is a specific inhibitor of
HSV-1, HSV-2, and VZV that has little toxicity for host
cells. It is less effective against other herpesviruses. 

Interference with Host Antiviral Defenses

HSV interferes with several host defense mechanisms.
These activities will be described in more detail in Chapter
8, in which the host defense mechanisms themselves are
described, but a brief summary of HSV activities is pre-
sented here. The virus interferes with the interferon system,
with the lysis of infected cells by cytotoxic T lymphocytes
(CTLs), with complement-mediated lysis of infected cells,
with antibody-dependent lysis of infected cells, and with

the lysis of infected cells by a cell suicide pathway called
apoptosis. The antiviral effect of interferon is blocked by a
viral protein �34.5, which somehow causes a cellular phos-
phatase to remove the inactivating phosphate put on
eukaryotic initiation factor (eIF)-2� (Chapter 8). CTL lysis
of infected cells is blocked by �47, which prevents the
presentation of peptide antigens to the T cells by major his-
tocompatibility complex class I molecules. Complement-
mediated lysis is blocked by HSV proteins that interact with
complement. Antibody-dependent cellular toxicity is
blocked by HSV-1 IgG Fc receptors, composed of gE and
gI, that are expressed on the surface of the infected cells.
Finally, HSV gene products suppress apoptosis by the
infected cell. The net result is to allow the production of
virus by the infected cell for an extended period before the
host antiviral defenses can shut it down. 

Establishment of latency in neurons is also an important
part of the strategy evolved by HSV to avoid host defenses.
Neurons are immunologically privileged, and elaborate
mechanisms to protect the infected neuron for long periods
of time are not necessary. Furthermore, because neurons
are nonrenewing and long lived, the establishment of
latency in these cells allows the virus to persist indefinitely
even in the absence of reactivation.
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Varicella-Zoster Virus (HHV-3)

Varicella-zoster virus (VZV, also known as HHV-3) is an
alphaherpesvirus that is the prototype member of the genus
Varicellovirus. Other members of this genus infect
monkeys, horses, and pigs (see Table 6.6 and Fig. 6.10).
The VZV genome is 125 kb in size and contains at least 69
different genes, of which all but 5 are homologous to genes
in HSV. The homologous genes are almost all colinear with
the corresponding genes in HSV, and thus the gene map of
VZV is essentially the same as that for HSV. Molecular
studies of VZV have been hampered by the inability to
produce high titered virus stocks in cultured cells, because
the virus remains cell associated. Where known, however,
the VZV life cycle closely resembles that of HSV, as would
be expected from their close relationship. This close rela-
tionship also exhibits itself biologically: VZV, like HSV, lyt-
ically infects a number of different cells but most
characteristically epidermal cells resulting in skin lesions,
and VZV, like HSV, establishes a lifelong latent infection in
sensory ganglia. The vesicle fluid present in VZV skin
lesions contains large amounts of free virus and can spread
the disease to susceptible persons.

Chickenpox

VZV causes two different diseases known as chickenpox
(varicella) and shingles (zoster). Chickenpox is a highly
contagious childhood disease contracted by contact with
other children with chickenpox or with an adult with shin-
gles. The virus is transmitted by the respiratory route, and
virus replication begins in the upper respiratory tract. It
later disseminates through the bloodstream to other areas
of the body. The characteristic feature of the disease is a
rash of vesicular lesions in the skin that is often quite itchy.
Up to 2000 occur in some patients, but fewer than 300 is
the norm. Other symptoms include fever, malaise, and loss
of appetite. 

The disease, which has an incubation period of 10–21
days, is normally self-limited, lasting a week or less, but
serious complications can occur. The most common com-
plication in otherwise healthy children is bacterial infection
of the skin lesions, which can become serious. Rare compli-
cations include viral pneumonia, central nervous system
involvement leading to encephalitis or cerebellar ataxia
(loss of muscle coordination during voluntary movements),
involvement of the liver leading to hepatitis, or involvement
of other organs. Primary varicella infection of adults is a
more serious illness than primary infection of children.
Viral pneumonia is not uncommon in adults, adult infection
can lead to male sterility, acute liver failure can occur in
adults, albeit rarely, and other complications are also more
frequent in adults than in children.

Shingles

Following primary infection, which results in chicken-
pox, VZV sets up a latent infection in dorsal root ganglia in
the spinal cord, where it may reactivate later in life.
Reactivation is less common than for HSV-1 and is age
related, occurring more frequently in older people, presum-
ably as a result of waning immunity. Reactivation may
occur without symptoms, but most commonly reactivation
produces the disease known as shingles. Shingles is charac-
terized by painful eruptions of vesicular lesions in skin,
usually in the upper back, served by a single sensory gan-
glion (and therefore the lesions do not cross the midline).
The disease normally resolves within a few weeks, but neu-
ralgia (nerve pain, from neuro = nerve and algia = pain)
can continue for up to a year or more and be quite debilitat-
ing. More extensive dissemination of the virus occurs in a
significant percentage of patients, most of whom have some
underlying immunological defect or are immunosup-
pressed. Dissemination can result in serious complications,
as described for primary varicella infection. The vesicular
lesions of shingles contain live virus that can infect chil-
dren and give them chickenpox. Thus, the virus is able to
remain latent for decades and then erupt in an essentially
unchanged form to start a new epidemic of chickenpox.

Episodes of zoster are more frequent in older people but
a second episode of zoster in a person is rare. It appears
that the reactivation of the virus leads to a boost in immu-
nity to the virus that prevents further episodes. Immunity
to VZV is primarily a function of CTLs. Children that
suffer from agammaglobulemia, who are unable to make
antibodies, have a normal course of infection by VZV, but
children that are deficient in CTL production often die.
Furthermore, it has been found that an accelerated CTL
response is associated with asymptomatic infection or a
mild disease. Finally, reactivation of VZV to produce
zoster is correlated with decreased CTL responsiveness
against VZV, but not with decreased titer of IgG antibodies
against the virus.

VZV in At-Risk Populations

Varicella or zoster is a serious illness in people with com-
promised immune systems, and zoster is a frequent compli-
cation in patients undergoing immune suppression or who
have AIDS or leukemia. Before the introduction of antiviral
drugs, in particular acyclovir, which is fairly effective for
treatment of VZV infections, children who contracted vari-
cella while undergoing immunosuppressive therapy for
leukemia suffered a very high rate of visceral dissemination
and pneumonia, with a fatality rate of about 10%.

Primary infection with VZV is also serious in pregnant
women, leading to significant mortality in both the mother
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and the infant. Congenital varicella syndrome may occur
when infection is in the first trimester of pregnancy, during
active fetal organogenesis. Varicella infection of the
neonate is serious as well, with a high mortality rate in the
absence of treatment.

Epidemiology of VZV

The geographical pattern of infection by VZV is pecu-
liar. The virus has a world-wide distribution but infection is
much more common in temperate regions. In temperate
regions, infection by VZV is almost universal and occurs
mostly in early childhood, in association with epidemics
that have a peak frequency in winter and spring. In tropical
regions, however, only about half of the population con-
tracts chickenpox. The difference in attack rate is not due to
differences in susceptibility to the virus, because the attack
rate is very high when uninfected adults move to temperate
climates. Why this difference in attack rates occurs is a
mystery.

It is interesting to consider the differences in the epi-
demiology of VZV and HSV-1 and the rationale for such
differences. HSV reactivates fairly often and the virus is
typically spread to young children by adults with reacti-
vated HSV-1 when they fondle or kiss the child. There is
no requirement that the virus spread from child to child in
order for it to spread within a population. Because of this,
virus perpetuation does not require large-scale production
of virus during primary infection and primary infection is
usually asymptomatic. In contrast, VZV reactivates very
infrequently. Epidemics may begin with the exposure of a
susceptible child to an adult with shingles, but the major
mechanism for dispersal of the virus in a population is by
epidemic spread among young children. The requirement
for child-to-child spread for perpetuation requires that
large-scale virus production occur during primary infec-
tion, and this results in the primary infection being
symptomatic.

There is now a live attenuated virus vaccine for chicken-
pox, licensed in 1995, that was originally developed
because of the severe complications of chickenpox in chil-
dren undergoing chemotherapy for cancer. It remains to be
seen how well received the vaccine will be by the general
public, since the disease is not normally serious and the
vaccine is not mandated by the authorities. Before 1995,
there were 4 million cases of varicella annually in the
United States, with approximately 100 deaths and 10,000
hospitalizations each year. Because chickenpox ceased to
be a notifiable disease in 1997, the levels of case reporting
are too low to assess the efficacy of the vaccine at present
for controlling VZV in the United States. However, 20
states still reported cases to the Centers for Disease Control
and Prevention in 1997, and the incidence of chickenpox
by state is shown in Fig. 6.15. 

Epstein–Barr Virus (HHV-4)

Epstein–Barr virus (EBV or HHV-4) is a gammaher-
pesvirus. It is named after Tony Epstein and Yvonne Barr,
who first described the virus in tumor cells from patients
with Burkitt’s lymphoma. EBV is classified as a member of
the genus Lymphocryptovirus. Several viruses infecting Old
World primates also belong to this genus. Other members
of the gammaherpesvirus subfamily belong to the genus
Rhadinovirus and include herpesvirus saimiri (a virus of
squirrel monkeys) and HHV-8, the virus responsible for
Kaposi’s sarcoma. Equine herpesviruses 2 and 5, originally
classified as betaherpesviruses, are also now considered to
be gammaherpesviruses. Gammaherpesviruses establish
latent infection in B lymphocytes and cause these cells to
proliferate. This ability to induce proliferation can result in
cancers in their native host or in related species. 

Primary Infection with EBV

Primary infection with EBV is thought to occur by trans-
mission of virus present in oral secretions. In most human
societies, the majority of the population is infected by age 3.
In developed countries, however, infection is often delayed
until the teens. Primary infection in infants is normally
asymptomatic, but in young adults primary infection often
results in the disease known as infectious mononucleosis or
the “kissing disease.” This disease is characterized by fatigue,
fever, rash, and swelling of lymph nodes, the spleen, and, in a
minority of patients, the liver, for extended periods of time.

Infection begins with replication of the virus in the oral
mucosa. A latent infection of B lymphocytes quickly ensues
that persists for life. As described in more detail below,
infected B lymphocytes, a primary target of EBV, are stim-
ulated to proliferate, especially cells infected early during
primary infection by EBV. The symptoms of infectious
mononucleosis may result from immunopathological acti-
vation of T lymphocytes that attempt to control the large
number of B lymphocytes induced by viral infection. Lytic
replication of virus in the oropharyngeal epithelium persists
indefinitely, although the extent of shedding of virus into
the saliva declines with time. There is evidence that persis-
tently infected B cells continue to seed the oropharyngeal
epithelium, and that this continued seeding is responsible
for the maintenance of a chronic infection in this tissue
throughout the life of the individual. 

Replication of EBV

EBV will readily infect B cells in culture and establish a
latent infection in which a limited set of viral genes is
expressed but no production of progeny virus occurs.
However, there is no fully permissive system to study the
events that occur in lytic infection. Attempts to infect epithe-
lial cells in culture have not been successful, and it is thought
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that the differentiation status of the epithelial cell is impor-
tant for the expression of the full lytic cycle. The nature of
the receptor used to enter epithelial cells is also uncertain.
The receptor used to enter B cells is a protein called CD21,
which is a member of the Ig superfamily expressed at high
levels in B cells. It has been suggested that this same protein
may be expressed at low levels in oral epithelium, but it is
possible that some other mechanism of entry into these cells
is involved, such as fusion with infected B cells. 

The latent infection of B cells involves complicated inter-
actions of the virus with the host cell. Three different forms
of latent infection have been distinguished in B cells. These
were first described in cells isolated from tumors but can
now be reproduced in cultured cells. These different forms of
latency, referred to as latency (Lat) I, II, and III, differ in the
extent to which the EBV genome is expressed, as illustrated
in Fig. 6.16. Lat I cells express only one protein, EBNA1
(Epstein–Barr nuclear antigen). They also express two sets of
RNAs that are not translated, called EBERs (Epstein-Barr
early RNA) and BamAs (these last are transcribed from a
region of the genome found in a BamHI restriction fragment

called the A fragment). Lat II cells express additional pro-
teins called LMPs (latent membrane protein). Lat III cells
express still more proteins called EBNAs 2, 3A, 3B, 3C, and
LP. One model for the functions of these different types of
latency is that Lat III is first established and serves to
amplify the pool of infected B lymphocytes, since Lat III
cells are stimulated to divide. Lat III cells are targets of
CTLs, however, which kill these cells in an attempt to control
the viral infection. In contrast, Lat I and II cells are resting
cells. The more limited set of proteins produced does not
stimulate B cells to proliferate nor make the cells targets of
CTLs, and it is these cells that maintain the latent infection
in the host. In this model, during the lifelong infection by the
virus, Lat I and II cells may sporadically become permissive
for lytic growth and produce virus, or may sporadically
switch to the Lat III state, which results in cell division and
the stimulation of CTLs that control these cells. Colonization
of B cells is limited, and it is estimated that only about one in
105 B cells is infected by virus in asymptomatic carriers.

The RNAs and proteins expressed in latently infected
cells are important for maintaining the latent state and
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FIGURE 6.16 Stages of latency after Epstein–Barr infection. Latency I was first described in BL cell lines, but can
be reproduced by fusion of in vitro transformed LCLs with EBV-negative hemopoietic cell lines. Similarly, latency II
was first described in NCP cells but can be reproduced by fusing LCLs with certain human epithelial, fibroblast or
hemopoietic lines. [Data from Fields et al. (1996, pp. 2399–2402).]

inducing cellular proliferation. EBV DNA has three high-
affinity binding sites for EBNA1 and this protein enables
the circular EBV DNA to be maintained as an episome in
the infected B cells. LMP1 is an integral membrane protein
with six membrane-spanning domains. It has transforming
activity when expressed in certain rodent cell lines and is
presumably important for stimulation of B cell division. It
also induces the production of cellular bcl-2, which protects
the infected B cells from undergoing apoptosis. LMP2 is
also an integral membrane protein. It appears to prevent
complete activation of the B cell so that the infection
remains latent. EBNA LP, 2, 3A, and 3C are required for
continuing growth of the infected B cell. 

The EBER RNAs are abundantly produced in infected
cells. They are small, nonpolyadenylated RNAs that are
located mainly in the nucleus. They are similar to the VA
RNAs of adenoviruses. It has been suggested that they may
counter the effects of interferon, but experimental evidence
does not support such a role.

Latently infected B cells sporadically become permis-
sive for virus replication. In the infected human, this results

in production of virus and continued seeding of the oral
mucosa. In the laboratory, treatments of latently infected B
lymphocytes have been developed that result in the conver-
sion of a substantial fraction of them to permissivity. This
has allowed studies of lytic infection and production of
progeny virus in cultured cells. Replication of EBV under
these conditions appears to involve pathways similar to
those of HSV, with which it shares many genes (Fig. 6.11). 

The control of latently infected B lymphocytes by CTLs
is obviously to the advantage of the virus as well as of the
host. If the initial unlimited proliferation of infected B cells
continued indefinitely, it would be lethal for the host. This
in fact happens in people whose immune system is com-
promised, as described below. 

Burkitt’s Lymphoma

The ability of EBV to latently infect B cells and stimu-
late continuous cell division leads to an association with a
number of human cancers (Table 6.8). The first to be
described was Burkitt’s lymphoma (BL), which was first
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TABLE 6.8 Tumors Caused by Epstein–Barr Infection

Tumor Subtypea Latent periodb EBV positivity EB antigens expressed World distribution

%

Burkitt’s lymphoma Endemic 3–8 years 100 Infection primarily of children <15 
Sporadic 3–8 years 15–85 EBNA1 years of age in regions endemic 
AIDS-associated 3-8 years post HIV 30–40 for malaria (P. falciparum)

Nasopharyngeal — >30 years 100 EBNA1, LMP1, LMP2 Mostly in SE Asia
carcinoma

Hodgkin’s disease Mixed cell >30 years 80–90 EBNA1, LMP1, LMP2 Worldwide, but more common 
in Western Hemisphere

Nodular sclerosing >10 years 30

T-cell lymphoma Fatal IM <6 months ?100 ?

Nasal >30 years 100 EBNA1, LMP1, LMP2

AILD pleomorphic >30 years ?40 ?

Immunoblastic Fatal IM <6 months 100

lymphoma Transplant-associated <6 months after 100
EBNA1, 2, 3A, 3B, 3C

(early) transplant

Transplant-associated >1 year 100 LMP1, LMP2
(late)

AIDS-associated 5–10 years post-HIV 70–80

Source: Adapted from Fields et al. (1996, Table 2, p. 2433).
aIM, infectious mononucleosis; AILD, angioimmunoblastic-lymphadenopathy-like.
bPost-EBV infection if not otherwise noted.

studied by Denis Burkitt in the 1960s in Africa. He attrib-
uted the disease to viral infection and it is now known to be
associated with EBV. BL is a childhood malignancy that is
worldwide but occurs predominantly in regions of Africa
and New Guinea with a high incidence of malaria. The
tumors arise in lymph nodes, frequently in submandibular
nodes. The disease is fatal if not treated, but treatment with
chemotherapeutic agents is effective and the majority of
patients can be cured. The association with malaria was
originally proposed to result from the suppression of CTLs
induced by the microbe. Such suppression could result in
an enlarged pool of EBV transformed cells, which are the
progenitor cells that become malignanant. However, a more
recent hypothesis proposes that it is the expansion of germi-
nal centers that occurs in malaria that is responsible for the
increased incidence of lymphomas. Germinal centers serve
as sites in which somatic mutation occurs in the V genes of
the Ig locus in order to increase the affinity of the antibody
for antigen (see Chapter 8). BL cells are characterized by
deregulated expression of the cellular oncogene c-myc, and
the c-myc expressed consistently carries mutations.
Chromosomal translocations have been found in all BL
tumors that bring the c-myc oncogene upstream of the
immunoglobulin (Ig) genes. Ig genes are expressed in B
cells to high levels, and the translocation of c-myc to near
the Ig locus leads to its deregulated expression in B cells.
Perhaps its association with the Ig locus also leads to hyper-

mutation of c-myc and the development of a mutant form of
the gene that results in the development of a tumor. In any
event, it appears that overexpression of a mutated c-myc is
essential for the development of BL.

Changes in genes other than c-myc also appear to be
required for development of BL. The cellular tumor sup-
pressor gene p53 is often altered in BL, and changes in
other cellular oncogenes or in chromosome architecture
also occur in some cases. These alterations may be impor-
tant for the development of the full malignant phenotype. In
addition, BL cells downregulate several functions that are
required for recognition and lysis by CTLs. In these cells
the expression of class I major histocompatibility complex
proteins (MHC) and of the transporter proteins (TAPs) that
are required to transfer antigenic peptides across the endo-
plasmic reticulum (see Chapter 8) are reduced, effectively
downregulating the presentation of antigens to CTLs by
class I MHC. BL cells also reduce or eliminate expression
of cofactors required for efficient interaction with T lym-
phocytes. Thus, a BL cell resists lysis by CTLs, which are
active in immune surveillance. 

In summary, the transition from an infected B cell to a
malignant cell that can form a fatal tumor in an immuno-
logically competent person is a multistep process.
Establishment of a latent infection in B lymphocytes by
EBV is only the first step. Many other events must follow,
most of which are rare.
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Hodgkin’s Disease

Hodgkin’s disease is another form of malignant lym-
phoma associated with EBV. The disease often strikes
young adults (hockey fans will remember that Mario
Lemieux, a star of the Pittsburgh Penguins, underwent
treatment for Hodgkin’s disease). There is a second peak in
incidence after age 45. The disease is worldwide, although
more common in developed countries. It is estimated that
perhaps 50% of all Hodgkin’s disease is due to EBV. It is
assumed that other events must occur in order for infected
cells to become malignant, as is the case for BL.

T-Cell Lymphomas

The primary target of EBV in humans is B cells, as
described above. However, EBV has also been associated
with some T-cell lymphomas (Table 6.8). Nothing is known
about the process by which the virus infects T cells and
causes tumors.

Nasopharyngeal Carcinoma

EBV is also associated with nasopharyngeal carcinoma
(NPC). This disease is worldwide but has a much higher
incidence in Southeast Asia, in Eskimos, and among some
populations in northern and eastern Africa. The available
evidence suggests that both genetic and environmental
factors are important for the higher incidence in these pop-
ulations. Studies have found that a particular MHC haplo-
type (Chapter 8) is correlated with the relative risk of
developing NPC. However, dietary factors are also impor-
tant because immigrant Chinese in the United States have a
lowered frequency of NPC than people in China, although
the rate is still higher than that in Caucasians.

NPC is a carcinoma rather than a lymphoma, arising in
epithelial cells of the nasopharynx. Little is known about
how the carcinoma arises, but it presumably requires a non-
lytic infection by EBV in which transforming genes are
expressed. As for other tumors, several transforming events
are probably required for the carcinoma to develop.

EBV Infection in People with Compromised 
Immune Systems

People who are immunodeficient because of infection
with HIV or are pharmacologically immunosuppressed fol-
lowing organ transplant are at greatly increased risk for the
development of lymphomas caused by EBV, as shown in
Table 6.8. These lymphomas may develop after a very short
latent period, less than 6 months. Of interest is the finding
that AIDS patients develop two forms of lymphoma. The
first arises early, while the immune system is relatively
intact, and is a form of Burkitt’s lymphoma, having the
same c-myc chromosomal translocation as described above.

BL may arise at higher frequency in AIDS patients in com-
parison to people with normal immune systems because of
expansion of the infected B-cell population, giving rise to
an expanded pool of potential precursor cells. The second
form arises late, when the immune system is highly com-
promised. The late form appears to result from failure of
CTLs to control the EBV-infected B-cell population.

A fatal, infectious mononucleosis-like illness in young
males has been described that is X linked (that is, the sus-
ceptibility gene is carried on the X chromosome, of which
males have only one copy). The disease is apparently due to
a defect in the immune system that allows EBV-infected B
cells to proliferate out of control. The disease is fatal 75%
of the time, and death usually results from uncontrolled
immunoblastic lymphoma.

Cytomegalovirus (HHV-5)

The cytomegaloviruses (CMVs) are betaherpesviruses
that, like all herpesviruses, are species specific in their
natural host range. They replicate slowly in cultured cells
and have a restricted host range in the laboratory. Human
CMV (HCMV) will infect cultured human skin or lung
fibroblasts as well as some peripheral blood monocytes. It
will also infect chimpanzee cells. Lytic replication in cul-
tured cells resembles that of HSV. There is regulated tran-
scription of �, �, and � genes, and many of the genes are
shared with HSV (Fig. 6.11). However, the CMV replica-
tion cycle differs from HSV in one important aspect. CMV
infection leads to the stimulation of host-cell DNA, RNA,
and protein synthesis throughout infection, whereas infec-
tion with HSV results in the immediate shutoff of host-cell
macromolecular synthesis. 

Infection of Humans with CMV

Transmission of HCMV requires close contact between
a susceptible person and a person shedding virus. Virus
present in oropharyngeal secretions, breast milk, or other
bodily secretions is probably responsible for transmission.
It can also be transmitted by blood transfusion. The virus is
ubiquitous, present in all human populations, and most
humans become infected as infants. In different popula-
tions, 40–100% of persons become infected before the age
of puberty. HCMV infections are usually asymptomatic, but
primary infection of adults can result in infectious mononu-
cleosis.

HCMV infects epithelial cells in many different tissues,
in contrast to its restricted host range in cultured cells.
Infection characteristically results in cell enlargement, from
which the virus gets its name, and the presence of intranu-
clear inclusions. Shedding of infectious virus may persist
for an extended period of time following primary infection,
in fact, for years if infection is congenital or occurs very
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early in life. Following control of infection by CTLs,
HCMV establishes latency in tissues or cells that have not
been well defined, perhaps in leukocytes, although chronic
infection rather than latent infection has not been ruled out.
Infection is lifelong and, as for other herpesviruses, reacti-
vation of viral infection can occur and result in renewed
shedding of virus.

Infection in Populations at Risk for Disease

Congenital infection by HCMV can be very serious if
the infant is not protected by maternal antibodies. About
1% of infants born in the United States are infected in
utero, either as the result of reactivation of a latent infection
in a seropositive mother or as the result of primary infec-
tion in a seronegative mother. In the case of mothers who
are seropositive, maternal antibodies against HCMV, which
are protective against disease, are transferred to the fetus.
Congenital infection then occurs with a frequency of only
0.2–2% and symptomatic disease does not occur in the
infected fetus. However, primary HCMV infection during
pregnancy of women who were previously seronegative
results in infection of the fetus up to 50% of the time, and
about 10% of infections result in symptomatic infection in
the newborn. Infection may be fatal or may result in long-
term neurological sequelae, which may include defects in
hearing or vision, seizures, microcephaly, or lethargy. Up
to 80% of symptomatic infants suffer severe neurological
problems, and neurological impairment may occur even in
the absence of symptomatic infection. Hearing loss is the
most common neurological sequela and congenital HCMV
infection is the most common cause of hearing loss in the
United States other than that caused by genetic factors.

Like many other herpesvirus infections, HCMV infec-
tion, whether primary or resulting from reactivation of
latent infection, is extremely serious in patients with com-
promised immune systems. It is often the most common
infection following organ transplant and can result in life-
threatening systemic disease. It is also a major life-
threatening disease in AIDS patients. Latent HCMV is
present in most humans and systemic spread occurs when
the CD4+ lymphocyte count falls to very low levels.
Systemic disease affects virtually every organ in the body,
but infection of the lungs, central nervous system, and the
gastrointestinal tract are the most common and most
serious. Infection of the lungs can lead to fatal pneumonitis.
Infection of the central nervous system commonly results in
retinitis, which develops in 20% of long-lived AIDS
patients. Infection of almost any region of the gastrointesti-
nal tract can occur and result in severe ulcerations that can
lead to perforation of the gut. 

The serious nature of disease in the immunocompro-
mised shows that HCMV is an invasive virus that will
infect many organs if not controlled by a vigorous immune

response. Disease in transplant patients and in patients with
AIDS is exacerbated by the expression of genes in HCMV
that interfere with many aspects of the immune response. In
immunocompetent people, these immunity-defeating mech-
anisms allow the virus to live in harmony with the host,
establishing a lifelong infection that is associated with little
or no disease. However, in the immunocompromised, the
thwarting of an immune response that is at best weak leads
to uncontrolled virus growth and serious illness. The mech-
anisms by which HCMV interferes with the immune
response are described in Chapter 8. They include the syn-
thesis of several proteins that block the presentation of anti-
gens to CTLs by class I MHC and of a protein that
interferes with chemokine responses.

Human Herpesviruses 6, 7, and 8

Three newly described human herpesviruses have come
to light only recently and have simply been given the
sequential numbers HHV-6, -7, and -8. They all appear to
be typical herpesviruses that establish latent infections
worldwide. These infections are normally accompanied by
no disease or only mild disease symptoms. The silence of
their infections caused them to be overlooked until recently,
when the ability of HHV-6 and HHV-8 to cause disease in
immunocompromised populations, especially in AIDS
patients, led to their discovery.

HHV-6 and -7 have a tropism for lymphocytes, espe-
cially CD4+ T cells. On the basis of this tropism they were
first considered to be gammaherpesviruses. However, they
are genetically related to betaherpesviruses like CMV and
are now classified as betaherpesviruses, in the genus
Roseolovirus.

HHV-6 occurs as two major types, called A and B. The
virus is probably transmitted by oral secretions. In one
study, 90% of adults were reported to have infectious virus
in their saliva, although other studies have given lower
numbers. About half of children infected by HHV-6 suffer a
disease called roseola infantum, exanthem subitum, or sixth
disease, a mild disease of childhood that is characterized by
fever and rash lasting 3–5 days. More severe symptoms or
neurological complications occur only infrequently.
Primary infection of adults is rare because most people are
infected as children, but symptoms are more serious when
it does occur. 

As for other herpesviruses, primary infection or recur-
rence of infection in immunosuppressed people or people
with AIDS can be life threatening. HHV-6 was first
described in 1986 because of its association with lympho-
proliferative disorders in AIDS patients. The virus can also
cause serious problems in immunosuppressed populations,
in particular, in patients undergoing bone marrow, kidney,
or liver transplants.
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HHV-7 was found during studies of HHV-6 in peripheral
T cells. At present there is no clear evidence for the
involvement of HHV-7 in human disease. Of possible clini-
cal importance is the fact that HHV-7 may use the same
receptor to infect CD4+ T cells as does HIV, which may
allow HHV-7 to be used as a vector to express anti-HIV
genes in the specific target population infected by HIV.

HHV-8 is the most recently described human herpesvirus.
It establishes a latent infection in B lymphocytes and is
classified as a gammaherpesvirus, genus Rhadinovirus. It
has a prevalence of 5% in the United States and is sexually
transmitted. It was discovered through its association with
Kaposi’s sarcoma, the most common tumor found in patients
with AIDS. Tumor cells are of endothelial origin and are
multifocal. AIDS patients are much more likely to develop
Kaposi’s sarcoma than are immunosuppressed patients, and
there must be a synergism between the infections of HIV
and HHV-8. Intriguingly, Kaposi’s sarcoma is 15–fold more
common in homosexual male AIDS patients than in patients
who acquired HIV by a nonsexual route. HHV-8 is also asso-
ciated with body cavity-based lymphoma, a lymphoid tumor
in some AIDS patients, and with multifocal Castleman’s
disease, a rare lymphoproliferative disorder. In common
with a number of other herpesviruses, HHV-8 encodes
factors that stimulate cells to divide, that interfere with the
host immune response, and that block apoptosis.

Monkey B Virus

Many herpesviruses infect vertebrates other than
humans, but only one nonhuman herpesvirus is known to
be highly pathogenic for humans. Cercopithecine her-
pesvirus 1 or monkey virus B is indigenous to Old World
monkeys in the genus Macaca. In its native host it causes a
disease that is similar to that caused by HSV-1 in humans.
A latent, lifelong infection is established in the monkey that
seldom leads to serious illness. Sporadic reactivation of the
virus occurs that results in the formation of vesicular
lesions, particularly on the tongue and cheeks. However,
infection of humans or of a number of monkeys other than
macaques results in a very serious neurological disease that
has a high fatality rate. As described earlier, HSV-1 is also
neurotropic and occasionally causes fatal encephalitis. 

B virus has usually been transmitted to humans through
the bite of a monkey in which infectious virus was present
in the saliva. However, transmission has also occurred by
other means. In at least one case transmission resulted from
contact of infectious material with the eye and two cases
are thought to have resulted from exposure to aerosols. One
case of transmission of virus from an animal worker to his
wife has also been documented. The majority of human
infections have resulted in fatal neurological disease, but
some infections resulted in only mild disease and the estab-
lishment of a latent infection. Acyclovir has been used to

treat persons infected by B virus with apparent success, but
the number of cases is small and no controlled trials of
efficacy have been conducted. 

Recurrence of herpes infections is often associated with
stress. Newly captured and shipped animals are subject to a
great deal of stress, so that active infection in these animals
is not uncommon. Animal handlers or researchers using
these animals are at risk for the disease and must take
proper precautions when handling macaques. Because of
the dangers from B virus infection, most laboratories in the
United States use only monkeys that lack antibodies to B
virus, an indication that they are not infected. Although this
greatly reduces the risk of handling the animals, it does not
eliminate all risk because occasionally monkeys that are
infected do not have detectable antibodies.

FAMILY ADENOVIRIDAE

Adenoviruses are widespread viruses of mammals and
birds. The virions are a T = 25 icosahedron, 70–100 nm in
diameter, with fibers projecting from the 12 fivefold axes of
the icosahedron (Figs. 2.1 and 2.12). The virion contains 11
proteins, of which 4 are present in the core. The genome of
adenoviruses is a linear 36-kb dsDNA. A terminal protein is
covalently attached to the 5′ end of both strands that serves
as a primer during DNA replication.

Adenoviruses are named after adenoids, a gland-like col-
lection of lymphoid tissue in the nasopharynx. They estab-
lish a long-term infection in this tissue and were first
isolated from human adenoids. Two genera are recognized.
The genus Mastadenovirus contains viruses that infect
mammals and the genus Aviadenovirus contains viruses
that infect birds (Table 6.9). The viruses are species specific
and in general will only undergo a complete replication
cycle in cells isolated from their native host. 

Fifty-one human adenoviruses have been distinguished
on the basis of serological reactivity—an adenovirus is con-
sidered distinct if it resists neutralization by antisera against
the other known adenoviruses. The 51 viruses are simply
numbered in order of their isolation and are usually referred
to as Ad1, Ad2, etc. The human viruses can be divided into
a number of subgroups on the basis of several properties.
The six groups, A through F, listed in Table 6.9 are based on
serological cross reactions in a hemagglutination-inhibition
assay. In this assay, the ability of an antiserum to bind to the
virus and prevent it from agglutinating red blood cells is
examined. An antiserum against one of the viruses of sub-
group A, for example, inhibits hemagglutination by all
members of that subgroup but not by members of other
subgroups. The grouping in Table 6.9 correlates with a
number of other properties of the viruses as well, such as
their ability to form tumors in rodents, and is a convenient
way of classifying relationships among these viruses.
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TABLE 6.9 Adenoviridae

Genus/members Virus name Usual Disease in
abbreviation host(s) natural hosta

Mastadenovirus

Human adenoviruses (51 serotypes) Humans

Subgroup A types 12,18,31 HAdV-A Enteritis

B types 3,7,11,14, HAdV-B Enteritis; military recruits’ disease 
16, 21, 34, 35, 50 (3, 7, 14, 21); type 35 causes pneumonia in 

elderly and immunocompromised humans

C types 1,2,5,6 HAdV-C Respiratory infection in children

D types 8,9,10,13,15, HAdV-D Enteritis

17,19,20,22–30,32
33,36–39,42-49, 51

E type 4 HAdV-E Enteritis, pneumonia, and upper respiratory 
disease in military recruits

F types 40,41 HAdV-F Infant diarrhea

Murine adenovirus A MAdV-A Mice ?

Bovine adenovirus A, B, C BAdV-A, -B, -C Cattle

Ovine adenovirus A, B OAdV-SA, -B Sheep Asymptomatic or mild respiratory disease

Porcine adenovirus A, B, C PAdV-A, -B, -C Swine

Canine adenovirus, types 1 and 2 CAdV Dogs Hepatitis (type 1)
Respiratory disease (type 2)

Adviadenovirus

Fowl adenovirus A, B, C, D, E FAdV-A, -B, -C, -D, -E Chickens, ducks Hepatitis, egg drop syndrome, duck 
hepatitis (rare)

Goose adenovirus GoAdV Geese ?

Pheasant adenovirus Pheasants ?

Turkey adenovirus types 1–3 Turkeys Bronchitis, enteritis

aIn general adenoviruses are transmitted by both aerosols and fomites and by the oral/fecal route.

Because they replicate to high titer in cultured human
cells, several human adenoviruses have been intensively
studied, in particular Ad2, Ad5, and Ad12. Further interest
has been generated by the fact that, although they will not
undergo a complete replication cycle in rodent cells, they
will infect and transform rodent cells in culture. Members of
subgroup A will also cause tumors in rodents at a high rate
and members of subgroup B at a moderate rate. Other human
adenoviruses cause tumors in rodents at a low or unde-
tectable rate. There is no evidence that adenoviruses are asso-
ciated with tumors in man, however. Because of the extensive
background of information about them and the fact that they
usually cause only minor illness, attempts are being made to
use them as expression vectors for gene therapy (Chapter 9).

Transcription of Adenovirus mRNAs

Adenovirus replication takes place in the nucleus. After
the entry of the infecting genome into the nucleus, it is tran-

scribed by host RNA polymerase II to produce a set of early
RNAs. Later, a set of late RNAs is produced. A transcription
map of Ad2 is shown in Fig. 6.17. Transcription of early
RNAs occurs from five promoters, three on the so-called R
strand and two from the L strand. The R strand is transcribed
rightward on the chromosome as conventionally drawn, and
the L strand is transcribed leftward. There are two other pro-
moters for transcription of delayed early mRNAs. Multiple
splicing of these transcripts leads to the production of about
30 mRNAs. The proteins translated from these early mRNAs
are required for replication of the viral genome. The E1A
and E1B gene products are oncogenes that stimulate the cell
to enter S phase  and thereby induce an ideal environment
for the replication of the viral DNA. Their mode of action is
described below. Proteins from the E2 region are directly
involved in replicating adenovirus DNA and include a DNA
polymerase, a ssDNA-binding protein, and a precursor to the
terminal protein, which is involved in initiation of DNA
replication as described below. E3 proteins modulate the
host response to adenovirus infection, and this region is
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FIGURE 6.17 Genome organization of human adenovirus type 2. The double blue lines represent the two linear
DNA strands that make up the genome of 36 kbp. The genes have been mapped by superimposing an arbitrary scale of
100 map units. Each arrow represents a transcription unit composed of a nested set of spliced messages, transcribed in
the direction of the arrow. General functions of the various transcription units are shown. Proteins in the E3 cluster
interact with the host immune system, and E4 genes are involved in DNA replication. The major late transcription unit
includes the leaders “1,” “2,” and “3” and the L1, L2, L3, L4, and L5 families of genes. [Adapted from Wold and
Golding (1991).]

nonessential in cultured cells. The functions of the E3 pro-
teins are described in Chapter 8. Region E4 encodes proteins
involved in transcription and transport of viral mRNAs and
in DNA replication.

Late genes are all transcribed beginning from a single
promoter on the R strand, and transcription leads to an
RNA product that is about 80% the length of the adenovirus
genome. Multiple splicing occurs to produce at least 18 dif-
ferent mRNAs that fall into five families, based on the use
of five different polyadenylation sites. Each late mRNA has
the same tripartite leader, formed by splicing. The late
mRNAs are translated into the proteins required for the
assembly of progeny virions. 

The multiple splicing events that occur during process-
ing of adenoviral mRNA, especially the late mRNA, which
is made in abundance, led to the discovery of RNA splicing
by Phillip Sharp. Upon examination of adenoviral
mRNA–DNA hybrids with an electron microscope, he
observed that regions of the genome were missing from the
mRNA transcripts. For his codiscovery of RNA splicing, he
was awarded a Nobel Prize, along with Richard Roberts, in
1993 (Table 1.1).

In addition to the many genes transcribed by RNA poly-
merase II, one or two adenovirus genes, called VA, are tran-
scribed by host RNA polymerase III. Short VA RNA
molecules are produced that are not translated. They func-

tion to inhibit the host interferon system and will be
described in Chapter 8, after the description of the inter-
feron system itself.

Replication of the Viral DNA

Inverted terminal repeats that contain the origins of
replication are present at the ends of the adenovirus
genome. DNA synthesis is initiated at one of the two ends
and proceeds to the other end. There is no lagging strand
synthesis and the partner of the strand being copied is dis-
placed as a ssDNA (illustrated schematically in Fig. 1.7C).
The precursor of the terminal protein serves as a primer
during initiation. It forms a complex in solution with the
adenovirus DNA polymerase, and it is assumed that these
two proteins bind to the origin of replication as a complex
during initiation of DNA replication. There are also binding
sites within the terminal repeats for several cellular proteins
that stimulate the initiation of DNA synthesis. The first step
in initiation is the covalent linkage of dCMP, the first
nucleotide in adenovirus DNA, to the preterminal protein.
Subsequent chain elongation requires the activity of the
adenovirus DNA polymerase and of the ssDNA binding
protein, as well as of a cellular topoisomerase. The use of a
protein primer eliminates the need for a primase to initiate
DNA synthesis with an RNA primer, and thus solves the
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problem of how to maintain the ends of the linear adenovi-
ral DNA molecule during replication.

The products of the first round of replication are a
double-strand progeny genome and a single-strand copy of
one of the two strands of the genome. Initiation of DNA
synthesis can also occur on this ssDNA. It is proposed that
a panhandle structure is formed by the terminal repeats so
that an origin of replication is present that is identical to
that in the dsDNA. Copying this ssDNA renders it double
stranded and completes the production of two copies of the
dsDNA genome from the parental genome.

Assembly and Release of Progeny Virions

Progeny viruses are assembled in the nucleus from
preassembled hexons and pentons (see Fig. 2.12). Viral
DNA is required for assembly. A packaging signal of
about 260 nucleotides from the left end of the viral DNA
leads to polarized encapsidation starting from this end.
During assembly, the viral protease cleaves at least four
viral products, and these cleavages are required to stabi-
lize the particle and make it infectious. Release of virions
from the cell is associated with the disruption of interme-
diate filaments. Vimentin is cleaved early after infection
by an unknown protease, and cytokeratin K18 is cleaved

late by the viral protease. A schematic of the relative
timing of the major events in the adenovirus life cycle is
presented in Fig. 6.18. Virus infection is lytic and the cell
eventually dies.

Adenovirus Oncogenes

Two early genes of adenovirus, E1A and E1B, encode
proteins that induce the cell to enter S phase, in which cel-
lular DNA is replicated. E1A targets a number of cell pro-
teins that are involved in cell cycling, forming complexes
with Rb, p107, p130, p300, and several other cellular pro-
teins. These proteins are listed in Table 6.10 for two forms
of E1A that result from differential splicing, called 12S
E1A (because it is translated from an mRNA that sediments
at 12S) and 13S E1A (because its mRNA sediments at
13S). Rb or retinoblastoma susceptibility protein is a tumor
suppressor. It was first identified because it is absent in
patients suffering from retinoblastoma. In its hypophospho-
rylated form, Rb binds a cellular transcription factor called
E2F and causes the cell cycle to arrest in G1.
Hyperphosphorylation of Rb causes it to dissociate from
E2F. Free E2F activates the transcription of genes that
cause the cell to enter S phase. The binding of Rb by E1A
prevents it from complexing with E2F, and E2F is thus free
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to induce the cell to enter S phase. p107 and p130 are other
members of the Rb family that also interact with E2F, as
well as with cyclins and cyclin-dependent kinases, whose
activities are disrupted by binding to E1A. Binding of E1A
to p300 appears to be an independent method of disrupting
the cell cycle; p300 is thought to bind to DNA and activate
transcription of factors involved in cell cycle progression. 

The E1B 55kDa protein also targets a tumor suppressor
protein called p53. p53 is another cellular protein that regu-
lates cell cycle progression. It is the most commonly
mutated gene associated with human tumors. It is both a
transcriptional activator and repressor. It activates the tran-
scription of genes whose function is to arrest cell cycle pro-
gression. E1B blocks the activity of p53, and when p53 is
inactive or absent, cell cycle progression continues. Ad5
E1B binds p53 and sequesters it outside the nucleus,
whereas Ad12 E1B does not appear to bind p53 but inhibits
its activity in some indirect way.

The net result of the expression of E1A and E1B is the
continued cycling of the cell. The expression of these two
genes alone will transform cells in culture. Rat cells trans-
formed by Ad12 (subgroup A) will produce tumors in syn-
geneic newborn rats but cells transformed by Ad2 or Ad5
(subgroup C) are not tumorigenic. The differences in the
ability to induce tumors appear to be in the immune
responses of the host. In particular, Ad12 appears to inter-
fere more effectively with host CTL responses, as

described in Chapter 8. Although some adenoviruses
cause tumors in rats, there is no evidence that they do so
in humans. The regulation of cell cycling may be different
in rodents and humans, or the adenovirus proteins may
interact with rodent and human regulatory proteins in dif-
ferent ways.

The proteins targeted by E1A and E1B are key regula-
tory elements of the cell. The polyomaviruses and the
papillomaviruses target many of these same proteins in
order to induce cell cycling, emphasizing their importance
in the control of the cell cycle. The oncogenes of these
three families of viruses and their interactions with these
key cellular proteins are illustrated schematically in
Fig. 6.19.

TABLE 6.10 Cellular Proteins That Bind Directly to
Adenovirus E1A Proteinsa

E1A binding protein Binds tob Other proteins in complex

12S E1A 13S E1A

pRb + + None known

p107 + + Cyclin A,cdk2/cyclin E, 
cdk2

p130 + + Cyclin A, cdk2/cyclin E, 
cdk2

p300 + + None known

TATA binding proteins – + TBP-associated factors
(TBP)

ATF-2 – + None known

YY1 – + None known

Source: Adapted from Fields et al. (1996, p. 2122).
aE1A is the first viral transcription unit to be expressed. In the early
phase of infection, differential splicing results in two mRNAs from this
gene, which sediment at 12S and 13S, respectively. The translation
products of these two mRNAs are referred to as 12S E1A and 13S E1A.
bRb is the retinoblastoma susceptibility protein; cdk2 is cyclin-dependent
kinase 2; ATF-2 is a member of the ATF family of transcription factors;
YY1 is a human transcriptional repressor. These cellular proteins have
been shown to bind directly to the E1A protein in a biologically relevant
way. See also Fig. 6.19.
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FIGURE 6.19 Known interactions between the oncogenic proteins
(shaded with pink patterns) of an adenovirus, a polyomavirus, and a papil-
lomavirus and cellular proteins that are regulators of cell cycle progres-
sion. (A) Protein E1A of adenoviruses binds to the Rb family, promoting
entry into S phase. The 19-kDa form of E1B also binds to p53, blocking
apoptosis. (B) The large T antigen of the polyomavirus, SV40, interacts
with the Rb family of proteins as well as with p53 (see also Fig. 6.25). 
(C) The human papillomavirus proteins E6 and E7 bind Rb and p53,
respectively, the latter promoting the destruction of p53. [Adapted from
Berg and Singer (1997, p. 61).]
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Interference with Host Defenses

Adenoviruses interfere with host antiviral defenses in
multiple ways. This topic is covered in detail in Chapter 8,
so only a summary is presented here. Adenoviruses have
two independent mechanisms to suppress the interferon
system. First, E1A inhibits the activation of interferon
response genes by inhibiting the activity of ISGF3, a cellu-
lar transcription factor. Second, VA RNA prevents the acti-
vation of a protein kinase called PKR, which is one of the
major effector products of the interferon pathway.

Adenoviruses also inhibit the lysis of infected cells by
CTLs. Ad12 E1A protein blocks the transcription of the
genes for class I MHC molecules, whereas the Ad2 or Ad5
E3 19-kDa protein prevents the export of class I MHC mol-
ecules to the cell surface. In either case, presentation of
peptide antigens to CTLs is blocked. 

Apoptosis is a cell suicide pathway by which cells die
after infection by many viruses. Adenoviruses encode pro-
teins that delay the advent of apoptosis in order to give the
virus more time to replicate. First, E3 region proteins inter-

fere with the action of TNF-�, blocking TNF-�-induced
apoptosis. Second, E1B blocks, or at least delays, apoptosis
otherwise induced by E1A. 

Because adenoviruses block the antiviral defenses of
the host, they have the ability to persist in the infected
host for considerable periods of time. Virus may be
present in tonsils and adenoids and may be shed in the
stools for a year or more following primary infection
(Fig. 6.20).

Adenoviruses and Human Disease

The human adenoviruses replicate primarily in the upper
respiratory tract or in the gut. Some replicate well in both
while others express a tropism for one or the other. Spread
of the viruses is by a respiratory route or by an oral/fecal
route. Many infections by adenoviruses appear to be asymp-
tomatic, but about 5% of acute respiratory disease in chil-
dren under 5 years old is due to adenovirus infection. Some
serotypes can also cause gastroenteritis, but the overall
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importance of these viruses as causative agents of gastroen-
teritis is not resolved. Ad1, 2, and 5 are the most common
viruses found in human populations, and antibodies to these
viruses are present in about one-half of all children.

Virus can be shed for months following primary infec-
tion, especially in stools (Fig. 6.20). Children who are shed-
ding virus are infectious and spread is particularly efficient
between close family members. Figure 6.21 diagrams the
spread of infection within four families in which older sib-
lings were excreting adenovirus at the time of the birth of
the youngest child. In all cases the new baby was infected
within a year. Day care centers are also important in the
spread of these viruses. 

Adenoviruses also cause respiratory disease in adults
and probably account for about 3% of such illnesses. The
disease is usually mild, but Ad4 and Ad7 have caused epi-
demics of more serious respiratory illness in military
recruits. Such epidemics of acute respiratory disease have
resulted in the infection of 80% of the recruits in a unit and
20–40% of these have required hospitalization. The stress,
crowding, and bringing together of young men from differ-

ent backgrounds and from all over the country seems to
potentiate the illness. Illness may be exacerbated if infec-
tion begins by deep inhalation of aerosolized virus, which
results during the vigorous exercise that is required of
recruits. Such epidemics result in protective immunity
because seasoned troops do not suffer recurrent epidemics
(Fig. 6.22). The military used a vaccine for many years to
prevent the disease. This vaccine consisted of live nonat-
tenuated virus that was encapsulated in coated capsules and
taken orally. Infection of the enteric tract is asymptomatic
for these viruses under these conditions and results in a
good antibody response, presumably including mucosal
antibodies to protect the respiratory tract.  The vaccine is no
longer available, and after the army stopped its vaccination
program there have been several epidemics of adenovirus
respiratory disease in recruits, in which a number of sol-
diers have died.

Adenoviral epidemics such as have occurred in military
recruits are rare in the civilian sector but do occur. As one
example, there was an epidemic of Ad11 in 1997 in a South
Dakota job training facility. Like a military camp, this facil-
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related, of two recruit groups and one group of seasoned troops. [From Dingle and Langmuir (1968).]

ity had young adults housed in crowded conditions with
regular multiple introductions of new susceptible persons.

Adenoviruses are being developed as vectors to immu-
nize people against other viruses and for gene therapy. Two
approaches are being used. One is to use the military experi-
ence with the Ad4 and Ad7 oral vaccines to develop vaccines
that could be delivered safely using this route. A second
approach is to disable the virus by deleting some of the early
genes. Such an attenuated virus has been used in clinical
trials for treatment of cystic fibrosis. In these trials, virus that
expresses the gene that is defective in such patients is deliv-
ered directly to the lungs. Trials that use adenoviruses in an
attempt to treat other diseases are also ongoing. The use of
adenovirus for gene therapy has not been very successful to
date, and the recent death of a patient in a gene therapy trial
from adenovirus has led to retrenchment in this area. This
topic is discussed in more detail in Chapter 9.

FAMILY POLYOMAVIRIDAE

Until recently, the polyomaviruses and the papillo-
maviruses were considered to be two subfamilies within the
family Papovaviridae. The name papova came from
papilloma virus/polyoma virus/simian vacuolating virus
(= SV40), three characteristic members of the enlarged
family. Recently, the ICTV has elevated the two subfamilies
to the status of full families, and that is the treatment fol-
lowed here.

A partial listing of the members of the family
Polyomaviridae is given in Table 6.11. Polyomaviruses of
humans, monkey, mouse, rat, hamster, cattle, rabbit, and
parakeet are known. The two best studied viruses are mouse
polyomavirus, so-called because it causes many (poly) dif-
ferent kinds of tumors (omas) in mice, and simian virus 40
(SV40), which infects monkeys. SV40 was first recognized
as a contaminant in monkey kidney cultures used for the
production of polio vaccine. Two, or possibly three, poly-
omaviruses infect humans. BK virus and JC virus are well-
known human viruses, and SV40 or an SV40–like virus
may also circulate in humans. The human viruses have
received increasing attention as disease agents.

Polyomaviruses are icosahedral viruses 45 nm in diame-
ter with pseudo-T = 7 symmetry (Figs. 2.1 and 2.5). The
structure of two polyomaviruses, SV40 and mouse poly-
omavirus, have been solved to atomic resolution (Fig. 2.10).
The polyomavirus genome is a circular dsDNA molecule
that is 5 kb in size. In the virus it is complexed with cellular
histones to form a supercoiled minichromosome. 

The Early Genes

Transcription maps of SV40 and mouse polyoma virus
are shown in Fig. 6.23, in which the genomes have been lin-
earized for ease of presentation. The genomes are divided
into two domains, an early domain that is transcribed from
one DNA strand and a late domain transcribed from the
other strand. An origin (Ori) that serves for both DNA
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TABLE 6.11 Polyomaviridaea

Genus/members Virus name Usual Transmission Disease
abbreviation host(s)

Polyomavirus

Murine polyoma MPyV Mice Reactivation of Tumors when inoculated into newborn 
persistent infection, mice, virus persists in the kidney

Simian virus 40 SV-40 Monkeys virus shedding in urine, PML-like diseaseb in rhesus monkeys 
contact, aerosols, sexual and immunocompromised macaques; may 
transmission cause childhood brain tumors in humans

Bovine polyomavirus BPyV Cattle Common infection, persists in the kidney

BK polyomavirus BKPyV Humans Transmission as above plus Common infection of early childhood; virus 
tissue transplantation in persists;tumors in immunocompromised 
humans humans

JC polyomavirus JCPyV Humans Common infection of late childhood; 
causes PML in immunocompromised hosts

Budgerigar fledgling 
polyomavirus BFPyV Parakeets Fatal illness in fledgling parakeets

Plus other viruses infecting monkeys, hamsters, and rabbits

aMost polyomaviruses are worldwide in distribution.
bPML, progressive multifocal leukoencephalopathy.

replication and for transcription by RNA polymerase II, and
that also contains enhancer elements, is present at the junc-
tion of the two domains. 

Following infection, the viral DNA is transported to the
nucleus, whether as part of a virion or subviral particle or
as free DNA is not clear, and early mRNA is transcribed by
cellular RNA polymerase. The polyoma or SV40 promoters
are strong promoters, active in many cells. Because of this,
the SV40 promoter has been used to drive expression of
foreign genes in many different expression systems. Early
mRNA transcribed from the viral genome terminates about
halfway around the genome and is differentially spliced to
yield two mRNAs in SV40 or three mRNAs in polyoma
(Fig. 6.23). The translation products of these mRNAs are
called T antigens (tumor antigens) because their expression
in the absence of productive viral infection leads to cell
transformation and the formation of tumors in animals. The
two SV40 proteins are called the small t antigen and the
large T antigen, whereas the polyoma antigens are called
small t, middle T, and large T antigens. 

The large T antigens (size: about 700 amino acids) are
multifunctional proteins that interact with viral promoters and
several cellular proteins. A schematic representation of the
large T antigen of SV40 that illustrates the locations of many
of its activities within the protein sequence is shown in
Fig. 6.24. These activities are differentially regulated by phos-
phorylation of serine and threonine residues, as shown. The
large T antigen possesses a nuclear localization signal that

causes it to be transported to the nucleus, a domain that binds
to sequence elements within Ori, phosphorylation sites in two
widely separated regions that serve to regulate its activities,
domains that interact with DNA polymerase �, a domain that
controls the host range of the virus, a domain that has DNA
helicase activity, and domains that bind cellular proteins that
play regulatory roles in cell cycling, among others.

Binding of large T antigen to the Ori regulates its own
production. Binding is also required for DNA replication.
Binding of SV40 large T antigen to Rb and p53, as well as
to p107 and p300, is illustrated in Fig. 6.19. Binding to
these tumor-suppressor proteins results in continued cell
cycling and transformation of the cell. As described earlier,
this induces a state suitable for viral DNA replication. 

The activities in polyoma virus T antigens are distrib-
uted somewhat differently. Polyoma large T antigen binds
Rb but does not bind p53. Binding to Rb induces cellular
DNA synthesis. Cell transformation is a function of middle
T antigen. Middle T antigen binds to src, a known proto-
oncogene located at the cell surface, and activates its kinase
activity (Fig. 6.25). The phosphorylated middle T antigen
interacts with other cellular factors and induces cell trans-
formation, and it has been shown that expression of middle
T antigen alone is sufficient to transform a cell. 

The oncoproteins of these small DNA viruses are excel-
lent examples of how a viral protein may be multifunctional
and mediate a variety of functions important for the
outcome of infection.
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DNA Replication

Large T antigen binds to specific sites within the Ori to
promote replication of the viral genome. Binding first
unwinds the DNA. Then T antigen associates with replica-
tion protein A followed by DNA polymerase � primase to
form an initiation complex. Association with primase is
species specific. As a result, SV40 productively infects only
monkey cells and mouse polyomavirus only mouse cells.
After initiation by primase, DNA polymerase takes over
and replication proceeds. DNA synthesis is bidirectional

and when the replication forks meet about halfway round
the molecule, the daughter genomes separate, aided by
topoisomerase II (Fig. 1.7A).

The Late Genes

Large T antigen also regulates the transcription of late
mRNAs, which are transcribed from the opposite strand as
the early mRNAs (Fig. 6.23). Differential splicing leads to
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two mRNAs in SV40 and three mRNAs in polyoma. One
mRNA is translated into VP1, the major virion structural
protein. In SV40 the second mRNA is translated into both
VP2 and VP3, whereas in polyoma virus VP2 and VP3 are

translated from different mRNAs. VP3 is a truncated form
of VP2, consisting of the C-terminal 60% or so of VP2.
Both are minor components of the virion. VP2 is myristy-
lated and may serve an entry function. The three structural
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FIGURE 6.26 Prevalence of antibodies to BK and JC viruses in
humans in the United States as a function of age. [From Fields et al.
(1996), p. 2039).]

TABLE 6.12 Virus-Coded Proteins of Primate Polyomaviruses

Protein Number of amino acids % Amino acid identity Function

JC BK SV40 JC/BK JC/SV40 BK/SV40

Late

VP1 356 362 364 77.9 76.4 82.4 Major capsid protein, attaches to 
cellular receptors, hemagglutination, 
HI and NT epitopes

VP2 344 351 352 78.8 73.4 78.5 Minor capsid protein

VP3 225 232 234 74.5 67.2 73.6 Minor capsid protein

Agnoprotein 71 66 62 59.1 45.0 53.2 Facilitates capsid assembly

Early

Large T 688 695 708 86.6 72.0 73.9 Initiation of replication; stimulates 
host DNA synthesis; modulates 
transcription, transformation

Small T 172 172 174 79.6 67.8 69.5 Necessary for efficient viral DNA replication

Source: Adapted from Fields et al. (1996, p. 2030) and additional data from Walker and Frisque (1986).

proteins are transported to the nucleus and assembly of
virions takes place there.

VP1, when expressed alone, assembles into virus-like
particles. If VP2 and VP3 are coexpressed with VP1, they
assemble into virus-like particles whose composition is the
same as that of the virion. 

Release of virions is an active process. Membrane vesi-
cles form and transport virions to the cell surface, where
they are released. Infection by polyomaviruses is lytic.
Expression of the late genes and assembly of progeny
virions results in the death of the cell.

Human Polyomaviruses

The two well-known human polyomaviruses are BK
virus and JC virus. These viruses were first isolated in
1971, JC from the brain of a patient with progressive multi-
focal leukoencephalopathy (PML) and BK from the urine
of an immunosuppressed renal transplant patient. They
were named after the initials of the patients from whom
they were isolated. These two viruses share 75% nucleotide
sequence identity. In addition to these two viruses, there are
recent reports that an SV40–like virus may circulate in
humans. A comparison of the proteins encoded by JC, BK,
and SV40 is given in Table 6.12. Shown are the number of
amino acids in each protein and the amino acid identity
between any two of these viruses. This table makes obvious
the close relationship among these viruses.

Most humans in the United States are infected with BK
virus before the age of 10 (Fig. 6.26). Infection with JC
virus usually occurs somewhat later, but by the age of 14
the majority of the population has been infected. Primary
infection with BK virus has been associated with mild res-

piratory disease or cystitis (bladder infection) in young chil-
dren, but most infections with either BK or JC virus are not
associated with illness. The viruses establish a latent infec-
tion that persists indefinitely, and the virus may reactivate
after many years. The latent infection appears to be estab-
lished in the kidneys, in B lymphocytes, and, for JC virus,
perhaps in the brain. Reactivation may be brought about by
immunosuppression or by factors such as pregnancy or dia-
betes, and results in the excretion of virus in the urine.
Reactivation of JC virus resulting from immune suppres-
sion is serious because it can replicate in oligodendrocytes
and result in PML. PML is a rare, subacute, demyelinating
disease of the central nervous system that has a worldwide
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TABLE 6.13 Papillomaviridaea

Genus/members Virus name Usual Transmission Disease
abbreviation host(s)

Papillomavirus

Cottontail rabbit CRPV Cottontail Benign papillomas; carcinomas
papillomavirus rabbit Reactivation of persistent,

Human papillomavirus 1–82 HPV Humans infection, virus shedding Genital warts; dysplasias; cervical
in urine, contact, aerosols, carcinoma (types 16, 18)
sexual transmission

Bovine papillomavirus 1–4 BPV Cattle Fibropapillomas; warts; carcinomas

Plus papillomaviruses of numerous other species

aMost papillomaviruses are worldwide in distribution.

distribution. It is an infrequent complication of a wide
variety of conditions, including Hodgkin’s disease, chronic
diseases such as tuberculosis, primary acquired immun-
odeficiency diseases such as AIDs, or immunosuppression
following organ transplant. The frequency of PML has
increased with the AIDS epidemic and PML is now recog-
nized as one of the AIDS-defining illnesses—it occurs in
0.7% of all AIDS cases reported to the Centers for Disease
Control and Prevention. PML may be more likely to occur
when immunosuppression is due to infection by HIV
because HIV-1 transactivates the JC late promoter. The
disease progresses rapidly and can lead to mental deteriora-
tion and death within 3–6 months after onset.

Polyomaviruses cause tumors in laboratory animals and
many attempts to associate BK or JC virus with human
cancer have been made. Association of BK with certain
human malignancies has been reported, but these associa-
tions are not consistent and no convincing evidence exists
that the association is causative rather than adventitious. 

Early lots of poliovirus vaccine were contaminated with
SV40 virus, which shares 69% sequence identity with JC
and BK viruses (Table 6.12), and many people were
infected with this virus during the poliovirus vaccination
campaigns. Extensive study of this cohort of people, both
in the United States and in Europe, has not revealed any
convincing evidence for tumors associated with SV40
infection. The fact that SV40 infects man is of interest
because there are recent reports that an SV40–like virus of
humans is circulating in the United States. There are sug-
gestive data that this virus may be associated with certain
brain tumors in children.

FAMILY PAPILLOMAVIRIDAE

Papillomaviruses resemble polyomaviruses in structure
but are larger (Fig. 2.5). The virion is 55 nm in diameter,

and the circular dsDNA genome is 8 kb in size. Replication
and assembly of progeny virus occur in the nucleus. A
partial listing of papillomaviruses is shown in Table 6.13.
They are primarily mammalian viruses, but there are a few
avian representatives in the family. The viruses are species
specific. They infect epithelium and will undergo a com-
plete replication cycle only in terminally differentiated cell
layers.

On infection, papillomaviruses induce cellular prolifera-
tion that leads to the production of warts or papillomas. In
most infections these eventually resolve, but in some cases
tumors can result. Papillomaviruses of humans, cattle,
sheep, and cottontail rabbit have been shown to be associ-
ated with cancers in their natural hosts. Our knowledge of
the replication of the papillomaviruses is limited because
none will undergo a full replication cycle in any simple
tissue culture system. Bovine papillomavirus (BPV-1) has
been the most extensively characterized because it prolifer-
ates in dermal cells as well as in terminal epithelial cells. It
readily infects and transforms rodent cells, in which the
early proteins are expressed and viral DNA replication
occurs. In transformed cells, the BPV genome is main-
tained as a stable plasmid and this feature has permitted the
use of BPV-1 as an expression vector. Much effort has also
been put into the study of the human papillomaviruses
(HPVs) because of their association with human cancer, but
these studies have been hampered because human papillo-
maviruses will only grow in humans and human cells and
will only undergo a full lytic cycle in terminally differenti-
ated cells. Certain of the HPVs will immortalize human
keratinocytes and will transform rodent cells in culture,
albeit not as efficiently as BPV-1, which permits the study
of the transforming genes. The recent development of tissue
culture systems in which epidermal cells will differentiate
now permits at least limited studies of a full growth cycle,
as do studies using grafts of infected human tissue into
immunocompromised mice. 
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Transcription of mRNAs

The genome organizations of two papillomaviruses, BPV-1
and HPV-11, are shown in Fig. 6.27. Also shown are tran-
scription maps, with the HPV-11 map being presented in
some detail. In the absence of cell culture systems for the
virus, most studies of RNA transcription have used RNA
extracted from papillomas or from carcinoma cell lines.
Because of this, the maps are probably not complete. 

The transcription of papillomavirus RNAs is complex.
There are multiple promoters and splice sites and differen-
tial use of these in different cells. Furthermore, there is
extensive overlap of genes in the genome. Different reading
frames encoding different peptide sequences may be linked
in different ways by alternative splicing. The complexity of
the mRNAs produced from the HPV-11 genome is illus-
trated in Fig. 6.27C. In contrast to polyomaviruses, all
papillomavirus mRNAs are transcribed in the same direc-
tion from only one of the two strands. 

In BPV-1 there are at least seven promoters for transcrip-
tion of RNA and more than 20 different mRNAs have been
identified. Six promoters are used for the transcription of
early mRNAs, all of which terminate at a poly(A) addition
site at position 4180 (AE). The seventh promoter is used for
the transcription of the late mRNAs, which terminate at a
poly(A) addition site at 7156 (AL). Late genes are
expressed only in terminally differentiated epithelial cells.

The early genes of BPV-1 include E1 and E2, required
for DNA replication, and E5, E6, and E7, required for cell
transformation. The late genes include L1 and L2, which
encode proteins present in the virion. L1 is the major capsid
protein and when expressed alone assembles into virus-like
particles that appear identical to virions. If L2 is coex-
pressed with L1, it is also incorporated into the virus-like
particles. Another late gene is E4, which although located
in the early region is expressed from the late promoter.

The pattern of transcription in HPV-11 is slightly differ-
ent. Only three promoters are known, two for the early
genes and one for the late genes (Fig. 6.27C). There are
poly(A) addition sites for early and late transcripts. Proteins
corresponding to those of BPV-1 are produced during HPV-
11 infection, but the complexity of the pattern of proteins
produced and the difficulties in studying HPV replication
make exact comparisons difficult.

DNA Replication

DNA replication requires the activities of E1 and E2. The E1
protein binds to the origin of replication, has helicase activ-
ity, binds �-primase, and is presumed to promote the initia-
tion of DNA replication. Thus, it has many of the functions
of the polyomavirus T antigens. E2 is a regulatory protein
that is produced in multiple forms (Fig. 6.28). It can either

transactivate or repress genes, depending on the location of
binding sites for it within a gene. It plays an important role in
the regulation of transcription, but its role in DNA replication
is not well defined. It appears to be required only for efficient
replication of DNA. It may interact with E1 to recruit host
replication factors to the origin of replication or to promote
the assembly of the preinitiation complex.

DNA replication occurs in two phases. In cells that the
virus infects nonproductively (cells transformed by BPV-1
or cells in the dermal layer of warts), the DNA is main-
tained as a multiple copy plasmid (50–400 copies per cell).
After replicating sufficiently to reach this number of copies,
further DNA replication is limited to that required to main-
tain the copy number as cells divide. A complete replication
cycle occurs in terminally differentiated cells, and large
numbers of DNA genomes are produced for incorporation
into progeny virions. 

The Transforming Genes

Three genes of papillomaviruses, E5, E6, and E7, have
been shown to be involved in transforming cells. E5 of
BPV-1 is a small polypeptide (44 amino acids) that is
believed to have a short N-terminal cytoplasmic domain, a
transmembrane region, and a more extensive C-terminal
extracellular domain. It activates the � receptor for
platelet-derived growth factor, perhaps by binding to it and
causing it to dimerize. Dimerization of many growth factor
receptors present at the surface of cells results in activation
of a protein kinase and phosphorylation of tyrosines, which
leads to the activation of transcription factors whose activi-
ties stimulate cell proliferation. BPV-1 E5 also binds other
cellular proteins that may be involved in transformation.
Transformation of established rodent cells as defined by a
number of criteria can be obtained by expression of E5
alone, but the expression of both E6 and E7 is required for
the fully transformed phenotype. 

The E5 encoded by HPVs has also been shown to induce
some transforming alterations, but whether this protein
plays an important role in transformation is uncertain. More
is known about HPV E7. E7 from high-risk strains of HPV
(strains that are often associated with human cancer) is a
small zinc-binding protein that is phosphorylated. It has
been shown to bind the cellular tumor suppressor protein
Rb as well as p107 and p130 (Fig. 6.19). Rb undergoes
changes in phosphorylation induced by cyclin-dependent
kinases at the G/S1 boundary. In its hypophosphorylated
form it inhibits cell cycle progression. The viral oncogene
preferentially binds the hypophosphorylated form, thus pre-
venting its inhibitory activity and inducing cycling of the
cell (and therefore DNA synthesis). Genetic studies have
shown that binding to Rb is required in order for E7 to
transform cells. It is of considerable interest that E7 from
low-risk HPVs binds Rb only one-tenth as efficiently as E7
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from high-risk strains, and that the E7 from low-risk strains
is inefficient in transformation assays.

E6 from high-risk HPVs, but not from low-risk HPVs,
can complex with the tumor suppressor protein p53
(Fig. 6.19). SV40 and adenovirus oncoproteins also bind
p53, but simply sequester it. In contrast, binding of HPV
E6 leads to the degradation of p53 by the ubiquitin-
mediated degradation pathway. Removal of p53 has the
effect of inducing DNA synthesis, as described above. The
importance of Rb and p53 in regulating cell cycling is
made clear by the fact that three different viruses—
high-risk HPVs, adenoviruses, and SV40—all target these
proteins in order to provide an atmosphere conducive for
DNA replication by the virus.

Human Papillomaviruses

More than 80 different HPVs have now been identified
by analyses of the sequences of viral DNAs isolated from
individual lesions. A listing of these viruses that shows
the tissues infected and the probability that infection
leads to cancer is shown in Table 6.14. HPVs cause warts
in the skin, genital tract, mouth, or respiratory tract. The
warts are normally self-limited proliferative lesions that
regress after some time because of an immune response.
CTLs are thought to play an important role in regression,
and warts are often more numerous under conditions
where the immune system is suppressed. HPVs are spread
by direct contact and infection begins at the site of an
abrasion in which the virus can contact the deeper epithe-
lial layers.

HPVs are not only specific for humans but also for the
tissues infected. HPVs cause either cutaneous lesions or
mucosal lesions. More than 15 HPVs are known that cause
skin warts. Only a few of these are responsible for most
skin warts, which are common in school children. The
remainder have been isolated only from patients who suffer
from a rare disease called epidermodysplasia verruciformis.
These patients are unable to resolve their warts, probably
because of an inherited immunologic defect, and wart-like
lesions appear all over the body. These warts often become
malignant after many years, especially on areas of the skin
exposed to sunlight, but these tumors are generally slow
growing and do not metastasize.

More than 25 HPVs cause genital warts, which are
among the most common sexually transmitted diseases.
One study found that 46% of college women examined
were positive for HPV DNA in the genital tract. Older
women have a lower incidence of HPV, either because they
have fewer recent partners or because they have acquired
some immunity. In many cases the infection is cleared com-
pletely after some months, but the virus may remain in a
latent or persistent form in apparently normal tissue adja-
cent to the wart and the lesions may recur. Immuno-
suppression results in an increased incidence of warts.

Genital HPVs are clearly associated with cervical
cancer. Cancer is a rare complication of HPV infection that
may take decades to develop and it requires additional
genetic mutations. Because of the prevalence of HPVs,
however, there are about 500,000 new cases of cervical car-
cinoma diagnosed annually worldwide and most, perhaps
all, are associated with HPV. In developed countries with a
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TABLE 6.14 Common Clinical Lesions Associated with Human Papillomaviruses

Type/isolates Anatomical site Disease Risk Cancers

Common name Medical term

Cutaneous HPVs

HPV 1,4,60,63 Sole, palm Plantar warts Verruca plantaris None None

HPV 2,4,26,28,57 Cutaneous Common warts Verruca vulgaris None None

HPV 3,10,20,21,27 Cutaneous Flat warts Verruca plana None None

HPV 5,8,12,50 Face, trunk, Benign warts EV High Skin carcinomasa

esophagus

HPV 14,15,17 Cutaneous Flat warts Verruca plana, EV Some Some SCC

HPV 19,22–25,46,47 Cutaneous Macular lesions EV (benign) None

HPV 36 Cutaneous Actinic keratoses EV ?

HPV 38 Cutaneous Malignant melanoma High Skin carcinomasa

HPV 41,48 Cutaneous SCC Some In ISP

HPV 49 Cutaneous Plantar warts Verruca plantaris ? In ISP

Mucosal-Associated HPVs

HPV 6,11,70 Anogenital, larynx Genital warts CD Low Rareb

HPV 13,34,40,42 Anogenital Anogenital warts IN Low Rareb

HPV 35,39,43–45, Genital Genital warts CIN Low
61,62,64,67,68,69

HPV 72,73 Larynx Oral papillomas Low In ISP

HPV 51,52,56,58 Genital mucosa Genital warts CIN Some Some malignant progression

HPV 16,18,31,33,66 Genital mucosa Genital warts CIN High 1–3% progress to cervical carcinomas, 
cofactors unknown

Source: Adapted from Fields et al. (1996, pp. 2048, 2049, 2085) and data from Alani and Münger (1998).
a30–40% undergo neoplastic conversion in sun-exposed areas.
bOn rare occasions these HPV types have also been found associated with carcinomas.
Abbreviations: SCC, squamous cell carcinoma; EV, epidermodysplasia verruciformis; CD, condyloma acuminatum; CIN, cervical intraepithelial neoplasia;
IN, intraepithelial neoplasia; ISP, immunosuppressed patients.

high standard of health care, cervical cancer accounts for
about 7% of cancer in women, but in developing countries
cervical cancer accounts for 24% of all cancer in women. In
the United States about 5000 deaths occur annually from
cervical cancer.

Genital HPVs can be divided into low risk (rarely or
never associated with cancer), intermediate risk, and high
risk (often associated with cancer). HPV-16 and HPV-18
account for more than half of the cancers. As described
above, papillomaviruses encode oncoproteins that interfere
with the functions of tumor suppressor proteins, and the
high-risk HPV-16 and HPV-18 interfere most strongly. This
interference is almost certainly the basis of papillomavirus-
induced cancer. In most cell lines derived from cervical
cancer, the HPV genome has been integrated into the host
chromosome, and this integration may result in higher
expression of the viral transforming genes.

Genital HPVs 6 and 11 may also infect the mouth, nasal
cavity, larynx, or lungs. Infection of the larynx may be prob-

lematic because of the resulting obstruction of the airways or
because of hoarseness caused by infection of the vocal cords.
Surgical removal of the papillomas may be required. These
papillomas tend to recur, requiring further operations. There
are in addition two HPVs that infect only the oral cavity.

Because of the association with cervical cancer, efforts
have been made to develop vaccines. However, there is no
animal model for the disease caused by these human
viruses and, furthermore, it is not known whether natural
infection leads to immunity, making development of vac-
cines problematic.

A phylogenetic tree of human papilloma viruses con-
structed using sequences in the E2 gene is shown in
Fig. 6.29. There is no simple relationship between the relat-
edness of the different viruses as illustrated by this tree and
the target tissue infected by the viruses or the risk of neo-
plastic transformation following infection by them. Note, for
example, that HPV-16 and HPV-18, which cause the major-
ity of cervical carcinoma, are widely separated in the tree.
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FAMILY PARVOVIRIDAE

The Parvoviruses are small icosahedral viruses that are
18–26 nm in diameter (Figs. 2.1 and 2.5). They contain
ssDNA of about 5 kb as their genome. Different viruses
variously package the minus strand (the strand comple-
mentary to the messenger sense) or a mixture of plus and
minus strands. Two subfamilies are recognized, each con-
taining three genera. The Parvovirinae are viruses of birds
and mammals, whereas the Densovirinae are viruses of
insects. A partial listing of the members of the
Parvovirinae is shown in Table 6.15. These viruses are
species specific and also specific for the spectrum of
tissues that can be infected. Unlike other DNA viruses,
the parvoviruses do not encode genes that induce the cell
to enter S phase, and they can only replicate in cells that
are actively replicating. The members of the
Dependovirus genus of the Parvovirinae are further
limited in their replication in that normally they can only
replicate in cells that are infected by an adenovirus or a
herpesvirus.

Transcription of the Viral Genome

The genome organizations and transcription maps for
two human parvoviruses belonging to different genera are

shown in Fig. 6.30. The parvovirus genome contains two
genes, each of which is transcribed into multiple mRNAs.
The nonstructural or replication gene is located at one end
of the genome and the gene for the capsid proteins is
located at the other end. The two genes are present in the
same orientation so that only one strand is transcribed. B19
has only one promoter for transcription but two poly(A)
addition sites, whereas AAV has three promoters for tran-
scription but only one poly(A) addition site. The use of
multiple promoters or poly(A) sites is combined with alter-
native splicing events to give rise to many mRNAs. The best
understood translation products are a nonstructural protein
of about 80 kDa and the two or three capsid proteins.

Replication of the Viral DNA

Replication of the viral DNA occurs in the nucleus. The
DNA is linear and possesses palindromic sequences at the
two ends. These palindromic sequences are 100–300
nucleotides long, depending on the virus, and can fold back
to form a very stable hairpin structure, as illustrated in
Fig. 6.31. The hairpin primes DNA replication, with the 3′
end serving as a primer that is elongated to form a double-
stranded intermediate, as illustrated in Fig. 6.32. How this
intermediate is used to continue DNA replication and how it
is resolved to give plus and minus DNA genomes is not
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TABLE 6.15 Parvovirinae

Genus/members Virus name Host(s) Transmission Disease
abbreviation

Parvovirus

Mice minute virus MMV Mice Contact, fomites ?

Aleutian mink disease AMDV Mink Contact, fomites Chronic immune complex disease

Bovine parvovirus BPV Cattle Enteritis

Canine parvovirus CPV Dogs, cats Contact, fomites Enteritis in adults, myocarditis in pups

Kilham rat parvovirus KRV Rats

Porcine parvovirus PPV Swine Stillbirth, abortion, fetal death, mummification

Goose parvovirus GPV Geese Vertical transmission Hepatitis

Numerous viruses of other species

Erythrovirus

B19 B19V Humans Fifth disease, aplastic anemia, hydrops fetalis, 
arthritis, immunodeficiency

Dependovirus

Adeno-associated AAV Humans Transplacental (AAV-1), None
virus 1–5 vertical (AAV-2)

Adeno-associated viruses of BAAV Cattle None

other species CAAV Dogs

clear, although it is known that the viral nonstructural protein
is involved. Models have been proposed that involve either
continued rolling of the hairpin or the formation of cruci-
form structures that might be resolved by cellular recombina-
tion enzymes. In some cases the palindromic sequence is
present in two orientations. The flipping back and forth of
this sequence makes it possible that a rolling hairpin is
resolved by an endonuclease, a function that the nonstruc-
tural protein might perform. This mechanism is illustrated in
Fig. 6.32. In other cases, however, the palindrome is found in
only one orientation and models to suggest how intermedi-
ates might be resolved without flipping the sequence in the
hairpin must be more complicated.

Structure of the Virion

The virion is a T = 1 icosahedron that is constructed of
60 molecules of capsid protein (see Fig. 2.5). The major
capsid protein is called VP2 and is about 60 kDa in size.
Smaller amounts of a larger capsid protein called VP1
(about 80 kDa) are present in all viruses, and some contain
in addition a third capsid protein called VP3. The two or
three structural proteins share significant sequence overlap
(Fig. 6.30). The structure of the major capsid protein has
been solved to atomic resolution and it possesses the same
eight-stranded antiparallel � sandwich present in many
RNA and DNA viruses (Chapter 2), which suggests that
these capsid proteins share a common ancestry.

Genus Erythrovirus 

B19 virus, the only member of genus Erythrovirus, is the
only known human pathogen among the parvoviruses.
Infection of humans with B19 is accompanied by non-
specific flu-like symptoms followed by symptoms of ery-
thema infectiosum (fifth disease), which presents as a
generalized erythematous rash with a “slapped cheek”
appearance and inflammation of joints. Children infected
by the virus are usually not very ill. However, illness in
adults can be more serious because the joint inflammation
may mimic rheumatoid arthritis and can persist for months
or years. 

B19 has a tropism for human erythroid progenitor cells,
which are rapidly dividing cells capable of supporting virus
replication. The virus is cytolytic and the infected cell dies.
Thus, infection of erythroid progenitor cells results in a
suppression of erythropoiesis for 5–7 days following infec-
tion by the virus. In healthy humans, whose red blood cells
last for 160 days, this is a not a serious event. However, in
people suffering from chronic anemias the inability to syn-
thesize red blood cells for a week may be serious and occa-
sionally fatal. In particular, patients with hemolytic anemia
have a low hemoglobin concentration in the blood because
their red blood cells have a short life span, only 15–20
days, so that arrest of erythropoiesis in the bone marrow
leads to a sharp fall in hemoglobin concentration and wors-
ening symptoms of anemia. Other populations at increased
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risk following B19 infection include patients with compro-
mised immune systems, in which infection by B19 can
result in persistent anemia, and pregnant women.
Congenital infection with B19 can be serious and can lead
to fetal abnormalities or death, due to arrest of red blood
cell formation and consequent anemia at critical times
during development.

The receptor for the B19 virus is erythrocyte P antigen.
This antigen is expressed on cells of the erythroid lineage,

but only precursor cells can be productively infected.
Mature erythrocytes are terminally differentiated, lack a
nucleus, do not divide, and cannot support virus replication.
In addition to possessing a receptor that allows the virus to
enter, other factors required for replication are also fur-
nished by erythroid precursor cells. Transfection of DNA
into other cells does not lead to a complete replication cycle
and the pattern of RNA transcription differs from that in
permissive cells shown in Fig. 6.30. 
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FIGURE 6.31 Stable hairpin structures predicted from the palindromic sequences at the 3′ termini of parvo-
virus virion DNAs. (A) Diagram of the genome, showing the location of the hairpin. (B) The most stable second-
ary structure predicted by the 3′ terminal nucleotide sequences of MVM DNA and AAV DNA minute virus of
mice (MVM) is now called mice minute virus (MMV) as shown in Table 6.15. [Adapted from Fields et al.
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B19 is a common virus. About 50% of adults have anti-
bodies against the virus, which show that they have been
previously infected, and in the elderly this rises to more

than 90%. Infection of healthy people with normal immune
systems leads to a solid immunological response and subse-
quent immunity to the virus.
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Genus Dependovirus

The genus Dependovirus comprises viruses that require
a helper virus in order to replicate. The helper may be an
adenovirus or a herpesvirus, and because the depen-
doviruses were first found associated with adenoviruses,
they are called adeno-associated viruses or AAVs. AAVs of
man and of numerous other vertebrates are known. More
than 90% of human adults have antibodies to AAV, which
shows that the virus is widely distributed and common.

On infection of a nonpermissive cell (one that has not
been infected by a helper), AAV establishes a latent infec-
tion in which its DNA integrates into the host chromosome.
In human cells integration is specific—it occurs on chro-
mosome 19 within a defined region. There appears to be a
binding site for the nonstructural protein at this location
that directs integration to a site within a nearby region of
several hundred nucleotides. On infection of the cell by an

adenovirus, the AAV DNA is excised and replicates. Latent
infection in humans appears to be common.

Although dependoviruses normally require coinfection
by an adenovirus or by a herpesvirus in order to undergo a
complete replication cycle, it is possible to obtain indepen-
dent replication of these viruses in cultured cells by treat-
ment of the cells with toxic agents such as UV or one of
several chemical carcinogens. This treatment must induce
the production of cellular factors that are required for a full
virus replication cycle, but the identities of these factors are
not known. The helper function supplied by the helper virus
may then be to independently supply these factors or to
induce the production of these cellular factors. In light of
the ability of the virus to replicate in cells treated with car-
cinogens, it is of considerable interest that retrospective
studies have found that patients with cervical carcinoma
were markedly deficient in antibodies to AAV as compared
with normal controls. This suggests that, at least in some
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cancers, the cancerous cell might produce factors required
for AAV replication, which results in the replication of
AAV and the death of the tumor cell. AAV infection may
therefore protect against the formation of tumors and be a
virus that actually has a beneficial function in humans.

Genus Parvovirus

The genus Parvovirus contains viruses that infect a
number of different mammals and birds. Several of these
cause important diseases in domestic animals or in wildlife,
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(emerged in Europe
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FIGURE 6.33 Phylogeny and evolution of feline and canine parvoviruses. (A) Phylogenetic tree of par-
voviruses from dogs (CPV), Asiatic raccoon dogs (RD), cats (FPV), mink (MEV), raccoons (RPV), and foxes
(BFPV), using porcine parvovirus (PPV) as an outgroup. The tree was constructed using the sequences of VP1
and VP2 and illustrates that all of the canine isolates form a distinct clade. (B) Diagram of the evolution of the
canine parvoviruses into the two types circulating today. [From Parrish (1997).]
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including feline panleukopenia virus (FPV), porcine par-
vovirus, and canine parvovirus (CPV).

CPV is an example of an emerging nonhuman pathogen.
It appeared suddenly in 1978 and spread around the globe in
less than 6 months. The virus causes gastroenteritis in adult
dogs and myocarditis in pups, which often leads to death
from acute heart failure. It was called CPV-2 to distinguish
it from a previously known canine parvovirus called minute
virus of canines, which is sometimes referred to as CPV-1.
CPV-2 is closely related to FPV and to parvoviruses that cir-
culate in foxes and other wild animals. In fact, these various
parvoviruses share 98% sequence identity. Molecular
genetic studies have suggested that FPV, which does not
replicate in dog cells, could have jumped the species barrier
if as few as two amino acid changes occurred in the major
coat protein VP2. Once the ancestor to CPV-2 arose from
FPV or a related virus, further selection for growth in dogs
could have produced the virus CPV-2, which is much better
adapted to dogs as a natural host. Consistent with this
hypothesis is the finding that antibodies to a CPV-2-like
virus were first detected in serum from European dogs taken
in the early to mid-1970s, but only in 1978 did explosive
spread of the virus occur. Also of interest for this hypothesis
is the fact that a variant of CPV-2 called CPV-2a replaced
CPV-2 between 1979 and 1981, and a newer variant 2b
appeared in 1984. Since this time CPV-2a and -2b have
changed little and appear to be in worldwide equilibrium. 

A dendrogram of these various parvoviruses is shown in
Fig. 6.33. Although CPV-2 is closely related to FPV and its
relatives, it clearly belongs to its own clade, which shows
that the lineage of the canine virus is distinct. This is differ-
ent from the pattern shown by the lineages of FPV and the
viruses of foxes, mink, and other wildlife. Here the clades
do not assort with species, which suggests that the various
strains are freely transmissible to these various animals and
circulate within this expanded group of animals. Thus it is
of interest that CPV-2a and CPV-2b replicate well in cats,
although CPV-2 does not. Also shown in the figure is a
timeline for the emergence of CPV and its divergence into
the different lines.

TT VIRUS: A NEWLY DESCRIBED HUMAN VIRUS

A new virus was isolated recently from the blood of a
Japanese patient and called TT virus, after the initials of
the patient. The viral genome was circular ssDNA, of size
3739 nucleotides. Studies of sera from other people
around the world demonstrated that the virus was wide-
spread and common. Recent estimates are that 12% of
Japanese, 1% of Americans, and 2% of English are
infected, but that a much larger fraction of the population
in tropical countries such as Papua New Guinea (74% of
people) and Gambia (83%) are infected. The nucleotide

sequences of different isolates from around the world
exhibit up to 50% sequence diversity. It has been proposed
that this virus represents a new family, tentatively named
Circinoviridae.

TT virus was isolated from a patient with hepatitis.
Thus, a major interest in the virus is a possible association
with hepatitis in humans. However, there is no evidence at
present that it does cause hepatitis in humans.

The isolation of a new virus that is widespread and
common illustrates that there may yet be other viruses that
infect humans but of which we are unaware. Whether TT
virus or other viruses that are as yet unknown are associ-
ated with human disease remains to be determined.
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INTRODUCTION

This chapter considers a number of infectious agents
that are subcellular, but that are not viruses in the strict
sense of the term. Some of these are not capable of inde-
pendent replication but require a helper virus, in which case
the agent is effectively a parasite of a parasite. Others repli-
cate independently but use unconventional means to
achieve their replication and spread. Many of the agents
discussed here cause important diseases in plants or
animals, including humans. 

The agents to be considered include defective interfer-
ing (DI) viruses that arise by deletions and rearrangements
in the genome of a virus. DIs require coinfection by a
helper virus to replicate. They may play an important role
in modulation of viral disease or they may simply be arti-
facts that arise in laboratory studies. Related to DIs, at
least conceptually, are satellites of viruses, which can repli-
cate only in the presence of helper. Satellites are known for
many plant viruses and are known to influence the viru-
lence of the helper viruses. Completely different are agents
called viroids. Viroids consist of small, naked RNA mole-
cules that are capable of directing their own replication.
They do not encode protein, but instead contain promoter
elements that cause cellular enzymes to replicate them.
Many are important plant pathogens. Related to viroids are
virusoids, which are satellites of viruses that resemble
packaged viroids. There are also agents that combine the
attributes of both satellites and viroids, such as hepatitis
delta virus, which is an important human pathogen. Finally,
prion diseases, caused by infectious agents whose identity
is controversial but which may consist only of protein, are
discussed.

DEFECTIVE INTERFERING VIRUSES

Defective interfering viruses are a special class of defec-
tive viruses that arise by recombination and rearrangement
of viral genomes during replication. DIs are defective
because they have lost essential functions required for repli-
cation. Thus, they require the simultaneous infection of a
cell by a helper virus, which is normally the parental wild-
type virus from which the DI arose. They interfere with the
replication of the parental virus by competition for
resources within the cell. These resources include the
machinery that replicates the viral nucleic acid, which is in
part encoded by the helper virus, and the proteins that
encapsidate the viral genome to form virions. 

DIs of many RNA viruses have been the best studied.
Because DI RNAs must retain all cis-acting sequences
required for the replication of the RNA and its encapsida-
tion into progeny particles, sequencing of such DI RNAs
can provide clues as to the identity of these sequences.
Identification of cis-acting sequences is important for the
construction of virus vectors used to express a particular
gene of interest, whether in a laboratory experiment or for
gene therapy. 

The most highly evolved DI RNAs are often not trans-
lated and consist of deleted and rearranged versions of the
parental genome. In the case of alphaviruses, whose
genome is about 12 kb (Chapter 3), DI RNAs have been
described that are about 2 kb in length. However, they have
a sequence complexity of only 600 nucleotides, because
sequences are repeated one or more times. The sequences
of two such DI RNAs of Semliki Forest virus are illustrated
schematically in Fig. 7.1. From the sequences of these DIs
as well as DIs of other alphaviruses, specific functions for
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the elements found in these DIs have been proposed, which
have been supported by other approaches. The 3′ end of the
parental RNA, which is retained in all alphavirus DI RNAs,
forms a promoter for the initiation of minus-strand RNA
synthesis from the plus-strand genome. The 5′ end of the
RNA is also preserved in many DI RNAs, such as those
illustrated in Fig. 7.1. Surprisingly, however, it has been
replaced by a cellular tRNA in some DI RNAs. The com-
plement of this sequence is present at the 3′ end of the
minus strand, where it forms a promoter for initiation of
genomic RNA synthesis. The finding that the DI RNAs
with the tRNA as the 5′ terminus have a selective advantage
over the parental genome during RNA replication suggests
that this promoter is a structural element recognized by the
viral replicase. It also suggests that the element present in
the genomic RNA is suboptimal, perhaps because the
genomic RNA must be translated as well as replicated.
Finally, repeated sequences from two regions of the genome
are present in all alphavirus DI RNAs. It is thought that one
sequence (shown as red patterned blocks in Fig. 7.1) is an
enhancer element for RNA replication and the second
(shown as yellow and green patterned blocks) is a packag-
ing signal. Repetition of these elements may increase the
efficiency of replication and packaging of the DI RNA. 

Vesicular stomatitis virus (VSV) (Chapter 4) DI RNAs
vary in size from a third to half the length of the virion
RNA. Some DI RNAs are simply deleted RNA genomes,
but others have rearrangements at the ends of the RNAs.
Representative examples are illustrated in Fig. 7.2A.
During replication of the RNA, the sequences at the ends

must contain promoter elements for initiation of RNA syn-
thesis. More genomic RNA (minus strand that is packaged
in virions) is made than antigenomic RNA (which functions
only as a template for genomic RNA synthesis) and there-
fore the promoter at the 3′ end of the antigenomic RNA is
stronger than the promoter at the 3′ end of the genomic
RNA. Thus, it is not surprising that some DI RNAs have
the stronger promoter at the 3′ ends of both (+) and (–)RNA
(as in Class II DIs), ensuring more rapid replication of the
DI RNAs. The DI RNAs may have the luxury of doing this
because they are not translated nor do they serve as tem-
plates for the synthesis of mRNAs.

The well-studied alphavirus DI RNAs and the VSV DI
RNAs are not translated. For many DI RNAs, however,
translation is required for efficient DI RNA replication. The
best studied examples of this are DIs of poliovirus and of
coronaviruses (these viruses are described in Chapter 3). DI
RNAs of poliovirus are uncommon and contain deletions in
the structural protein region. It has been suggested that in
this case it is the translation product that is required for
efficient replication of the RNA (the replicase translated
from the RNA may preferentially use the RNA from which
it was translated as a template). In contrast, for at least one
well-studied DI of a coronavirus, translation of the RNA is
required for efficient replication, but the translation product
is not important. In this case, translation may stabilize the
DI RNA, since there appears to be a cellular pathway to rid
the cell of mRNAs that are not translatable. If so, how DI
RNAs that are not translated avoid this pathway is uncer-
tain. Some representative naturally occurring DIs of mouse

280 Subviral Agents

Sequences in DIa expanded 4x

Sequences in DIb expanded 4x

DIb
length = 2286; complexity= 1169

CAP

5'

3'

A n

DIa
length = 1652; complexity =  680

Structural ProteinsNonstructural Proteins

Virus
Genome

Subgenomic Promoter
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Fig. 1).]



hepatitis virus, a murine coronavirus, are illustrated in 
Fig. 7.2B.

Because DI RNAs are replicated by the helper virus
machinery and encapsidated by the capsid proteins of the
helper virus, they interfere with the parental virus by divert-
ing these resources to the production of DI particles rather

than to the production of infectious virus particles. It was
first noted by von Magnus in the early 1950s that influenza
virus passed at high multiplicity for many passages pro-
duced yields that cycled between high and low. This effect
is illustrated schematically in Fig. 7.3A. We now know that
this is due to the presence of DI particles. In early passages
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virus yields are high. When DIs arise, they depress the
yield of virus. Because high multiplicities of infection are
required to maintain DI replication, so that cells are
infected with both the helper and the DI, low yields of virus
lead to a reduction in DI replication in the next passage or
two. Reduced DI replication leads to higher yields of virus.
Thus, the yield of infectious virus continues to fluctuate. 

In a laboratory setting, at least, DIs can drive the evolu-
tion of the wild-type virus. This is shown schematically in
Fig. 7.3B. When virus is passed at high multiplicity for very
many generations, mutants often arise that have altered pro-
moters that are recognized by mutant replication proteins.
Such mutants are resistant to the DIs that are in the popula-
tion at the time, because the mutant replication proteins do
not recognize the promoters in the DIs. The mutant virus
rapidly takes over the population of virus because of its
selective advantage. However, new DIs then arise that will
interfere with the mutant virus, and the cycle repeats.

It is unclear whether DI particles serve a biological role
in nature or whether they are artifacts of abortive recombi-
nation that appear in the laboratory because of the high
multiplicities of infection that are often used. It has been
argued that DIs may arise late in the infection of an animal
by a virulent virus and lead to attenuation of symptoms by
reducing the yield of infectious virulent virus. As described
in earlier chapters, such attenuation could be important for
the persistence of a virus in nature. Hepatitis delta virus,
described below, is a satellite that replicates only in a cell
infected by HBV. Thus, it is clear that it is possible to
achieve the multiplicities required to maintain a defective
virus in at least some circumstances. Reconstruction exper-
iments in mice have shown that it is possible to attenuate
the virulence of lymphocytic choriomeningitis virus by
injecting DIs along with the virus. However, it is not clear
that DIs will arise in an acute infection in time to amelio-
rate symptoms. Thus, it has not been possible to provide
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TABLE 7.1 Some Subviral Agents

Group Genome size Helper virus Host(s) Comments

dsDNA satellite

Bacteriophage P4 11.5 kb (10–15 genes) Bacteriophage P2 Bacteria All structural proteins from P2

ssDNA satellite virusesa

Dependovirus (AAV) 4.7 kb Adenovirus Vertebrates See Table 6.15

Herpesvirus

dsRNA satellites

M satellites of yeast 1–1.8 kb Totiviridae Yeast Encode “killer” proteins; 
encapsidated in helper coat protein

ssRNA satellite viruses

Chronic bee-paralysis 3 RNAs, each 1 kb Chronic bee-paralysis Bees
virus-associated satellite virus

Tobacco necrosis virus satellite 1239 nt Tobacco necrosis virus Plants

ssRNA satellites

Hepatitis �s virus 1.7 kb Hepatitis B virus Humans Encodes two forms of � antigen,
encapsidated by helper proteins

B-type mRNA satellites 0.8–1.5 kb Various plant viruses Plants Encode nonstructural proteins, 
rarely modify disease syndrome

C-type linear RNA satellites <0.7 kb Various plant viruses Plants Commonly modify disease 
caused by helper

D-type circular RNA satellites, –350 nt Various plant viruses Plants Self-cleaving molecules
“virusoids”

Viroids

Group A: ASBVd group 246–339 nt — Plants Replicate by a symmetric strategy 
in chloroplasts of infected plants; 
can form self-cleaving hammerhead 
ribozymes in both plus and minus strands

Group B: PSTVd, HSVd, 246–375 nt — Plants Noncleaving, replicate by an asymmetric 
CCCd, ASSVd, and CbVd-1 groups strategy in nucleus of infected cells

aWhen a satellite encodes its own coat protein, it is known as a satellite virus.
Abbreviations: Vd, viroid; ASBVd, avocado sunblotch viroid; PSTVd, potato spindle tuber viroid; HSVd, hop stunt viroid; CCCVd, coconut cadang-cadang
viroid; ASSVd, apple scar skin viroid; CbVd-1, Coleus blumei viroid-1.

firm evidence that DIs actually modulate the virulence of
their parents in nature, and the question remains open.

SATELLITES AND SATELLITE VIRUSES

A number of satellites and satellite viruses are listed in
Table 7.1. The dependoviruses, a genus in the family
Parvoviridae, were considered in Chapter 6. Although the
dependoviruses require a helper, the helper is only needed
in order to stimulate the cell to enter a stage in which the
dependovirus can replicate. The helper does not provide any
function directly related to dependovirus replication or
packaging. Satellites and satellite viruses, however, are

usually more intimately dependent on the presence of a
helper virus to furnish functions directly required for the
replication of the satellite genome or for its encapsidation
into progeny particles. 

Many plant viruses have satellites associated with them.
When a satellite encodes its own coat protein, it is some-
times referred to as a satellite virus. Otherwise it is simply
called a satellite. One of the best-studied satellite systems is
tobacco necrosis virus (TNV) and its satellite, tobacco
necrosis virus satellite (TNVS). TNV has a plus-strand
RNA genome of about 3.8 kb. The TNV virion is icosahe-
dral with T = 3, and contains 180 copies of a single coat
protein species of about 30 kDa. Associated with many iso-
lates of TNV in nature is TNVS. TNVS has an RNA
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genome of 1239 nucleotides. The TNVS virion is a T = 1
icosahedral structure formed by 60 molecules of a single
species of capsid protein encoded by the satellite RNA. The
satellite RNA encodes only this single protein that encapsi-
dates its own RNA. All of the functions required to repli-
cate the RNA are provided by the helper TNV. 

Some satellites of RNA plant viruses encode only a non-
structural protein required for RNA replication, and the
RNA is encapsidated by the capsid protein of the helper
virus. In other cases, the satellite is not translated into
protein and depends on the helper for all of its functions, in
which case it is functionally analogous to DI RNAs. A dis-
tinct class of satellite RNAs, called virusoids, consist of
viroid-like RNAs that are encapsidated in the capsid protein
of the helper virus. These are discussed in the next section.

Although satellites are quite common among plant
viruses, they are almost unknown among animal viruses.
The difference seems to lie in the means by which plant
viruses are transmitted. It is very common among plant
viruses to have the genome divided among two or more
segments that are separately encapsidated into different par-
ticles, a situation that does not occur among animal viruses.
Evidently, the mechanisms by which plant viruses are trans-
mitted allow the infection of a plant, and of individual cells
within a plant, by multiple particles that together constitute
a virus or that constitute a virus and its satellites.
Transmission of animal viruses between hosts or among the
cells of a host does not appear to allow multiple infections
with sufficient frequency to maintain virus systems that are
constituted by multiple particles, with the exceptions of
hepatitis � virus, described below, and dependoviruses,
which have evolved ways to persist within a cell until the
helper virus comes along (Chapter 6). The defense mecha-
nisms of the animal host may play a role.

VIROIDS AND VIRUSOIDS

Viroids are small, circular RNA molecules that do not
encode any protein and that are infectious as naked RNA
molecules. Sequenced viroids range from 246 to 375 nt and
possess extensive internal base pairing that results in the
RNA being rod-like and about 15 nm long. A partial listing
of viroids is given in Table 7.1. All known viroids infect
plants. However, hepatitis �, which infects humans, has
many viroid-like properties and may be related to viroids.
Many viroids are important agricultural pathogens, whereas
others replicate without causing symptoms. Viroids are
often transmitted through vegetative propagation of plants,
but can also be transmitted during agricultural or horticul-
tural practices in which contaminated instruments are used.
Some viroids can be transmitted through seeds and at least
one viroid is transmitted by an aphid.

On infection of a plant cell, viroid RNA is transported to
the nucleus. The circular RNA appears to be copied by
host-cell RNA polymerase II, using a rolling circle mecha-
nism in which multimeric antigenome sense RNA mole-
cules are produced. The multimeric antigenome sense RNA
can then be used as a template to make multimeric genome
sense RNA. This synthesis may also be performed by RNA
polymerase II. The concatenated RNAs are cleaved and
cyclized to produce the progeny viroid RNA molecules. In
an infected cell, as many as 104 viroid RNAs can accumu-
late, most of them in the nucleus. 

Some viroids are capable of self-cleavage by the con-
catenated RNAs to produce genome-length RNAs, followed
by self-ligation to cyclize the unit-length molecule. Other
viroids are not. There are five groups of non-self-cleaving
viroids, classified by the sequences in the central conserved
region. The structures of these five groups are shown in 
Fig. 7.4. The conserved domains highlighted in the figure
are thought to be important for the replication of the viroid
(i.e., to form promoters recognized by RNA polymerase II)
and for its cleavage to produce unit-length molecules. A
pathogenesis domain is also highlighted. Changes in this
domain affect the virulence of the viroid on infection of its
plant host. For non-self-cleaving viroids, it is assumed that
the concatenated RNAs are cleaved and ligated by host-cell
enzymes.

The self-cleaving viroids possess a hammerhead
ribozyme structure, illustrated in Fig. 7.5. The ribozyme
activity cleaves the concatenated RNA at the points indi-
cated by the arrows and ligates the ends to form circular
molecules. The viroid RNA is very compact in its structure,
with extensive secondary structure, including pseudo-knots. 

There also exist a large number of satellites called viru-
soids. Virusoid RNAs are about 350 nt in length, and the
RNA is a single-stranded, covalently closed circle. The
mechanisms by which virusoid RNA is replicated have not
been worked out, but they appear to be viroid-like and may
replicate by the same mechanisms as viroids. At least some
virusoid RNAs are capable of self-cleavage. Virusoid RNAs
are encapsidated by the capsid protein of the helper virus of
which the virus is a satellite. Thus, transmission occurs by
conventional virus-like means, and virusoids may have
arisen from viroids that evolved a mechanism for packaging
using a helper virus. 

HEPATITIS �

The hepatitis delta (�) agent (HDV) is a satellite of
hepatitis B virus. It has a worldwide but nonuniform distri-
bution. Regions of particularly high prevalence include the
Mediterranean basin, the Middle East, Central Asia, West
Africa, the Amazon basin, and certain islands in the South
Pacific. The agent will only replicate in cells that are simul-
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FIGURE 7.4 Models for the structures of different subgroups of non-self-cleaving viroids. (A) The RNA strand is
shown as a green closed loop. Four functional domains (TL, TR, P, and V) are indicated with different colors of shading.
Three conserved sequences are boxed. The central conserved region (CCR) is a white box, the terminal conserved
region (TCR) is a lavender box, and the terminal conserved hairpin (TCH) is a green box. The nucleotides in the upper
strand of the CCR (dark green) can in each case form a stable stem and loop structure with the top of the loop at the
black arrow, as shown for PSTVd in (B). In this alternative configuration, the nucleotides that are invariant within all
five groups are shown in red. The type member of each group is shown; the full names are listed in Table 7.1 at the
bottom. [Adapted from Flores et al. (1997).]

taneously infected with HBV. The distribution of HDV is
thus dependent on the distribution of HBV, which is shown
in Fig. 5.28. However, as shown in Fig. 7.6, HDV is not uni-
formly distributed throughout the range of HBV. The per-
centage of hepatitis B patients that are also infected by
HDV ranges from 5 to >60% in different geographic areas. 

Infection of humans by HDV can either occur by simul-
taneous infection with both HBV and HDV, or by superin-
fection with HDV of a person who is chronically infected
with HBV. In the case of coinfection, HDV establishes a
chronic infection, which requires that HBV also establish a
chronic infection, only 1–3% of the time. Most often the
infection is completely resolved and recovery occurs. In
contrast, superinfection of chronically infected HBV
patients with HDV leads to chronic infection by HDV in
70–80% of patients. The different outcomes following

infection with HDV are illustrated schematically in Fig. 7.7,
in which the symptomology at different times after infec-
tion is indicated. 

The illness caused by HDV is usually more serious than
that caused by HBV alone. The mortality rate from HDV
infection is 2–20%, 10-fold higher than the rate for HBV
infection alone, which is the next most severe form of viral
hepatitis. Most cases of HDV infection are probably clini-
cally important. More than 350 million people in the world
are chronically infected with HBV. All are at risk for con-
tracting HDV and suffering a more severe form of hepatitis. 

The mechanisms by which HDV is transmitted are not
understood. It is conjectured that poor hygiene together with
intimate contact among people who are infected with the
virus may be an important source of transmission in many
parts of the world. In developed countries, contaminated
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FIGURE 7.5 Predicted secondary structure of peach latent mosaic viroid (PLMV) RNA in solution. (A) The entire
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(2000).]

blood products and sharing of needles by drug users are
important in the spread of the virus, but these are not impor-
tant modes of transmission worldwide. Sexual transmission
may occur, but again this does not appear to be an important
component of the transmission of the virus on a worldwide
basis. Since HDV depends on HBV for its propagation,
control of HBV by vaccination will lead to control of HDV.

Replication of the HDV Genome and 
Synthesis of mRNA

The HDV genome is a single-stranded, covalently closed
circular RNA molecule of 1.7 kb. The HDV genome can be
thought of as a viroid into which has been inserted a gene

encoding a single polypeptide, the hepatitis � antigen
(HDAg). As is the case for viroid RNA, HDV RNA has a
high degree of secondary structure, with about 70% of the
molecule being base paired internally so that it forms a rod-
like structure. The HDV genome has minus-sense polarity,
that is, it is complementary to the sequence that is trans-
lated into the HDAg. The structures of the genomic RNA,
the mRNA for the HDAg, and of the antigenomic RNA are
illustrated in Fig.7.8A. 

Following infection by the agent, the RNA is transferred
to the nucleus. The HDAg is required for this. In the
nucleus, the RNA is replicated by a mechanism similar to
that used by viroid RNA. However, there is the added com-
plication that an mRNA for HDAg must also be produced.
Replication of the genome and synthesis of the mRNA are
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FIGURE 7.6 Worldwide distribution of hepatitis � infection as measured by the presence of hepatitis � antigen in the
serum of hepatitis B-infected patients with hepatitis. [From Fields et al. (1996, p. 2826).]

carried out by RNA polymerase II. Other, currently
unknown host factors also participate, and the HDAg is
required. The genomic RNA is used as a template to
produce two RNAs, an mRNA that is translated into the
HDAg, and an antigenomic RNA that is a full-length com-
plementary copy of the genomic RNA. The antigenomic
RNA is also a covalently closed, single-stranded RNA mol-
ecule. The mechanisms by which these two RNAs are pro-
duced are not fully understood, but a possible model for
synthesis of the mRNA and replication of the genome is
shown in Fig. 7.9. The model postulates the presence of
three key features in the genome: an origin for the start of
RNA synthesis; a polyadenylation site following the open
reading frame (ORF) for HDAg; and a self-cleavage site
that is capable of self-ligation. 

RNA synthesis is proposed to begin at the origin,
nucleotide 1631 in Fig. 7.9, which is located upstream of
the ORF for HDAg. Synthesis proceeds counterclockwise
in the figure through the HDAg ORF, through the
polyadenylation signal following this ORF, and through the
self-cleavage site at position 903/904. Cleavage occurs and
the released RNA fragment is processed by cellular
enzymes that recognize the polyadenylation signal, cleave
the RNA at the appropriate site, and polyadenylate it, to
give the 0.8-kb mRNA for HDAg. 

The polymerase continues to synthesize RNA, whose 5′
terminus is now nucleotide 903. Synthesis continues around

the circular genome and through the gene for HDAg a
second time. It is proposed that the binding of the HDAg to a
secondary structure present in the RNA prevents the recogni-
tion of the polyadenylation signal in the full-length RNA
molecule. As synthesis proceeds through the self-cleavage
site for the second time, cleavage releases a unit-length
antigenomic molecule that cyclizes by a self-ligation activity. 

Evidence that supports this model includes the fact that,
like many viroids, hepatitis � RNA, both genomic and
antigenomic, is capable of self-cleavage. The linear, unit-
length RNA is capable of self-ligation that results in
cyclization. Ligation is inefficient, however, and cellular
factors, perhaps even a cellular ligase, may also be required
for efficient ligation. Thus, the broad aspects of the model
are probably correct, but details may require modification
as more becomes known about the replication of HDV.

The antigenomic RNA, once produced, can be used as a
template to produce a full-length genomic RNA. The model
proposed for this is the same as that above, but in this case
there is no complication of a polyadenylation signal that
results in the release of an mRNA, and the self-cleavage
site is positioned at 688/689. 

HDV Delta Antigen 

The mRNA for HDAg is exported to the cytoplasm and
translated into a polypeptide of 195 amino acids, referred to
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FIGURE 7.7 Patterns of anti-hepatitis B core antigen antibody, hepatitis B antigen, hepatitis � RNA, hepatitis �
antigen, and ALT in patient serum during different types of coinfection with hepatitis � and B. (A) Simultaneous infec-
tion by both types. (B) and (C) Superinfection by hepatitis � of a patient with chronic hepatitis B infection. Many infec-
tions start with acute hepatitis � as in (B). Some proportion of superinfections progresses to chronic hepatitis with
elevated liver enzymes and sustained production of hepatitis � RNA and protein as in (C). [Adapted from Fields et al.
(1996, p. 2825).]

as the small � antigen or S-HDAg. This protein is known to
be required for RNA replication. Thus, for example, in vitro
systems to study the replication of HDV RNA must be sup-
plemented with S-HDAg for replication to occur. S-HDAg
is a component of the infecting particle and is present in
the infecting cell when RNA replication first begins.

Production of new protein after infection enables RNA
replication to accelerate. 

A second form of � antigen is also produced during
infection. An RNA editing event occurs in about one-third
of the antigenomic templates, in which the termination
codon, UAG, at position 196 of the ORF for the � antigen is
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[Adapted from Modahl and Lai, (2000).]
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[Adapted from Modahl and Lai (2000).]

changed to UGG, encoding tryptophan (see Fig. 7.8). This
change is thought to be effected by deamination, in the
antigenome, of the adenosine in the UAG codon to produce
inosine. A cellular adenosine deaminase has been described
that probably performs this function. Inosine pairs as
guanosine, and continued replication of the RNA will lead

to the substitution of G for A. This RNA editing site is
specific and requires specific sequences within the antige-
nomic RNA for it to occur. 

Change of the termination codon to a tryptophan codon
leads to the production of a polypeptide that is 19 residues
longer, for a total length of 214 amino acids, referred to as
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the large � antigen or L-HDAg. Because editing is required,
it is only produced later in the infection cycle. L-HDAg
suppresses RNA replication and leads to a shift from repli-
cation of RNA to encapsidation of RNA into progeny
virions. A map of functional domains of the L- and S-
HDAgs is shown in Fig. 7.8B.

The extent of editing is controlled, perhaps by S-HDAg.
Obviously, only genomes that are not edited can give rise to
infectious virions. S-HDAg is required for replication, and
only nonedited genomes encode it.

Assembly of Virus

Assembly of HDV virions begins with the formation of a
nucleocapsid or core that contains the HDV genome and
both the L and S forms of the � antigen. The core is 19 nm
in diameter and matures by budding, using the HBV surface
antigens. Budding appears to be the same as for HBV
(Chapter 5), and the three surface antigens of HBV form the
protein component of the outer envelope surrounding the
HDV capsid. Thus, although the RNA of HDV can replicate
independently of HBV, assembly of progeny virions requires
the simultaneous infection of the cell by HBV to supply the
surface glycoproteins needed to produce infectious particles. 

Host Range of HDV

The only known natural hosts for HDV are humans, but
HDV can be experimentally transmitted to chimpanzees and
to woodchucks. Infection of chimps requires coinfection with
HBV, and this provides a useful primate model system for the
study of the agent. A second model system is furnished by
woodchucks. Woodchucks can be chronically infected with
woodchuck hepatitis virus (WHV, Chapter 5), a relative of
HBV, and WHV can provide helper activity for HDV.
Chronically infected animals can be infected with HDV, and
in this case the surface properties of the HDV virion are
determined by the helper WHV rather than by HBV.

Although HDV has a worldwide distribution, strains iso-
lated from different regions of the world differ by up to
40% in their nucleotide sequence. Since the virus is a satel-
lite, control of HDV is dependent on the control of HBV.
Current HBV vaccines are highly effective at preventing
HBV infection and this, together with increased screening
for the presence of HBV in blood products, may be effec-
tive in controlling HDV in the future. Of special note is the
fact that the agent is extremely prolific. The serum of an
infected individual can contain up to 1012 RNA-containing
HDV particles per milliliter.

PRIONS AND PRION DISEASES

Transmissible spongiform encephalopathies (TSEs),
now often referred to as prion diseases, are progressive,

fatal diseases of humans and of other animals. A listing of
TSEs is given in Table 7.2. TSEs of humans include kuru,
Creutzfeldt-Jakob disease (CJD), Gerstmann-Straüssler-
Scheinker syndrome (GSS), and fatal familial insomnia
(FFI). TSEs are characterized by neuronal loss that appears
as a spongiform degeneration in sections of brain tissue,
often accompanied by amyloid plaques or fibrils. The most
prominent symptoms of disease are usually dementia (loss
of intellectual abilities) or ataxia (loss of muscle control
during voluntary movement) that results from the progres-
sive loss of brain function. The disease always has a fatal
outcome. In humans, death usually occurs within 6 months
to 1 year of the first appearance of symptoms. 

TSEs can be contracted by inoculation with or ingestion
of brain tissue or other tissues containing the infectious
agent, and thus they can be transmitted as an infectious
disease. Kuru first came to light as an infectious disease
and many cases of CJD in man have been acquired by
infection. However, TSEs can also occur as sporadic dis-
eases for which there is no evidence of infection by an
outside agent. In humans, CJD occurs sporadically with a
frequency of about 10–6. Finally, TSEs can appear as inher-
ited diseases. GSS, most FFI, and some cases of CJD occur
as dominant inherited diseases, associated with mutations
in the gene for the prion protein. Inheritance of the mutant
gene dramatically increases the probability of developing
TSE, such that the probability of acquiring the disease over
a lifetime may approach 100%. In most cases of sporadic or
inherited TSE, the disease is transmissible as an infectious
disease once it occurs.

There is now considerable evidence that all TSEs are
related and result from defects in the metabolism of the
prion protein. The pattern of symptoms associated with a
particular TSE may vary, however, depending in part on how
the disease was contracted; on the source of the infecting
agent; and on the nature of mutations in the prion protein.
Thus, although the prion protein is central to disease in
every case, symptomology can differ, in part because the
particular area of the brain most affected can vary.

There is no immune response associated with any TSE.
No antibodies are formed and no inflammation marked by
the infiltration of mononuclear cells is present. As stated, it
is relentlessly progressive and always results in death. 

Kuru

Kuru was a disease of epidemic proportions among the
Fore people of New Guinea that reached a prevalence of
about 1% of the population. The disease was characterized
by progressive ataxia that led to total incapacitation and
death, normally in 12–18 months of the appearance of
symptoms in adults or 3–12 months in children. The
demonstration that kuru was transmissible to primates by
inoculation of brain tissue from people dying of the disease
was the first demonstration of the transmissibility of a TSE
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TABLE 7.2 Prion Diseases

Disease (abbreviation) Natural host Experimental Cause of disease
hosts

Scrapie Sheep and goats Mice, hamsters, rats Infection in genetically susceptible sheep

Transmissible mink encephalopathy (TME) Mink Hamsters, ferrets Infection with prions from sheep or cattle

Chronic wasting disease Mule deer, white tail Ferrets, mice Unknown
deer, elk

Bovine spongiform encephalopathy (BSE) Cattle Mice Infection with prion-contaminated 
meat and bone meal

Feline spongiform encephalopathy (FSE) Cats Mice Infection with prion-contaminated beef

Exotic ungulate encephalopathy (EUE) Nyala, oryx, Mice Infection with prion-contaminated 
greater kudu meat and bone meal

Kuru Humans Primates, mice Infection through ritual cannibalism

Creutzfeldt-Jakob disease Primates, mice
SCJD (sporadic) Humans Somatic mutation or spontaneous conversion

of PrPc to PrPSc

iCJD (iatrogenic) Humans Infection from prion-contaminated human 
growth hormone, dura mater grafts, etc.

nvCJD (new variant) Humans Ingestion of bovine prions?
fCJD (familial) Humans Germ-line mutation in PrP gene

Gerstmann-Straüssler-Scheinker Humans Germ-line mutation in PrP gene
syndrome (GSS)

Fatal familia insomnia (FFI) Humans Primates, mice Germ-line mutation in PrP gene (D178N, M129)

Fatal sporadic insomnia (FSI) Humans Somatic mutation or spontaneous conversion 
of PrPc to PrPSc

Source: Adapted from Granoff and Webster (1999, p. 1389).

in humans. These transmission studies and other studies of
kuru resulted in a Nobel prize for Carleton Gajdusek in
1976, the first of two prizes for work with TSEs (Chapter 1).

Kuru is believed to have been spread among the Fore
people by cannibalism in which the bodies of relatives who
had died were eaten in a ritualistic feast. Women and chil-
dren were more often affected than men, and it is thought
this was because they prepared the body for the feast and
they ate the brains of deceased relatives. Men were less
often affected, it is conjectured, because they ate primarily
other body parts. It has been postulated that the epidemic
began when a member of the tribe died of a sporadic case
of CJD, and the disease was then spread to others through
cannibalism. Through the efforts of missionaries, cannibal-
ism ceased many years ago and the disease has become pro-
gressively rarer. Now only older people who contracted the
infectious agent during the time of cannibalism continue to
develop the illness. From studies of the continuing develop-
ment of kuru in older Fore people, it is known that the
disease can appear as long as 40 years after the event that
resulted in infection with the agent. 

Sporadic and Iatrogenic CJD

CJD in man is usually a sporadic illness that occurs with
a frequency of about 10–6 that is uniform around the world.

However, once the disease has arisen it is transmissible by
inoculation of infected material into experimental animals
such as primates and transgenic mice. CJD has also been
transmitted iatrogenically to humans. Iatrogenic cases have
occurred in recipients of pituitary-derived human growth
hormone obtained from cadavers, some of whom died of
CJD; in recipients of homographs of dura mater derived
from cadavers; through implantation into epilepsy patients
of contaminated silver electrodes that had been incompletely
sterilized; and through corneal transplants. The infectious
agents of TSEs are extremely difficult to inactivate and
require extraordinary sterilization techniques in order to
destroy their infectivity. Better methods of sterilization have
been introduced, and human growth hormone is now pro-
duced in bacteria from recombinant DNA plasmids, so that
the iatrogenic spread of CJD has been greatly reduced.

Sporadic FFI has also been described. No case of spo-
radic GSS is known, however.

Inherited Forms of Human TSE

About 5% of CJD cases arise in a familial, autosomal
dominant fashion and are associated with mutations in the
gene for the prion protein. GSS and most cases of FFI are
also inherited forms of TSE associated with mutations in
the prion protein. Many of the responsible mutations are
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FIGURE 7.10 Mutations found in the human prion protein gene. Polymorphisms that are phenotypically wild type
are shown below the schematic of the gene; mutations that segregate with inherited prion diseases are shown above the
gene. GSS, FFI, and CJD are defined in Table 7.2. [Adapted from Prusiner (1998) and Riek et al. (1996).]

illustrated in Fig. 7.10, in which a schematic diagram of the
human prion protein is presented. 

A dozen single amino acid substitutions in the prion
protein have been found to be associated with inherited
CJD, GSS, or FFI. Additionally, an element normally con-
taining five repeats of a 24-nucleotide squence (encoding
an 8-amino-acid repeat, P-Q/H-G-G-G-W-C-Q) has been
found to contain one to nine extra repeats, probably origi-
nating from unequal crossing over, in some cases of inher-
ited CJD or GSS. These three diseases are distinguished on
the basis of symptomology, which is overlapping. CJD is
characterized by ataxia, dementia, and behavioral distur-
bances. GSS is usually characterized by cerebellar disor-
ders accompanied by a decline in cognitive ability. FFI, as
its name suggests, is characterized by abnormal sleep pat-
terns, including intractable insomnia. 

The penetrance of the different mutations varies but is
usually very high. For example, CJD caused by the change
from glutamic acid-200 to lysine (E200K), when residue 129
is homozygous for methionine, has been estimated to have a
penetrance of 0.45 by age 60 and a penetrance of more than
0.96 above age 80. Thus, a person with this mutation is
almost certain to develop CJD if he or she lives long enough.

Attempts have been made in many cases of inherited
TSEs to transmit the disease to subhuman primates or to
mice. Transmission has been achieved in most cases tested.

Thus once the disease arises, it is transmissible to animals
that do not contain the mutation.

In addition to mutations associated with inherited TSEs,
several polymorphisms in the prion protein are known that
are not associated with disease (Fig. 7.10). The polymor-
phism at residue 129 is of particular importance.
Homozygosity at this position affects the probability of
contracting TSE. 

TSEs in Other Animals

Naturally occurring TSEs of a number of other
mammals are known. The oldest known TSE, in fact, is that
of sheep, and is called scrapie. Scrapie has been known for
more than 200 years and is widely distributed in Europe,
Asia, and America. The name comes from the tendency of
animals to rub themselves against upright posts, apparently
because of intense itching that arises from this neurological
disease. Scrapie appears to be transmitted horizontally in
sheep flocks, but the mechanism by which it is transmitted
is not understood. The infectious agent is very resistant to
inactivation and may persist in pastures for a long time. It
may be ingested, but other mechanisms for persistence have
also been proposed. 

Scrapie appears to have been transmitted to a number
of other mammals. In some cases the spread has been to
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FIGURE 7.11 Spread of the BSE epidemic in the British Isles. Geographic distribution of the incidence of BSE per
head of cattle by country from 1989 to 1995. [Adapted from Anderson et al. (1996).]

animals that share pasturage with infected sheep, such as
white-tailed deer, mule deer, and elk (where the disease is
called chronic wasting disease). In these cases, it is
thought that infection occurs by the same mechanisms
that maintain scrapie in sheep flocks. In other cases,
spread has occurred via food derived from infected sheep
that was fed to mink (transmissible mink encephalopa-
thy), domestic cats or exotic cats in zoos (feline spongi-
form encephalopathy), ungulates in zoos (exotic ungulate
encephalopathy), and perhaps to cattle. However, there is
no evidence that scrapie has ever spread to humans,
despite the long history of human consumption of
scrapie-infected sheep.

Bovine spongiform encephalopathy (BSE), also called
mad cow disease, is a TSE of cattle that was recently epi-

demic in Britain. The epidemic was maintained by feeding
cattle processed offal from cattle and other animals, that is, by
a form of animal cannibalism as happened with kuru in man.
Although this practice was of long standing, it did not cause
trouble until recently, when a change in the rendering process
was introduced. It is believed that this change allowed the
BSE agent to survive the processing steps, whereas formerly
it had been killed during rendering. The result was an epi-
demic of BSE that spread across all of Britain (Fig. 7.11). At
the height of the epidemic, there were more than 35,000 cases
of BSE per year in Britain (Fig. 7.12).

The original source of the BSE that led to the epidemic
is uncertain. It may have arisen from a spontaneous case of
BSE, similar to spontaneous CJD in man, although sponta-
neous BSE in cattle has never been described. A second
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FIGURE 7.12 Confirmed cases of BSE (bovine spongiform encephalopathy) in British cattle per half
year between 1986 and 1996. Arrows indicate (1) ruminant feed ban (1988); (2) specified offals ban, to
prevent offal proteins from entering the human food chain (1989); (3) extended specified offals ban (pro-
hibiting feeding of offal proteins to pigs and poultry (1991); and (4) offals ban further extended to include
offals from bovines < 6 months old (1994). [Adapted from Anderson et al. (1996).]

possibility is that it may have arisen from infection with
scrapie from infected sheep, since sheep offal was included
in the rendered offal. 

Once the epidemic of BSE in cattle in Britain was recog-
nized, legislation was introduced that banned the feeding of
any ruminant-derived protein to ruminants. Also introduced
was legislation to make BSE a notifiable disease and to pro-
hibit the use of brain, spinal cord, and certain other offals
from any bovine animal in human food. The ruminant feed
ban resulted in the waning of the epidemic in cattle in
Britain (Fig. 7.12). However, new cases continued to arise,
and it is not clear whether these new cases resulted from a
long latent period of the infectious agent, from contami-
nated ruminant feed that continued to enter the system, or
from alternative modes of transmission, such as passing the
infection from mother to calf. With the recognition of new
variant CJD in people, the issue of eradicating BSE became
more pressing and, ultimately, herds containing infected
cattle were destroyed. These different steps led to a marked
reduction in the incidence of BSE.

New Variant CJD in Humans

At the beginning of the BSE epidemic, public health
officials in Britain had little fear that the epidemic might
pose a threat to human health. There is a species barrier to
the transmission of the TSE from any particular animal to
another animal. Even in cases where transmission does
occur in experimental systems, there is a requirement for
an adaptation event before the agent can be readily trans-
mitted. Humans were thought not to be sensitive to animal
TSE agents because of this species barrier. In particular, no
evidence for the transmission of scrapie to man has ever
been found despite the fact that people all over the world,
but especially in Britain, have eaten sheep infected with
scrapie for centuries. 

In 1995 and 1996, however, 12 cases of a variant form of
human CJD occurred in Britain. These variant CJD cases
were characterized by an unusually early age of onset, with
some cases in their teens, and by a different symptomology.
A comparison of the ages at which people in Britain con-
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FIGURE 7.13 Creutzfeldt-Jakob disease in Britain. (A) Annual age-specific death rates for
sporadic CJD (573 cases) in Britain between 1970 and 1994, compared with the age distribu-
tion of the first 21 cases of new variant CJD (nvCJD) in 1995 and 1996. The scales have been
chosen to optimize comparison of the age distributions [Adapted from Nathanson et al. (1999,
Fig. 7, p. 449).] (B) Cases of CJD of various etiolgies and Gerstmann-Straussler-Scheinker
syndrome in Britain from 1985 to 2000. The data for 2000 are only available through
September 4, 2000, but have been normalized to a full year. The rise in the number of cases of
sporadic CJD reported is probably due to increased recognition of the disease. [Data are
Monthly CJD Statistics, from the Department of Health of the United Kingdom.]

tracted sporadic CJD during the last 25 years with that of the
ages of the first 21 cases of variant CJD is shown in 
Fig. 7.13A. Sporadic CJD is primarily a disease of people in
their 50s, 60s, and 70s, with a peak of occurrence in the

early 60s. Cases in people under 40 are rare. Variant CJD to
date has been a disease of people in their teens, 20s, and
early 30s. Symptomology also differs. Sporadic CJD is char-
acterized by dementia as an early symptom, whereas new
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FIGURE 7.14 The structure of the prion protein. The structure of
residues 121–231 of the mouse prion protein in solution as determined by
NMR imaging is shown. The protein is color coded from blue at residue
121 to red at residue 231, with beta sheets shown as flat arrows and alpha
helices as coils. The second and third helices are linked with a disulfide
bond (not shown). (Compare with Figs. 7.10 and 7.15) [Adapted from
Riek et al. (1996).]

variant CJD is characterized by psychiatric symptoms,
usually depression, and the patient is often first seen by a
psychiatrist. Third, time to death averages somewhat longer
in variant CJD than in sporadic CJD. Cases of variant CJD
have continued to arise. As of late summer, 2000, about 70
cases have been reported in which the age of onset was from
16 to 53. The increasing rise in variant CJD cases is shown
in Fig. 7.13B, which goes through August 2000. In late May,
2001, the one hundredth case was reported. Thus, the
number of cases continues to increase, but the rate of
increase appears to be slowing or to have leveled off.

There is now a considerable body of evidence that variant
CJD is caused by infection with BSE and results from eating
BSE-contaminated meat. If so, it is not clear how many cases
may ultimately arise. As described above, kuru has a long
latent period, with disease developing as long as 40 years
after infection. Thus, there is the potential that a large number
of cases may arise over time. However, unlike kuru, there is a
species barrier for the transmission of BSE to humans,
leaving hope that the total number of cases will remain small.
A sensationalized and gripping account of kuru, CJD, and
BSE is found in the book Deadly Feasts by Richard Rhodes.

Prion Protein

The nature of the infectious agents responsible for scrapie
and other TSEs has been controversial, in part because the
study of these agents has presented enormous technical
difficulties. The kuru agent was shown to be transmissible to
other primates many years ago, but the incubation period is
very long in these animals (more than 10 years in some cases)
and they are expensive to maintain, which limited early
progress in the study of the molecular biology of the agents.
The subsequent discovery that many TSEs could be transmit-
ted to mice and hamsters, in which the incubation period was
much shorter, as short as 60 days in some instances, speeded
up progress. Transgenic mice, in particular, have been very
useful because the genetic background can be controlled.
However, such studies remain slow and tedious because an
infectivity assay often takes more than 1 year.

Studies in mice and other animals, as well as the findings
that mutations in the prion protein are associated with inher-
ited TSEs in humans, have made clear that the prion protein,
abbreviated PrP, is intimately involved in the transmission of
TSE and in the disease process. The normal cellular protein
is referred to as PrPc. The structure in solution of the C-ter-
minal half of the mouse version of this protein (residues
121–231) is illustrated in Fig. 7.14. The protein has a high
content of � helix. In this half of the protein, there are three
�-helical domains of 11, 15, and 18 residues, and only a
short (four residues in each strand) two-stranded antiparallel
� sheet. The N-terminal 98 residues of this protein form a
flexible random coil in solution, as determined by nuclear
magnetic resonance imaging.

The prion protein is synthesized as a larger precursor of
254 amino acids that contains both N-terminal and C-termi-
nal extensions (Fig. 7.15). The N-terminal extension is a
signal sequence that leads to the translocation of PrP into
the lumen of the endoplasmic reticulum. It is removed by
signal peptidase, as are most N-terminal signal sequences.
The C-terminal extension is removed by another cellular
protease and the protein is attached to a phosphoinositol
glycolipid anchor that anchors the protein in the membrane.
The protein is N-glycosylated on two sites. The processed
protein is transported to the plasma membrane and tran-
siently displayed on the surface of the cell with a half-life
of about 5 hr. It is then recycled into endosomal compart-
ments and eventually into lysosomes, where it is degraded. 

The function of PrPc is unknown. Many knockout mice
that lack the gene for PrP have been constructed and most
appear normal. Sleep abnormalities occur is some knock-
outs, however, and one strain of null mice develops abnor-
malities in the cerebellum. Such findings suggest that the
protein might have a neurological function, but these abnor-
malities could arise from secondary effects of the knockout
process, since other strains of knockout mice appear normal.

The brains of most humans or experimental animals
exhibiting TSEs contain a conformational variant of PrPc

called PrPSc (Sc for scrapie) or PrPres (res for resistant to
protease). PrPSc is found in aggregates that are largely resis-
tant to digestion with proteases. Treatment of PrPSc with
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FIGURE 7.15 Isoforms of the human prion protein. The precursor protein is 254 amino acids long. Maturation
involves removal of the N-terminal signal sequence and the C-terminal 23 amino acids (two boxes marked S), attach-
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proteases and subsequent disaggregation of the proteolyzed
PrPSc give rise to a molecule that is truncated by about 80
amino acids at its amino terminus (Fig. 7.15). In contrast,
PrPc is completely destroyed by such protease treatment,
and the normal PrP is also referred to as PrPsen (for sensi-
tive to protease). Circular dichroism and infrared spec-
troscopy indicate that PrPSc has a much higher content of �
sheet than does PrPc, 43 versus 3%, and a lower content of
� helix, 30 versus 42%, suggesting a profound conforma-
tional rearrangement of the prion protein in the process of
conversion from PrPc to PrPSc.

Studies with Mice

Transgenic mice have been useful in the study of TSEs.
Mice have been made that lack the gene for the prion
protein, or that express wild-type or mutant prion proteins
at levels from less than normal to several times normal.
Most mice that make no PrPc are normal, as described.
However, such mice are resistant to scrapie infection. They
do not become ill, and no infectious material is produced in

the brain after inoculation of scrapie. In contrast, mice that
overexpress PrP are more sensitive to infection with
scrapie. The incubation period is shorter, and the animals
die more quickly after inoculation with scrapie.

Thus, the presence of PrP is essential for the development
of TSE in mice. It has also been found that individual neurons
must be able to produce PrP if they are to be sensitive to
scrapie-induced death. Neurografts from a donor mouse that
expresses PrP have been implanted into mice that lack the
PrP gene. Upon inoculation of scrapie into the brain, the
neurons in the graft develop a typical scrapie-induced disease
pathology. However, neurons outside the graft remain healthy.

Ex Vivo and in Vitro Studies

Cell lines have been established that are persistently
infected with scrapie. These cells continuously produce
PrPSc, which allows biochemical studies to be performed
over a shorter time frame. The infected cells produce infec-
tious material that causes scrapie when inoculated into mice.

Of great interest has been the development of an in vitro
system for the conversion of PrPc to PrPSc. In this system,
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radioactive PrPc is mixed with unlabeled PrPSc, and the con-
version of the labeled PrPc to PrPSc is followed by its
becoming resistant to protease. These studies make clear
that PrPc can be converted to PrPSc by exposure to PrPSc in
a process that does not require the activities of intact cells.
However, so much infectivity is associated with the PrPSc

added to the reaction mixture that no increase in infectivity
can be demonstrated. Thus, these studies do not address the
question of the nature of the infectious agent. These studies
have also been useful in the study of the species barrier,
which can be quantitatively examined in such reactions.

Protein-Only Hypothesis

It is clear that PrP is important in the development of
TSEs. There are two unresolved questions about PrP and
the disease process, however. First, is the infectious agent
that leads to TSE PrPSc itself or is it another entity, such as
a virus? Second, does PrPSc, or some other modified form
of PrP, cause the symptoms of the disease, or is it simply a
side effect of the disease process?

Preparations of the infectious agent purified from
scrapie-infected mouse brain consist largely of PrPSc. There
is very little nucleic acid in infectious preparations of PrPSc.
In particular, there is no homogeneous DNA or RNA mole-
cule that might arise from a virus, for example. This has led
to the hypothesis that PrPSc is itself the infectious agent. In
this model, “infectious” PrPSc induces PrPc to assume the
PrPSc conformation, and the accumulation of PrPSc in the
brain leads to the pathology associated with TSEs. Most of
the experimental data are compatible with such a model.
PrPSc does induce PrPc to assume the PrPSc conformation.
Mutations in PrPc could make it easier for the protein to
assume the PrPSc conformation. The species barrier could
result from lowered interaction affinities between proteins
of different sequence. However, it has not been possible to
prove this hypothesis. PrPSc preparations have a very low
specific infectivity, with at least 105 molecules of PrPSc

required for infection. Thus it remains possible that conta-
minants in the preparation might be required for infectivity.
It has not been possible to demonstrate an increase in infec-
tivity associated with the conversion of PrPc to PrPSc, as
described above, which would provide solid evidence that
PrPSc is infectious. 

In addition to the inability to prove the protein-only
hypothesis, which could be due to the technical difficulties
associated with this system, there are specific conceptual
difficulties with PrPSc as the infectious agent. One of the
major criticisms of the protein-only hypothesis is the fact
that as many as 20 different strains of scrapie exist as
assayed in mice. These strains of scrapie differ in properties
such as the length of the incubation period following infec-
tion before disease becomes apparent, the areas of the brain
affected, and the symptoms of the disease, but these proper-

ties do not vary within a strain. Such properties are
expected for an infectious entity with a nucleic acid
genome, but are difficult to reconcile with the properties of
an infectious protein. If the protein-only hypothesis is true,
these differences in properties could only result from differ-
ences in the conformation of PrPSc in the different strains.
How is it that a single, fairly small protein can take up so
many different conformations and that each can induce the
production of more protein having the same conformation? 

Supporters of the protein-only hypothesis suggest that
a limited number of conformational states of the prion
protein would be sufficient to explain the multiple strains
of scrapie that exist. They point to experimental data that
show that at least two demonstratively different conforma-
tional states of the prion proteins of two different
mammals exist that “breed true.” Two different strains of
transmissible mink encephalopathy that produced differ-
ent disease characteristics in mink were passaged in ham-
sters. The PrPSc from the two strains, isolated from
infected brain, are differently truncated at the amino ter-
minus on treatment with proteases in vitro. Thus the con-
formations of the PrPSc in these two strains, both derived
from hamster PrP, must be different. Furthermore, this
difference can be reproduced in an in vitro reaction in
which PrPc is mixed with the two different types of PrPSc.
Each type of PrPSc induces PrPc to assume its own distinct
conformation, as shown by the protease resistant fragment
that is produced from the PrPc on it conversion to PrPSc.

In a second example of demonstrably different prion
conformations, human prions isolated from two different
cases of TSE, one FFI and the second CJD, were found to
be differently truncated after protease treatment. Passage
of these TSEs in transgenic mice that expressed a
chimeric mouse–human prion protein gave rise to prions
in infected brain that reproduced the differences in trun-
cation. Thus, these conformational differences breed true
when passed in mice.

These studies support the hypothesis that PrPSc can exist
in more than one conformational form, that the different
conformational forms can produce different symptoms, and
that the different forms are capable of propagation by induc-
ing PrPc to take up their own particular conformation. Thus,
much of the experimental data are consistent with the
protein-only hypothesis, although it has not been proven
conclusively and many still doubt its validity. The hypothe-
sis recently received a vote of confidence when its most out-
spoken and passionate advocate, Dr. Stanley Prusiner, was
awarded the 1997 Nobel Prize for his “discovery of prions.”

Transport of Infectivity to the Brain

Related to the conceptional problem of an infectious
protein is how it might be transported to the brain after
ingestion with food. This problem has been addressed in
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studies that ascertain in which tissues PrPSc is present fol-
lowing ingestion of PrPSc, and studies with transgenic mice
that express PrP only in certain tissues. These various
studies are compatible with a model in which infectivity is
transported via axons following direct neuroinvasion of
peripheral nerves. In the case of infection with only low
doses of infectious material, amplification in follicular
dendritic cells in lymphoid tissue may be required before
neuroinvasion occurs. Thus, in terms of the protein-only
model, PrPSc might induce the conversion of PrPc to PrPSc

in cells in Peyer’s patches, which then spreads via lym-
phatic tissue to peripheral nerves by sequential conversion
of PrP.

Formation of the PrPSc Seed

If PrPSc can transmit the disease to a new susceptible
host, how is it formed in the first place? Current models
propose that the conformational change resulting in PrPSc

occurs rarely, but that once PrPSc is formed, it acts as a
seed to induce the formation of more PrPSc. Two models
to explain the conversion of PrPc to PrPSc by PrPSc have
been proposed. In one, PrPSc (which may be present in an
aggregate) and PrPc form a complex, and the PrPSc

induces the conformational change in PrPc. In the second
model, PrPc undergoes spontaneous transitions to different
conformational states that are short lived and revert
quickly to the native PrPc conformational state. These
conformational variants, however, can be locked into
place by interaction with PrPSc. In either case, the altered
PrP joins the aggregated PrPSc to form a larger aggregate.
Since the aggregated PrPSc is insoluble, the reaction is
essentially irreversible. Such a process could also explain
the species barrier. The PrP proteins of different animals
differ slightly in sequence. PrPc that is identical in
sequence to the PrPSc seed could interact with such a seed
more readily than with a PrPSc seed that differs in
sequence.

The protein-only hypothesis still requires a seed of PrPSc

to begin the reaction. One possibility is that it can form
spontaneously with a very low probability. Perhaps sponta-
neous changes in the conformation of PrPc to the PrPSc con-
formation might be fixed if this change occurred
simultaneously in a number of adjacent or interacting mole-
cules. The effect of mutations in PrPc might be to increase
the probability of change to the PrPSc conformation, with
the result that disease occurs more frequently. Such a model
is compatible with data for human TSEs, where sporadic
CJD occurs, albeit infrequently. However, sporadic disease
has not been seen in shorter lived animals. No sporadic
BSE has been described, and in countries where scrapie in
sheep has been eradicated, such as New Zealand and
Australia, no recurrence of disease has been observed. 

Does PrPSc Cause the Disease?

If PrPSc is responsible for the pathology of TSE disease,
and not simply a by-product of disease, the mechanism by
which it causes disease is uncertain. An early model sug-
gested that PrPSc itself is neurotoxic. However, it has been
shown that a neuron must be able to express PrPc before it
can be killed by exposure to PrPSc. Thus simple neurotoxic-
ity of PrPSc is not the cause of neuronal death. However, it
is possible that conversion of PrPc to PrPSc at the surface of
the cell, which is known to occur, followed by accumulation
of PrPSc in lysosomes as the neuron attempts to recycle it,
could be toxic. In this model, it is the resistance of PrPSc to
proteases in the lysosome that results in toxicity.

Recent findings have suggested another possibility. PrP
can be expressed as a membrane-spanning protein as well
as a protein anchored by a glycolipid anchor (Fig. 7.16).
One membrane-spanning form, called CtmPrP, has it C ter-
minus outside the cell and the N terminus inside, with a
transmembrane domain near the middle of the molecule.
Preliminary data suggest that this form of PrP is neuro-
toxic: CtmPrP has been found in brains of animals, including
humans, suffering from TSE but not in normal brains. This
has led to a model in which CtmPrP is regularly produced at
some frequency, but the normal cell has a mechanism to
eliminate it. Overproduction of CtmPrP, either by mutation or
by a failure to eliminate it, leads to the symptoms of TSE.
In this model, production of PrPSc might somehow result in
the accumulation of CtmPrP, perhaps by overwhelming the
ability of the cell to eliminate it.

Prions of Yeast

Prions, defined as agents that possess two (or more) con-
formational forms, a soluble “normal” form and an aggre-
gated form that can induce the conversion of the normal
form to more of itself, have also been found in fungi. Two
prions have been found in yeast (Saccharomyces cerevisiae)
and a third in Podospora spp. The yeast prions have the
characteristics of disease but the Podospora prion performs
a normal cell function (controlling heterokaryon compati-
bility). The yeast prions are called [URE3], which affects
nitrogen catabolism, and [PSI], which affects the termina-
tion of polypeptide chains during translation. A diagram of
these proteins is shown in Fig. 7.17. [PSI] is a prion form of
Sup35p, which is a translation release factor. In the [PSI]
state, Sup35p assumes an altered conformation and aggre-
gates, like PrPSc. The [PSI] state is dominant and can be
transmitted to other yeast cells by transfer of cytoplasm
containing [PSI]. Thus, the prion state induces the normal
cell protein to assume the prion state, as with the model for
PrPSc. The effect of the [PSI] state on the cell is to render
Sup35p nonfunctional, and thus has the same effect as dele-
tion of the gene encoding the protein. Loss of Sup35p activ-
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ity leads to increased read-through of stop codons during
translation, and renders nonsense suppressor tRNAs much
more active. [URE3] is the prion state of Ure2p, a protein
involved in nitrogen catabolism. Like [PSI], [URE3] is an

aggregated form of a conformational variant of Ure2p, and
is dominant and transmissible. Loss of Ure2p by the cell
affects the metabolism of nitrogen. Normal cells can
assume the prion state with a low frequency, but once



assumed the prion state is retained. Cells in the prion state
can be cured by certain treatments that break up the protein
aggregates and causes the protein to assume a normal con-
formation. 
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INTRODUCTION

On infection of a mammal by a microorganism, a
complex response is generated that attempts to eliminate
the infectious agent. These responses can be conveniently
grouped into two categories, innate immune responses and
adaptive immune responses. The adaptive or acquired
immune response requires time to develop, is specific to the
invading pathogen, and is followed by immunological
memory that usually renders the host immune, or at least
less susceptible, to subsequent infections by the same
organism. The two most important components of this
response are the production of cytotoxic T lymphocytes
(CTLs) and the production of humoral antibodies. Innate
responses, in contrast, generate early responses to infection,
are not specific to the pathogen, and do not render the
organism resistant to subsequent infection by the same
pathogen. Cytokines such as interferon are among the most
effective innate responses. Innate and adaptive immune
responses do not function independently of one another:
The proper functioning of the immune system requires the
activities of both. The various activities constitute a multi-
faceted, interactive, and complex series of responses to
infection by a pathogen. Figure 8.1 illustrates some of the
cells and other participants involved in innate and acquired
immunity.

ADAPTIVE IMMUNE SYSTEM

The adaptive immune system contains two major arms.
The cellular arm leads to the production of CTLs, also
called killer T cells. The humoral arm leads to the produc-
tion of antibodies that are secreted by B cells. T-helper cells
are important players in generating these responses.

Major Histocompatibility Complex 

Both cellular immunity and humoral immunity require
the activation of a class of lymphocytes called T cells (T
from thymus, where these cells mature). T cells recognize
peptide antigens 8–20 amino acids in length that are pre-
sented to them by cell surface proteins encoded in the
major histocompatibility complex (MHC) locus (in
humans, the MHC is called HLA, from human lymphocyte
antigen). The two types of MHC molecules that present
antigenic peptides are called class I and class II. Both
class I and class II MHC molecules are integral membrane
proteins that are composed of two polypeptide chains. 

Class I and Class II MHC

The MHC class I molecule is a heterodimer composed
of a heavy chain of about 350 amino acids, which is
encoded within the MHC locus, and a light chain of about
100 amino acids, �2 microglobulin, which is encoded else-
where. The structure of an MHC class I molecule is shown
schematically in Fig. 8.2A, and as determined by X-ray
crystallography in Fig. 8.2B. The MHC class I heavy chain
consists of three extracellular domains called �1, �2, and
�3, a transmembrane domain, and a cytoplasmic domain. �2

microglobulin forms a fourth extracellular domain and is
held in the complex by noncovalent interactions. The �1 and
�2 domains, which are structurally related to one another,
form a platform with helical walls. The walls form a groove
in which the antigenic peptide, consisting usually of 8–10
amino acids, is anchored. The �3 domain and �2 microglob-
ulin are homologous (derived from a common ancestral
polypeptide by gene duplication) and are members of the
immunoglobulin (Ig) superfamily. They share sequence
identity and have common structural features.
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The structure of MHC class II molecules is similar to that
of class I molecules, as illustrated in Fig. 8.2A. Class II mol-
ecules are composed of a heterodimer of two proteins
encoded within the MHC locus. These two proteins, desig-
nated � and �, each contain two extracellular domains (and
thus the assembled molecule contains four extracellular
domains as does class I MHC). Both proteins are anchored in
the plasma membrane by membrane-spanning anchors and
have cytoplasmic domains. The distal �1 and �1 domains
form a platform with a groove that binds an antigenic peptide
for presentation to T cells, but in this case the peptide is
longer, usually 14–18 amino acids in length. The proximal
domains, �2 and �2, are members of the Ig superfamily.

The number of peptides that can be presented by an indi-
vidual class I or class II molecule is large. Only certain
residues in the peptide, called anchor residues, interact
specifically with the MHC molecule. The remainder of the
peptide can vary in sequence. Furthermore, the MHC is poly-
morphic and there are many different alleles within the
human population. The haploid number of genes in humans
that encode heavy chains used in class I MHC molecules is
two or three, and a diploid individual could potentially make
several different class I MHC molecules with differing
requirements for anchor residues. In the case of class II MHC,
six � and seven � genes have been identified in humans.
Thus, any individual can present very many different peptides
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to T cells. Note that since the MHC is polymorphic, different
individuals may present different peptides to T cells.

T-Cell Recognition of Peptide Antigens

T cells express a T-cell receptor on their surface, which is
able to recognize a specific peptide presented in the context of
class I or class II MHC molecules. The T-cell receptor is a
heterodimer formed by one � and one � chain, or by one �

and one � chain, as illustrated in Fig. 8.3. The great majority
of circulating T cells possess receptors formed by �� dimers.

During maturation of T cells, three or four separate
regions of the genes for � or �, respectively, are brought
together by deletion of the intervening sequences. This
process is illustrated in Fig. 8.4. The regions are the V
(variable), D (diversity), J (joining), and C (constant)
regions for �, or the V, J, and C regions for �. The V and C
regions belong to the Ig superfamily, whereas D and J are
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FIGURE 8.2 (A) Schematic representation of MHC class I and MHC class II molecules. The orientation of these
molecules at the cell surface is indicated, as are the domain structure of the extracellular portions of the proteins, the
membrane-spanning domains, and the cytoplasmic domains, and how they function in the cell. The blue and green
spheres represent bound peptide antigens. (B) Three-dimensional ribbon diagram of the structure of MHC-1 (HLA-A2),
as determined by X-ray crystallography. [From Bjorkman et al. (1987) as reprinted in Kuby (1997).]
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shorter, unrelated domains. V and J, or V, D, and J, are first
joined at the DNA level by a process that deletes the inter-
vening DNA. The combined VJ or VDJ is then joined to C
by splicing of the pre-mRNA transcript. Multiple copies
of each of the four segments exist in the germ line and
combinatorial joining of these results in a very large
number of possible � or � subunits. Furthermore, the

joining of VJ and VDJ is imprecise, and additional
diversification results from repair of the joining regions.
Combinatorial joining of � and � subunits results in the
production of an even larger repertoire of T-cell receptors.
An estimate of the possible diversity of T-cell receptors,
sometimes referred to as the theoretical repertoire, is
shown in Table 8.1. The theoretical repertoire, how many
T-cell receptors could possibly be formed, is perhaps 1018,
which is an exceedingly large number.

Once any individual T-cell develops and expresses a T
cell receptor, no further recombination occurs and the
receptor does not change thereafter. However, any individ-
ual has many, many T cells and these continue to develop
throughout life. The repertoire present in any human at any
one time certainly exceeds 108 different T-cell receptors,
expressed on different T cells.

Each different T-cell receptor is potentially able to recog-
nize a different peptide epitope (the epitope is the surface
of the peptide that interacts with the T-cell receptor). The T-
cell receptor recognizes the peptide epitope in the context
of class I or class II MHC; that is, the T-cell receptor inter-
acts with both the peptide and the MHC molecule (Fig.
8.5). The T cell cannot recognize the peptide alone or even
recognize the peptide presented by the wrong MHC mole-
cule. Similarly, the T cell cannot recognize a class I or
class II MHC molecule with the wrong peptide in its cleft.
The discovery of this requirement for dual recognition,
which was made using a viral system, resulted in a Nobel
Prize for Doherty and Zinkernagel (Table 1.1). Such a
requirement for multiple interactions is a recurring theme
in the immune system, and it has evolved because this
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TABLE 8.1 Comparison of Diversity in Human Immunoglobulin and T-Cell Receptor Genes

Mechanism of Immunogobulins �� T-cell receptors �� T-cell receptors

diversity Heavy chains Light chains � chain � chain � chain � chain


 chain � chain

Multiple germ-line 
gene segments

V 65 40 30 ~70 52 12 >4

D 27 0 0 0 2 0 3

J 6 5 4 61 13 5 3

Combinatorial joining

Combinatorial V-J-D 65 × 27 × 6 = 40 × 5 = 30 × 4 = 70 × 61 = 52 × 2 × 13 = 12 × 5 = 4 × 3 × 3 = 
combinations 1.0 × 104 200 120 ~430 1.3 × 103 60 36

D segments read in three frames Rarely — — — Often — —

Joints with N and P nucleotides 2 (1) 2 1 ?? ??

V gene pairs 1.0 × 104 × 320 = 3.2 × 106 430 × 1.2 × 103 = 5.8 × 106 60 × 36 = 2.1 × 103

Junctional diversity ~3 × 107 ~2 × 1011 ???

Total diversity ~1014 ~1018 ???

Source: Data from Janeway et al. (1999, pp. 62, 93, 158).



potent and potentially harmful system must be carefully
regulated.

The T-cell receptor is part of a complex containing
accessory molecules that are required for the function of
the receptor. Two such molecules are CD4 and CD8, and
mature T cells possess either CD4 or CD8 (but not both).
CD8 contains one Ig domain attached to a stalk region,
whereas CD4 contains four Ig domains (Fig. 8.5). CD8+ T
cells recognize peptides presented by class I MHC (Fig.
8.5A). CD4+ T cells, in contrast, recognize peptide epitopes
presented in the context of class II MHC (Fig. 8.5B). CD8
or CD4 interacts with constant regions of class I or class II
MHC molecules, respectively, and increases the binding
affinity of the T cell for its cognate MHC-peptide complex
by about 100-fold. Class I and class II MHC molecules
acquire the peptides that they present in fundamentally dif-

ferent ways and are components of two different responses
to infection by microorganisms.

Cytotoxic T Cells

Most CD8+ T cells are CTLs. A minority of CD4+ T cells
are also CTLs, but most CTLs are CD8+. CD8+ T cells are
class I MHC restricted, as described. Because class I MHC
molecules are expressed on most mammalian cells, the
major exception being neurons, which express little or no
class I MHC, most cells in an individual are capable of pre-
senting peptides to T cells in a class I MHC context. 

The peptides presented by class I MHC are derived from
intracellular proteins and represent a sampling of all pro-
teins being synthesized within the cell. The pathway
involved is illustrated in Fig. 8.6. The peptides are generated
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by proteolysis of intracellular proteins by an enzyme system
referred to as the proteasome. The proteasome is a large
complex, possessing many subunits, that is present in the
cytoplasm. It possesses ATP-dependent proteolytic activity
and is the major cellular proteolytic site other than the lyso-
some. In addition to its function in the immune response,
the proteasome is important for turnover of many proteins
within the cell and for degradation of misfolded proteins.
Peptides resulting from degradation of intracellular proteins
are actively secreted, in a process that requires hydrolysis of
ATP, into the lumen of the endoplasmic reticulum (ER) by a
transporter called TAP (TAP=transporter associated with
antigen presentation). TAP is encoded in the MHC and con-
sists of a heterodimer anchored in membranes of the ER. 

Proteins secreted into the lumen of the ER during syn-
thesis are also sampled. There is a pathway that recycles
lumenal proteins back to the cytoplasm. This pathway may
serve to rid the ER of misfolded proteins as well as

enabling the sampling of proteins destined for the plasma
membrane or other intracellular organelles. On reentry into
the cytoplasm, a cellular glyconase removes carbohydrates
from glycoproteins, and the protein backbone is degraded
by the proteasome. Thus viral proteins that are inserted into
the lumen of the ER during synthesis, such as glycoproteins
used to assemble progeny virions, are also sampled by the
proteasome/TAP pathway. 

A peptide delivered to the lumen of the ER by TAP can
be bound by a class I MHC molecule if it has the right
anchor residues. Class I MHC is associated with TAP
through a protein called tapasin, which appears to allow a
direct transfer from TAP to the class I MHC molecule. The
class I MHC molecule also interacts with the chaperones
calnexin and calreticulin. Binding of peptide stabilizes the
class I molecule and facilitates its release and transport to
the cell surface. Class I MHC that is transported without a
peptide is unstable at 37°C and is degraded. 
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The end result is that class I MHC presents a random
sampling of peptides derived from proteins being synthe-
sized within the cell for inspection at the cell surface by
any T cell that may be in the vicinity. The peptides bound to
a single isoform of class I MHC molecules present on the
surface of cells in culture have been analyzed by very sensi-
tive techniques. More than 10,000 different peptides,
present at 2 to 4000 copies per cell, were identified. This

great diversity of peptides consists mostly of self-peptides,
but peptides derived from intracellular viruses or other
intracellular pathogens will be represented if the cell is
infected. If a patrolling T cell has a receptor that binds
specifically to a peptide being presented by the class I MHC
on another cell, the T cell may become activated and may
proliferate. Once activated, CTLs kill cells that present the
epitope they recognize. In different assays, the number of
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MHC–peptide complexes required for recognition by a
CTL has been estimated to be between one and several
hundred, and may depend on the affinity of binding of the
MHC–peptide target by the T-cell receptor as well as the
state of activation of the T cell. 

The complete activation of a T cell and its proliferation
requires other signals in addition to stimulation by antigen.
One such signal is the cytokine interleukin-2 (IL-2). The
source of IL-2 is usually a class of T-helper (TH) cells (most
TH cells are CD4+, as described below). Activated TH-1
cells secrete IL-2, as well as tumor necrosis factor � (TNF-
�), interferon � (IFN-�), and other cytokines. Thus, they
help CTLs to become fully active. Proliferation of T cells
that recognize a specific peptide derived from a viral
protein means that a vigorous CTL response against an
invading pathogen ensues.

CTLs kill target cells by inducing apoptosis, a cell
suicide pathway described in a later section of this chapter.
One of three different mechanisms is used to induce apop-
tosis. These mechanisms are listed in outline form here
but are described in more detail when the apoptotic
pathway is considered. In one mechanism, the T cell
releases the contents of granules, which contain perforins
and proteases among other components, into the target
cell. Perforins form pore structures in the plasma mem-
brane of the target cell that allow ions to leach out of the
cell, and the proteases participate in the activation of cell
pathways leading to apoptosis. In a second mechanism,
apoptosis is induced by triggering the Fas death receptor
on the surface of the target cell. These two mechanisms
lead to cell death within 4–6 hr. A third mechanism uti-
lizes the TNF-� death pathway and is a slower process,
leading to cell death in 18–24 hr. Killing of target cells is
a drastic response and the CTL pathway is directed toward
eliminating internal pathogens, usually viruses. Because
early proteins encoded by the virus can be sampled by the
MHC–T-cell receptor pathway, as well as late proteins, it
is possible for a T cell to kill a virus-infected cell before it
has time to synthesize much progeny virus. Many viruses
counter this pathway by interfering with the ability of an
infected cell to express class I MHC at its surface, as
described below.

Although three killing mechanisms are used by different
CTLs, they are not redundant. Mice that lack the perforin
gene are unable to control infection by lymphocytic chori-
omeningitis virus and half die within a month of infection.
This virus is not pathogenic in normal mice or even in
immunocompromised mice. Thus death must result from
immunopathology caused by an unbalanced or incomplete
T-cell response.

Since the class I pathway presents peptides derived from
self as well as from viruses that may have infected the cell,
how then do the CTLs know not to kill cells expressing
self-antigens? The answer lies in part in the selection of an
appropriate repertoire of T cells. T cells bearing T-cell

receptors recognizing many different possible peptide anti-
gens are thought to arise by random combinatorial joining
and diversity-inducing processes. T cells undergo their
early differentiation in the thymus, where selection occurs.
Only T cells that express a T-cell receptor capable of recog-
nizing class I MHC bearing a peptide are selected (called
positive selection); T cells that do not express an appropri-
ate receptor die. However, if such a T-cell receptor has a
high affinity for self-peptides present in the thymus, then
that T cell also dies (called negative selection). In this
process of selection only about 2% of T cells survive and
most of these encode receptors that recognize non-self anti-
gens. These T cells are released into the circulation to patrol
for cells that are infected by viruses or other intracellular
pathogens. 

A second level of control that reduces the incidence of
reaction against self lies at the level of cytokine induction.
Virus infection or infection by other parasites usually
leads to tissue damage that produces an inflammatory
response resulting from the release of cytokines.
Cytokines such as IL-2 are required as a second signal for
CTL activation, and cytokines such as IFN-� upregulate
the presentation of antigens by MHC molecules as well as
other aspects of the immune response. Thus, the inflamma-
tory response makes it more likely that T cells will
respond to antigens that they recognize. Furthermore, once
activated, CTLs undergo apoptosis if the cytokine signals
are no longer present, thus damping out autoimmune
responses.

Killing of virus-infected cells by CTLs in an effort to
eradicate viral infection relies on the ability of the cells of
most organs to regenerate from progenitor cells. In this
context it makes sense that neuronal cells express only low
levels of class I MHC. These cells are terminally differenti-
ated and nondividing, and if killed by a CTL they are
unable to regenerate. 

Although the ability of CTLs to kill virus-infected cells
is well established, recent findings indicate that CTLs, as
well as other activated cells of the immune system, may
also use noncytolytic means to control and potentially clear
many virus infections. This control is thought to be
achieved by the secretion of cytokines such as IFN-� and
TNF-�. Dengue virus infection in the brains of mice is one
example in which noncytolytic clearance appears to be
important. During dengue virus infection of neurons, CTLs
are actively recruited into the brain and are essential for the
clearance of virus in immunized mice, at least under some
conditions. Neurons are immunologically privileged, as
noted above, and noncytolytic mechanisms of control are
thought to be involved. Hepatitis B virus infection of hepa-
tocytes is another system in which there is evidence that
noncytolytic control is important. Other examples are also
known. Noncytolytic clearance does not appear to be uni-
versal, however. It appears to be possible only in some
tissues and for some viruses.
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FIGURE 8.7 Ribbon diagram of an immunoglobulin light chain depicting the immunoglobulin-fold struc-
ture of its variable and constant domains. Two � pleated sheets in each domain (colored in red and pink in the
constant domain and yellow and brown in the variable domain) are held together by hydrophobic interactions
and a single disulfide bond (dark bar). The hypervariable regions (HV), shown in blue, form part of the antigen
binding site. [Adapted from Kuby (1997, p. 113).]

T-Helper Cells

Most CD4+ T cells are helper cells. Some CD8+ T cells
are also helper cells, but most helper cells are CD4+. CD4+

T cells recognize peptides presented in the context of
class II MHC molecules—they are referred to as class II-
restricted cells. Class II MHC molecules, unlike class I, are
present on only a restricted set of cells within the organism
and are most abundant on B cells, macrophages, dendritic
cells, and, in humans, activated T cells, that is, cells of the
immune system itself. 

The peptides presented by class II MHC molecules are
derived from extracellular proteins, and thus these MHC
molecules sample the extracellular environment. Proteins,
whole viruses, or other microorganisms are taken up by
antigen-presenting cells and degraded within intracellular
organelles. Peptides derived from these sources can be
bound by class II MHC molecules being transported to the
cell surface. The peptides derived from this pathway are
kept separate from peptides generated through the protea-
some/TAP pathway, and the end result is that the class II
pathway presents peptides derived from the external envi-
ronment, whereas the class I pathway presents peptides
derived from the intracellular environment (Fig. 8.6).

Professional antigen-presenting cells present peptides to
class II-restricted T cells. They also express accessory pro-
teins that deliver a second signal to the T cell that is
required for its activation. Professional antigen-presenting
cells may be macrophages, B cells, or dendritic cells. When
a TH cell is activated by the interaction of its receptor with
its target peptide presented by class II MHC, and the appro-
priate second signals are present, the cell proliferates and
secretes cytokines that are important for eliciting an
immune response. 

TH cells are not homogeneous. Different TH cells secret
different panels of cytokines and have different functions in
the immune response. Two main types have been recog-
nized, which perhaps represent extremes in function. TH-1
cells are highly effective for CTL activation and function in
the cellular immune pathway. TH-2 cells are optimal for the
activation of B cells and function in the humoral immune
pathway. They secrete IL-4, IL-5, IL-6, and IL-10. TH-1 and
TH-2 cells can be mutually antagonistic. The cytokines
secreted by one suppress the other, and a balanced immune
response often requires a balanced activation of these two
classes of helpers. TH-2 cells usually deliver their cytokine
signals directly to the B cells that they help, following
cell–cell contact. TH-1 cells, in contrast, do not deliver their
signals directly to the T cells that they help.

B Cells and Secretion of Antibodies 

B cells, so named because they are derived from the
bone marrow in mammals, secrete antibodies, which are
members of the Ig superfamily. The essential subunit of an
antibody is a heterodimer of a heavy (H) chain (which has
four or five Ig domains) and a light (L) chain (which has
two Ig domains). This subunit is always present as a dimer
in which two H-L heterodimers are linked through the H
chains. The structure of a light chain, as determined by 
X-ray crystallography, is shown in Fig. 8.7. This structure
illustrates the Ig fold that is common to all Ig domains. 

The five classes of antibodies are illustrated in Fig. 8.8.
An IgG molecule consists of a dimer of H-L heterodimers
in which the H chain is of the � class. IgD and IgE antibod-
ies are also dimers of H-L heterodimers, but in this case the
H chains are of the � or  class, respectively. IgA antibodies
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FIGURE 8.8 Structure of the five different classes of secreted immunoglobulin molecules. Note that IgM and
IgA are secreted as pentamers and dimers, respectively, linked by a J chain. [Adapted from Gally (1973).]

contain four H-L heterodimers (it consists of a dimer of the
dimeric unit, as shown). In this case, the H chain is of the �
class. IgM contains 10 H-L heterodimers (it is a pentamer
of dimeric units) formed with � H chains. 

A more detailed representation of an IgG molecule is
shown in Fig. 8.9. The terminal domains of both H and L
chains are variable. Within the variable domains, there are
regions that are more variable than other regions, called
hypervariable regions. The combining site of the antibody,

the region that specifically binds to an antigen recognized
by the antibody, is formed by the variable regions of both
the H and L chains. 

Formation of Light and Heavy Chains

The L and H chains of antibody molecules are formed in
a process that is similar to that used to form T-cell recep-
tors. The two Ig domains of the L chain are called V (for
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variable) and C (for constant), and between these two
domains is a J (for joining) domain. All three domains are
encoded separately in the genome. There are multiple
copies of V and J in the genome (Table 8.1), and these gene
segments are polymorphic in the population. During matu-
ration of a B cell, a V-gene segment, a J-gene segment, and
a C region are brought into juxtaposition to one another, as
illustrated in Fig. 8.10A. In this process, a V-gene segment
is fused to a J-gene segment by deleting the intervening
DNA. The C region is brought into play by RNA splicing:
transcription of the VJ region continues through the C
region, and splicing of the pre-mRNA joins the J region to
the C region. The heavy chain is formed by a similar
sequence of events, but in this case there is an additional
gene segment D (for diversity) that introduces additional
diversity in the recombination process. As for the light
chain, there are multiple copies of V, D, and J in the genome
(Table 8.1), and the population is polymorphic for these

gene segments. During B-cell maturation, a D-gene
segment is first joined to a J segment, and the DJ segment is
then joined to a V segment (Fig. 8.10B). Recombinational
rearrangements to form the antigen binding site occur only
during the maturation of the B cell; once it is mature, no
further rearrangements occur in this region. 

The many combinatorial possibilities of V and J light-
chain gene segments, and of V, D, and J heavy-chain gene
segments, lead to the possible production of a very large
number of light chains and heavy chains (Table 8.1). In
addition, joining V with J, or joining V, D, and J, is impre-
cise, leading to additional diversity. Finally, joining an L
chain with an H chain to form the heterodimer generates
still more possible antigen recognition sites, since the anti-
body recognition site is formed by the V regions of both the
H and the L chains. The total number of possible combina-
tions is very large (Table 8.1). It is important to note that
any individual B cell usually produces only one H chain
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and one L chain, and thus each B cell produces only one
antibody recognition site. 

Activation of B Cells

During maturation of B cells, a large population of cells
results, each of which has one antibody combining site. The

theoretical repertoire, how many different types of B cells
could conceivably be produced using the known mecha-
nisms that are active during B-cell development, is thought
to be much larger than the minimal estimate of 1014 shown
in Table 8.1. In humans there may be 1010 B cells with dif-
fering specificities circulating at any time, and it is esti-
mated that about 1 in 105 cells produces an antibody that
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will bind, with differing affinities, to any particular antigen
that is being examined. 

The antibody molecule is first produced as an integral
membrane protein that is displayed on the surface of the B
cell, anchored through a membrane-spanning region and
containing an intracellular cytoplasmic domain. If the
antibody displayed on the surface of the cell binds
antigen, the B cell is activated. If the cell receives a
second signal from a TH-2 cell, it proliferates to form cells
that secrete antibody. Memory cells also arise that serve to
protect the organism from future infection by the same
pathogen.

The TH-2 cell signal may be delivered to the B cell either
through a specific pathway or through a nonspecific
pathway. Antigen, which could be in the form of a whole
virus or in the form of a protein, that is bound to antibody
present on the surface of the B cell can be internalized by
the B cell and degraded by the MHC class II antigen-
processing pathway. Peptides derived from the degraded
virus or protein can then be presented on the surface of the
B cell in the context of class II MHC molecules. Class II-
restricted T-helper cells that recognize this peptide will
secrete cytokines that stimulate the B cell to proliferate and
secrete antibodies. Note that the peptide displayed by the
class II molecule does not have to be related to the epitope
recognized by the antibody displayed on the B-cell surface.
It may, in fact, be derived from an entirely different protein.
Thus, while T cells respond to peptide epitopes, the anti-
body molecules can recognize much more complex anti-
gens, such as whole proteins or viruses. The epitopes
recognized by antibodies are most often what are called
conformational or nonlinear epitopes, which are formed by
residues physically located at different places in the linear
sequence of the protein but which form a contiguous
surface in the protein after it folds into its three-
dimensional conformation. Such discontinuous epitopes are
destroyed if the protein is denatured and the different com-
ponents of the epitope separated from one another. A
certain fraction of antibodies, however, recognize continu-
ous epitopes, which are formed by a linear sequence of
amino acids present in the protein.

In addition to specific activation of B cells by T-helper
cells, B cells can also be activated through area stimulation.
If a B cell is in the vicinity of T-helper cells that are releas-
ing cytokines to activate B cells, it may also be stimulated.
The importance of area stimulation, and the frequency with
which it occurs, in the context of fighting off a viral infec-
tion is not clear. In many cases of viral infection, a general-
ized and active inflammatory response occurs that involves
the release of many cytokines, and in which many different
antigens are being presented. Area stimulation could be
important in developing a rapid response during such
events. However, in such a process antibodies against self
might also be produced, and such processes must be
controlled.

Secretion of Antibodies

A B cell stimulated by exposure to its cognate antigen
and by help from a TH-2 cell proliferates and begins to
secrete antibodies. The first antibodies secreted are IgM,
whose structure is illustrated in Fig. 8.8. IgM antibodies,
which circulate in the blood, can be detected as early as a
few days after virus infection. Their production quickly
wanes and over a period of weeks or months the concentra-
tion of IgM in the blood decreases to very low or unde-
tectable levels, as illustrated schematically in Fig. 8.11.
Thus the presence of IgM antibodies specific for a virus is
usually a sign of acute, or at least very recent, infection. 

During further maturation of the B cell, class switching
occurs, as illustrated in Fig. 8.12. Recombinational events
in the heavy-chain region lead to the substitution of the
IgG, IgE, or IgA heavy chain for that of IgM. Homologous
recombination within the intron just downstream of the J
gene results in deletion of the intervening DNA such that
the active VDJ gene is brought into contact with the C
region of a different class of heavy chain. The order of
heavy-chain genes in the mouse chromosome is ����
(Figs. 8.10 and 8.12), and class switching can happen either
sequentially (IgM to IgG to IgE to IgA) or directly (e.g.,
IgM to IgE without passing through an IgG phase). 

Production of IgG (or of IgE or IgA) thus occurs later
after infection (illustrated schematically in Fig. 8.11). At
least 2 weeks are required before there is production of
large amounts of IgG. Once a cell begins to make IgG, it is
no longer able to make IgM because the gene encoding the
M heavy chain (C� in Fig. 8.12) has been deleted. It is
important to note that the antigen combining site of the IgG
antibody is identical to that produced by the earlier IgM
because the V region of the H chain is the same. 
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IgG circulates in the blood and therefore very many cells
exposed to blood and blood products are exposed to IgG.
Although production also wanes with time, IgG remains
circulating in the blood for years or decades. Because of
this, and the ease of obtaining blood samples, IgG has been
extensively used to monitor past exposure to different
pathogens and the immune status of individuals for any par-
ticular pathogen. As illustrated in Fig. 8.11, on a second
exposure to an antigen, IgG concentrations rise dramati-
cally and remain in the circulation at much higher levels.
IgM concentrations do not show this anamnestic effect. 

Because of its widespread circulation within the body,
its high concentrations, and the anamnestic effect that
occurs on secondary exposure, IgG is important in the
control of viral diseases. It is also important in protecting
the fetus and the very young. IgG crosses the placenta
during pregnancy and is present in fetal blood. This trans-
fers maternal immunity to the fetus, and this immunity lasts
for the first few months of postnatal life.

IgA is also present in the blood, but its importance lies
in the fact that it is secreted. It is present on mucosal sur-
faces where it helps prevent viral diseases such as those
caused by rhinoviruses or influenza viruses in the respira-
tory tract or by rotaviruses or enteroviruses in the intestinal
tract. It is present in secretions such as tears, saliva, and
genital tract secretions, where it plays an antiparasite role.
Because it is present in milk, it also serves to transfer
maternal immunity to the gut of the infant. 

IgE is important for control of infection by multicellular
parasites. It can bind to mast cells via specific receptors and
cause an inflammatory response, leading to the destruction
of parasites. It is IgE that produces allergic symptoms that
occur when pollen granules or mites or other comparatively
large particles are attacked by IgE, producing an inflamma-
tory response. 

IgD is present in a membrane-bound form at the surface
of immature B cells, along with IgM, where it helps in the
activation of the cell on exposure to antigen as described
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above. It is also present in very small amounts in the blood.
There is no class switching mechanism to express IgD and
it is only produced in combination with IgM by means of
differential splicing of mRNAs.

Although the B-cell repertoire first arises by combinator-
ial joining of the V and J light-chain gene segments and of
V, D, and J heavy-chain gene segments, the antibody
response is fine tuned once a B cell has been activated.
There is an error-inducing mechanism during B-cell repli-
cation in which the genes encoding the V segments of both
heavy and light chains undergo hypermutation. This activity
takes place in germinal centers of the lymph node and there
is concurrent selection for B cells that bind more tightly to
the antigen. Over a period of time B cells are selected that
bind to the antigen with higher and higher affinity.
Hypermutation in germinal centers has been postulated to
play a role in the development of Burkitt’s lymphoma, as
described in Chapter 6.

Antibodies may bind to a virus and neutralize its infec-
tivity, and such neutralizing antibodies are thought to be of
critical importance in controlling virus infection. However,
other antibodies may bind to a virus without inactivating it
and such non-neutralizing antibodies can be protective.
There are several mechanisms by which non-neutralizing
antibodies may protect. Aggregation of virions by antibod-
ies leads to a reduction in the total number of infectious
viruses. The maturation of enveloped viruses by budding
through the cell plasma membrane can be inhibited by the
binding of antibodies to viral proteins present on the
surface of the cell. Antibody-dependent lysis of an infected
cell can occur by a complement-mediated pathway or by a
natural killer cell pathway called antibody-dependent cell-
mediated cytotoxicity. These pathways are triggered by the
binding of antibody to viral protein expressed on the cell
surface. Complement and natural killer cells, which are
components of innate immunity as well as of acquired
immunity, are described below. Other mechanisms that
result in protection by antibodies also exist.

Immunological Memory

In the course of the B-cell response, memory B cells are
formed. Memory B cells persist after the antigen disappears
from the body, and are primed to react quickly and vigorously
on renewed stimulation by the cognate antigen. Renewed
activity of memory B cells still requires T-helper cell stimula-
tion, but the secondary response leads to immediate produc-
tion of antibody of high affinity, because there is no need for
a long maturation process, and is so vigorous that it results in
the production of much larger amounts of antibody than are
produced during a primary response (Fig. 8.11).

Memory T cells are also generated in the course of an
immune response. After expansion of T-cell clones follow-
ing stimulation by the cognate antigen, most activated T

cells die by apoptosis when no longer stimulated by the
presence of antigen and cytokines. Immunological memory
remains, however. It has been widely thought that such
memory requires a continuous supply of antigen with
which T cells interact. This antigen might be present
because the virus establishes a chronic infection, or antigen
might be sequestered in regions of the body and made
available over an extended period of time. It is even possi-
ble that T cells continue to be stimulated because of cross
reactivity with self antigens. Data are now accumulating,
however, that memory T cells exist in a quiescent state for
long periods of time and are capable of rapid reactivation
on renewed exposure to antigen. Thus, memory in T cells
may be similar to memory in B cells.

It is the existence of memory cells that renders an
animal immune to the virus or other pathogen that first
evoked the immune response. Memory cells are primed for
such a rapid and vigorous response that the invading organ-
ism is stopped early during the infection process, before
disease is established. Residual antibodies circulating in the
blood or present on mucosal surfaces may even prevent
infection altogether (sterilizing immunity). 

The immune status of an individual is often tested by
examining the blood for the presence of antibodies. Such
an assay is imperfect, however. The presence of antibodies
in the blood is usually a good indication that a person is
immune. Such antibodies fade with time, but in many cases
a person remains immune despite the absence of detectable
antibodies in the blood, because memory cells that are
primed to react quickly are still present. 

Complement System

The complement system is composed in part of more
than 20 soluble proteins that circulate in the blood. These
proteins are activated through a proteolytic cascade to
produce effector molecules that aid in the control of viral
infection or infection by other pathogens. Complement
forms part of both the adaptive immune system and the
innate immune system. Its activities turn antibodies into
effective killers of viruses or of virus-infected cells, as well
as of other pathogens, and in this role it is a component of
the adaptive response. Complement can also be activated
by interaction with parasites in the absence of antibody,
however, and in this role it is a component of the innate
responses.

The classical pathway of complement activation (an
adaptive response) involves interaction of a complex of
complement molecules called C1 with IgG or IgM. This
could be IgG or IgM bound to antigen present at the surface
of an infected cell or a bacterium, for example. The alterna-
tive pathway of complement activation (innate response)
does not involve interaction with antibody, but rather
requires the deposition of a molecule called C3b on the



318 Host Defenses

surface of a particle, such as a parasite. Once bound, C1 or
C3b interacts with other components of the complement
system. The result is the activation of a cascade of proteases
whose cleavage activities result in the formation of effector
molecules. One group of effector molecules forms a
complex that inserts into the lipid bilayers of cell mem-
branes and results in the lysis of the cell. Many enveloped
viruses can also be killed by this lytic mechanism. The
system must be finely regulated so that activated compo-
nents of complement are produced only in response to
pathogens and so that cell killing is confined to infected
cells or parasites. Control of complement activation and
action is therefore suitably complicated.

Other effector molecules that result from activation of
complement have activities that aid in the control of viral
infection or infection by other parasites by mechanisms
other than cell lysis. Some products enhance the neutraliza-
tion of viruses by antibody. By binding to virus that is
coated with antibody, they render the virus less capable of
binding to its receptor; cause aggregation of the virus,
resulting in fewer infectious units; and increase the uptake
of viruses by phagocytic cells (a process called opsoniza-
tion). Other molecules induce an inflammatory response, in
part by inducing the release of agents by mast cells and
basophils, or help in the activation of B cells, or help in the
clearing of immune complexes.

Numerous studies have shown that complement is
required for an effective immune response. As one
example, mice lacking a receptor for an early product of the
complement cascade, called C3d, are unable to mount an
antibody response. As a second example, depletion of com-
plement in mice leads to a prolonged viremia and a more
severe central nervous system disease on infection by
Sindbis virus. As a third example, people are known who
are genetically deficient for components of the complement
pathway. Many suffer from immune-complex diseases as a
consequence, because they are unable to effectively clear
immune complexes. They also suffer from an increased
incidence of bacterial infections.

Adaptive Immunity in the Control of 
Virus Infection

It has been conjectured that the two arms of the adaptive
immune system evolved to fight off different pathogens. The
CTL response seems well adapted for the control of viral
infections, because these pathogens replicate intracellularly,
but less well adapted for controlling extracellular pathogens
such as bacteria or protozoa. Conversely, the humoral
response and the associated complement system seem better
adapted for the control of extracellular pathogens. Consis-
tent with this model, children who are deficient in the pro-
duction of antibodies do not in general show an increased

susceptibility to viral diseases but do show a marked
increase in susceptibility to bacterial infection. Children
unable to make gammaglobulin, for example, recover nor-
mally from infection by measles virus and are immune to
reinfection, demonstrating the importance of T-cell immu-
nity in this disease. Conversely, impairment of CTL function
in children often leads to increased frequency and severity
of virus infections. Such findings suggest that CTLs evolved
primarily to deal with viral infections and remain of prime
importance in dealing with viral infections, whereas the
humoral system evolved to deal with infections by free-
living organisms such as bacteria, protozoa, and yeast.

Although this model may well be correct, it is clear that
humoral antibodies are also important in the control of viral
disease. Many experiments have shown that passively trans-
ferred antibodies alone can protect against viral infection.
Further, whether reinfection by a virus results in disease or
asymptomatic infection is often correlated with the level of
antibodies against the virus in the blood. These observations
are particularly relevent to the protection of an unborn or
newborn child from viral disease. Maternal antibodies are
actively introduced into the fetal bloodstream during
intrauterine development. Such antibodies are critical for
the protection of the fetus and the newborn against viral
infections early in life before its own immune system devel-
ops. It is also clear that neutralizing antibodies are of prime
importance in preventing reinfection by at least some
viruses, such as influenza virus. Previous infection leading
to a vigorous T-cell response directed against many of the
viral proteins does not protect against subsequent reinfec-
tion by variants which are altered only in their surface gly-
coproteins. As another example of the importance of
humoral antibodies in combating viral infections, CTL-
induced cytolysis is not very effective in the control of viral
infection of the brain. Neurons are terminally differentiated
and cannot be replaced, and express only low levels of MHC
class I molecules. However, CTLs do appear to be important
in control of viral infections in the brain, perhaps because
they secret IFN-� when activated. Other mechanisms
involving humoral antibodies are also probably important. It
has been shown in a mouse model that humoral antibodies
can cure persistently infected neurons of viral infection.

Thus, a broad and varied immune response to viral
infection is important for both the suppression of the origi-
nal virus infection and in evoking a status of immunity to
subsequent reinfection by the virus. Experiences with vac-
cines used in humans support this idea. Some vaccines have
been found to provoke an unbalanced response that renders
subsequent infection by the virulent virus more serious.

Vaccination against Viruses

For most viruses, once a person has been infected and
recovered, he or she is immune to subsequent reinfection
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by the same virus. This is the concept behind immuniza-
tion, also called vaccination, in which a person is exposed
to a virus, either live or inactivated, or to components of the
virus, in order to establish the immune state. 

Live Virus Vaccines

Immunization has been practiced for centuries, having
been introduced a millennium ago for smallpox. In a
process called variolation, less virulent strains of smallpox
virus were introduced into humans by intranasal inocula-
tion. The disease induced by this procedure had a lower
fatality rate than that caused by the epidemic disease
(although the fatality rate was still significant), and the
extent of pocking or scarring was less (which was of impor-
tance to people concerned with their appearance). This
technique was greatly refined about 200 years ago by
Jenner, who immunized people against smallpox with a
nonhuman virus derived from cows. Cowpox virus is anti-
genically related to smallpox virus and induces immunity to
smallpox, but does not cause a severe disease as does
smallpox. This immunization procedure was very success-
ful and smallpox has now been eradicated using modern
versions of Jenner’s original vaccine. The process of using a
nonhuman virus to induce immunity in humans against a
related human virus has been referred to as “the Jennerian
approach.” Jenner’s use of cowpox virus to immunize
against smallpox gave us the name “vaccination” and
“vaccine,” from the Latin word for cow.

Since Jenner’s time, other approaches to vaccination have
been developed. Rather than using a nonhuman virus as a
vaccine, it is more common to use an attenuated strain of a
virulent human virus. Attenuation has classically been
achieved by passing the virus in animals or in cultured cells
from animals. Passage selects for viruses better adapted to
grow in the nonhuman host, and often results in a virus that
is attenuated in humans. One of the earliest vaccines to be
developed in this way was a rabies vaccine developed by
Pasteur by passing the virus in rabbits. A more modern
method for producing a vaccine strain, which is still often
used today, was introduced by Theiler and Smith, who pas-
saged virulent yellow fever virus in chicken tissue and
chicken cells in culture. After 100 passages, a marked change
in virulence of the virus occurred. Although the passaged
virus retained its ability to infect humans, it no longer caused
disease. Passage of virus in tissue culture cells and selection
of attenuated variants has been used to produce vaccines for
measles, mumps, and rubella, among others. With modern
technology, it is now possible to introduce mutations into a
viral genome that might be expected to attenuate the virus
and to test the effects of such mutations in model systems
(see Chapter 9). Although no currently licensed human vac-
cines have been produced in this way, it is expected that this
approach will be useful for future vaccines.

In a few cases it is possible to infect humans with a viru-
lent virus in a way that does not lead to disease. Oral vac-
cines have been developed for adenoviruses 4 and 7 in
which the virus is encapsulated in a protective coating that
does not dissolve until the virus reaches the intestine. The
viruses replicate in the intestine but do not produce disease,
although they do induce immunity against adenovirus respi-
ratory disease. 

Live virus vaccines in general induce a more protective
and longer lasting immunity than do inactivated virus vac-
cines. They replicate and therefore produce large amounts of
antigen over a period of days or weeks that continues to stim-
ulate the immune system. Furthermore, the viral antigens are
presented in the context of the normal viral infection and
these vaccines induce the full range of immune responses,
which includes production of CTLs as well as antibody. Live
virus vaccines may be more effective than inactivated vac-
cines in eradicating the wild-type virus from a society. As
described in Chapter 3, an inactivated poliovirus vaccine
protects the individual from disease but it does not prevent
the wild-type virus from circulating. Finally, live virus vac-
cines are cheaper to produce than inactivated virus vaccines
because a single dose containing smaller amounts of (live)
virus is usually sufficient to induce immunity.

Although they have many advantages, live virus vaccines
also suffer from a number of potential problems. Attenuating
the virus sufficiently so that it does not cause disease while
retaining its potency for inducing immunity can be difficult
to achieve. For example, many viruses quickly become over-
attenuated on passage, losing their ability to induce immunity
on infection of humans. Another problem is the potential for
reversion of the virus to virulence and the possible virulence
of the attenuated virus in normal or, especially, immunocom-
promised people. The early poliovirus type 3 vaccine caused
a number of cases of polio because the virus reverts fairly
readily to virulence. Today, reversion is not a problem but
about 10 vaccine-related cases of paralytic polio occur every
year in the United States due to residual virulence of the
virus (Fig. 3.4). Certain lots of yellow fever virus vaccine
have also been found to contain partial revertants that can
cause encephalitis, especially in infants. Because of this, each
lot of yellow fever vaccine must be carefully monitored for
virulence and vaccination of infants under 6 months of age is
not recommended. Despite this care, a few deaths from
vaccine-induced yellow fever have occurred very recently.

Interference caused by activation of the innate immune
system can also cause problems. The effectiveness of a live
virus vaccine may be diminished because of interference
from a preexisting infection. Interference also makes it
difficult (although not impossible) to immunize simultane-
ously against multiple viruses when using live virus vaccines.
Problems can arise from the presence of adventitious infec-
tious agents in the vaccine, since it has not been treated with
inactivating agents. Early lots of the live Sabin poliovirus
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vaccine were contaminated with SV40, for example, which
was present in the monkey kidney cells being used to prepare
the vaccine. Millions of people were unknowingly infected
with SV40, which fortunately appears to cause no disease in
humans. Finally, living viruses are often unstable, making it
difficult to transport vaccines over long distances and to store
them so that they maintain their potency, a problem that is
more acute in developing tropical countries. 

Although there are potential difficulties, live virus vac-
cines have many advantages and have been extremely suc-
cessful in the control of viral diseases. Smallpox virus has
been eradicated, measles virus and poliovirus are on the
brink of eradication, and many other serious diseases have
been controlled by live virus vaccines. A partial list of cur-
rently licensed live virus vaccines is given in Table 8.2.

Inactivated Virus and Subunit Vaccines

The second general approach to vaccination is to use
inactivated virus or subunits of the virus, such as the
surface proteins of the virus. The original Salk poliovirus
vaccine and current vaccines against influenza and rabies

viruses use inactivated virus. For these vaccines, virus is
prepared and purified, and virus infectivity is destroyed by
treatment with formalin or other inactivating agents. These
inactivated viruses are injected, often intermuscularly, and
induce an immune response. Subunit vaccines, on the other
hand, are usually produced by expressing the surface pro-
teins of a virus in a cell culture system. The proteins are
purified and injected. Licensed subunit vaccines include the
modern vaccine against hepatitis B virus. 

Inactivated virus vaccines or subunit vaccines suffer
from a different set of problems from live virus vaccines,
but in turn have a number of advantages. Their advantages
include the fact that they are usually stable; that interfer-
ence by infection with other viruses does not occur; and,
with proper monitoring, viral virulence is not a problem.
Their stability makes transport and storage of the vaccines
easier and more reliable. Their insensitivity to interference
makes it possible to immunize against many viruses simul-
taneously. The fact that the viruses are inactivated, or that
no live virus was ever present in a subunit vaccine, means
that no virus infection occurs with its potential for disease.
Early lots of the Salk inactivated poliovirus vaccine were
contaminated with live poliovirus, which resulted in a

TABLE 8.2 Characteristics of Antiviral Vaccines

Live attenuated Inactivated virus and
virus subunit vaccines

Currently licensed vaccines Poliovirus (Sabin) Poliovirus (Salk)

Measles Influenza

Mumps Rabies

Rubella Hepatitis B

Yellow fever Hepatitis A

Vaccinia Japanese encephalitis

Varicella-zoster Western equine encephalitis 
(experimental)

Rotavirusa

Adenovirus (in military recruits)

Junin (Argentine hemorrhagic fever)

In addition, live attenuated vaccines for the following viruses are close to release to the public: human cytomegalovirus, hepatitis A,
influenza, dengue, human parainfluenza, and Japanese encephalitis.

Characteristics of the immune responseb

Antibody induction (B cells) +++ +++

CD8+ cytotoxic T cells +++ –

CD4+ helper T cells +++ +++

Reactivity against all viral antigens Usually Seldom

Longevity of immunity Years/decades Months/years

Cross reactivity among viral strains +++ +

Risk of viral disease + –

Source: Data for this table came from Granoff and Webster (1999, p. 1862) and from Fields et al. (1996, p. 371).
aThe licensed rotavirus vaccine had been withdrawn from the market, pending evaluation of risk of intussusception in infants.
bThe number of plus signs indicates the strength of the positive response; a minus sign indicates no response or no risk (last line).
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number of cases of polio caused by the vaccine, but better
methods of inactivation and of monitoring residual infec-
tivity have solved this problem. 

Difficulties with these vaccines include the expense of
preparing the large amounts of material required, the neces-
sity for multiple inoculations, and the failure to induce a
full range of immune responses. Because no virus replica-
tion occurs, large amounts of material must be injected to
induce an adquate immune response. Further, lack of virus
replication means that an inflammatory response required
for an efficient immune response must be obtained in some
other way. In practice, inactivated virus or subunit vaccines
are designed to provoke only a very limited inflammatory
response, and multiple immunizations are usually required
in order to achieve effective immunity. Even so, a full range
of immunity is not achieved. Worse, in two cases immu-
nization with inactivated virus resulted in more serious
illness on subsequent infection with epidemic virus.
Inactivated virus vaccines against measles virus and respi-
ratory syncytial virus did not protect against infection by
the respective viruses, and led to the development of atypi-
cal disease that was more severe than that caused by the
viruses in nonimmume people. The measles vaccine was
subsequently replaced with a live virus vaccine, which has
been very successful, but no successful vaccine has yet
been developed for respiratory syncytial virus.

Despite these problems, many successful vaccines have
been introduced that use inactivated viruses or subunits of
viruses. Some of these are listed in Table 8.2. 

Modern biotechnology makes possible another approach
to subunit vaccines, the use of a nonpathogenic virus as a
vector to express proteins from a virulent virus. This
approach potentially overcomes many of the disadvantages
of inactivated virus vaccines, or of subunit vaccines based
on purified components, because the antigens are presented
in the context of a viral infection and in a native conforma-
tion. To date, none of the licensed vaccines use this proce-
dure, but clinical trials are in progress or are planned to
begin soon for a number of such vaccines. Two examples
will be cited. In one series of trials, vaccinia virus is being
used to express the HIV surface glycoproteins. Antibodies
to the HIV glycoproteins are induced, but whether they are
protective remains to be determined. In another series of
trials that will begin shortly, the vaccine strain of yellow
fever virus has been engineered to express the surface gly-
coproteins of Japanese encephalitis virus, of dengue virus,
or of West Nile virus. Based on the successful use of yellow
fever vaccine for more than 50 years, the prognosis is good
that these new vaccines will be successful. The use of
viruses as vectors is covered in more detail in Chapter 9.

DNA Vaccines

A new and potentially exciting approach to vaccination
is to inject DNA that encodes genes whose expression leads

to immunity to a virus. This approach has only been tested
in model systems to date, but the results are promising.
Plasmid DNA containing the gene for, say, a surface glyco-
protein of influenza virus under the control of a general
mammalian promoter is injected intramuscularly. Muscle
cells take up DNA and import it into the nucleus, a surpris-
ing finding. Expression of the influenza gene may elicit an
immune reaction against the encoded influenza protein.
This method of immunization has many potential advan-
tages. The encoded protein is made intracellularly and
therefore a CTL response is generated, because peptides are
presented by class I MHC molecules. In addition, the pro-
teins are made and are present in a native conformation,
which may make possible the production of antibodies
against a wider range of conformational epitopes. Other
advantages include the fact that multiple proteins can be
encoded in plasmid DNA, which allows immunization
against multiple products of one virus or against several
different viruses, and that cytokine genes can also be
present in the plasmid, which can lead to a stronger immune
response and direct the immune response toward desired
pathways. Another important feature is that the expression
of the foreign protein continues for some time, potentially
leading to a better immune response. Finally, plasmid DNA
is easy to modify to express different genes, cheap to make
in quantity, and easy to purify. Once safety trials have been
conducted for a DNA vaccine, it should be possible to
modify it to express antigens from other viruses with
minimal safety concerns.

Vaccine Development: The Example of Measles Vaccines

Vaccines against viruses have been enormously success-
ful in controlling viral diseases that have plagued mankind
for millennia. Smallpox virus has been eradicated world-
wide, poliovirus has been eradicated from the Americas and
may be eradicated worldwide within the next few years, and
many epidemic diseases have been controlled, at least in
regions that have access to the vaccines. As an example of
potential difficulties in vaccine development, however, the
measles virus vaccines will be discussed. Measles virus 
is ubiquitous. At one time, virtually the entire population
of the world was infected by the virus as children. Even
today, measles is prevalent in many areas of the world 
(Fig. 8.13A), despite extensive vaccine coverage 
(Fig. 8.13B). Measles can be a serious illness, with
significant mortality and debilitating sequelae (Chapter 4).
Concerted efforts to produce a vaccine began many years
ago. One early measles virus vaccine, used from 1963 to
1967, was made with inactivated virus. Vaccination with
this vaccine potentiated a more serious illness when a
person was infected with the epidemic virus, however, char-
acterized by a more severe rash and called “atypical
measles.” The atypical disease is thought to be produced by
an atypical or unbalanced T-cell response to the virus fol-
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FIGURE 8.13 Worldwide incidence of measles and immunization coverage for measles. (A) Reported incidence rate
of measles per country is shown as cases per 100,000 population as of August 14, 1998. (B) Coverage of infants with
measles vaccine. Data shown are as of August 1998. [From maps on the web site of WHO International,
http://www.who.int/vaccines-surveillance/graphics/ NY_graphics/meainc.htm and http://www.who.init/vaccines-sur-
veillance/graphics/NY_graphics/meacovmap.htm.]
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lowing immunization. This response controls virus infec-
tion only poorly and leads to collateral damage from T-cell
attacks on virus-infected cells. An attenuated virus vaccine
was more successful. The first live virus vaccine used was
protective but insufficiently attenuated and thus more reac-
togenic than would be ideal. It was subsequently replaced
with a more highly attenuated vaccine. 

The attenuated virus vaccine currently in use has been
highly successful in controlling measles in many develop-
ing countries as well as in the developed countries.
Endemic measles has been eliminated from North America
and large areas of South America and is largely controlled
in many other parts of the world (Fig. 8.13A), especially in
areas where vaccine coverage is high (Fig. 8.13B). This
vaccine could potentially be used to eradicate measles
worldwide. However, measles continues to be a major cause
of infant mortality and morbidity in many less developed
countries because the vaccine has one serious drawback for
use in such countries. It is difficult to immunize infants
with a live virus vaccine while maternal antibodies are still
protective. However, in many poorer countries measles is
so widely epidemic that many infants contract the disease
as soon as the protection due to maternal antibodies wears
off. Multiple, spaced immunizations for each infant would
be required to successfully immunize the population of new
susceptibles before the epidemic virus got there, which is
difficult to achieve in countries with limited health care

facilities. In an effort to get around this problem, very
young infants were immunized with higher doses of the live
virus vaccine in a trial in Senegal, on the theory that using a
larger dose would overcome the effects of maternally
derived immunity. This trial was a failure, however, because
for unknown reasons the cumulative mortality in infants
receiving the high titer vaccine was greater than that in con-
trols (Fig. 8.14). Thus at present there is no effective way to
immunize young infants in these countries against measles.
The virus continues to be an important cause of infant mor-
tality and its continued circulation in infants makes it
difficult to eradicate.

INNATE IMMUNE SYSTEM

The innate immune system is composed of a large
number of elements that attempt to control infection by
pathogens, but this system is independent of the identity of
the particular pathogen. Complement is a component of the
innate system as well as the adaptive system and has been
described. Other components of the innate system include
the cytokines, a complicated set of small proteins that are
powerful regulators of the immune system. Many cytokines
are critical for the function of the adaptive immune system,
as described in part above. Cytokines are also important
components of the innate system. The innate system also
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FIGURE 8.14 Child mortality after high-titer measles vaccination in Senegal. Three groups of children were
given either 105.4 PFU of Edmonston–Zagreb vaccine at 5 months of age (EZ-HT), or 105.4 PFU Schwartz vaccine
(SW-HT) at 5 months of age or the standard schedule (placebo at 5 months and 103.7 PFU vaccine at 10 months of
age). [Adapted from Garenne et al. (1991).]
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includes natural killer cells, cytotoxic lymphocytes that kill
cells that do not express adequate levels of class I MHC
molecules. Apoptosis is another innate defense mechanism,
because most cells are programmed to die if they sense that
they are infected.

Natural Killer Cells

Natural killer (NK) cells are cytolytic cells that kill by
an antigen-independent mechanism. They are important for
the control of many virus infections, as shown by the fact
that ablation of NK cells leads to more serious disease. NK
cell activity increases very early after infection by a virus,
within the first 2–3 days, and thereafter the number of cells
declines. It is thought that one of the functions of these
cells is to kill cells that do not express class I MHC or that
express it in only low amounts. Such cells, of course, do
not present antigen to CTLs and therefore escape normal
immune surveillance. NK cells express two sets of recep-
tors on their surface. One set of receptors interacts with
MHC class I molecules on the surface of the target cell.
This interaction inhibits killing by the NK cell. The second
set of NK receptors interacts with activating molecules on
the surface of cells. This interaction can stimulate the NK
cell to kill the target cell if the NK cell is not sufficiently
inhibited by its interaction of class I molecules. 

Many different viruses downregulate the production of
MHC in infected cells in order to escape immune surveil-
lance. The elimination of these infected cells by NK cells
could be of considerable importance to the host. It has been
suggested that NK cells evolved to rid the body of cells that
are not subject to normal immune surveillance, which could
include tumor cells as well as virus-infected cells. In the
one case known of a human with a deficiency in NK cells,
as well as in experimental studies with mice in which NK
cells are depleted, infection by a number of viruses that
downregulate production of MHC leads to a much more
severe disease. 

Apoptosis

Apoptosis or programmed cell death is a defense of last
resort by an infected cell. It is a cell suicide pathway in
which mitochondria cease to function, chromatin in the
nucleus condenses, nuclear DNA is degraded, and the cell
fragments into smaller membrane-bound vesicles that are
phagocytosed by neighboring cells. Apoptosis serves to
eliminate cells that are no longer needed, cells that are
damaged in some way, or cells that are dangerous to the
host because they are infected or because their cell  cycle is
deregulated (and they are therefore potential tumor cells).
Cells that are no longer needed include excess cells that are
produced during development and must be eliminated (a
normal occurrence during development) and T cells respon-

sible for the control of an infectious agent after the infection
has been eliminated (and which may even be dangerous if
left around). Cells that are damaged by exposure to UV
light or to free radicals, or are otherwise stressed, such as by
infection, are also subject to apoptosis, as are cells whose
cycle is deregulated. Thus apoptosis serves many roles in
an organism and the basic machinery has been conserved
throughout evolution. In mammals it serves as a component
of both the adaptive immune response (ridding the body of
unneeded lymphocytes; killing of infected cells by CTLs)
and innate immune response (suicide by infected cells), and
also plays a key role in development and in ridding the body
of damaged cells.

Several different mechanisms for the induction of apop-
tosis exist, as would be expected from the many functions
served by apoptosis. Furthermore, the control of apoptosis
is very complicated, which is necessary to control an event
as drastic as cell death. Some of the pathways used to
induce apoptosis are illustrated in Fig. 8.15. One pathway
involves death receptors on the cell surface, which initiate
apoptotic pathways when their ligands are present and bind
to them. One such receptor is the Fas receptor (also known
as CD95 or Apo-1), which can be stimulated by Fas ligand
present on the surface of CTLs. Fas contains domains
known as death domains in the cytoplasmic region, and
trimerization of Fas induced by ligand binding results in the
recruitment of other cellular proteins by these death
domains. This in turn results in the activation, by cleavage,
of a protease known as caspase-8. A popular model for acti-
vation is that two molecules of caspase-8 must be brought
into proximity so that they cleave one another. Caspase-8
then cleaves other caspases, thereby activating them in turn.
At least 10 caspases are known, and they are normally
present as inactive procaspases. A cascade of caspase cleav-
ages leads, ultimately, to the activation of effector caspases.
The effector caspases cause cell death by cleaving many
cellular proteins, including, for example, lamin in the
nuclear membrane and a repair enzyme called poly(ADP-
ribose) polymerase. 

Another death receptor that may be present at the cell
surface is a receptor for TNF (tumor necrosis factor). TNF
can be secreted by CTLs, as well as by other lymphocytes,
in response to inflammatory signals. TNF receptor
oligomerization also results in cleavage of caspase-8 and
the induction of the caspase cascade. The sensitivity of cells
to the induction of apoptosis by these pathways thus
depends on the concentration of Fas and TNF receptor in
the surface, and this concentration can be regulated by
other events. 

Fas and TNF receptors are ubiquitous, present on most
cells. Many other receptors that can lead to apoptosis are
also known. Some of these are also ubiquitous, others are
present on only a limited set of cells.

The caspase cascade can also be initiated by other mech-
anisms. Withdrawal of growth factors, such as occurs
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FIGURE 8.15 Three pathways that lead to cell death by apoptosis. In each case a signal comes from outside the cell.
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caspase begins a cascade that leads to apoptosis. [Data from Ashkenazi and Dixit (1998) and Raff (1998).]

during development or occurs when activated T cells are no
longer stimulated by interaction with their antigens, can
lead to activation of caspases. Events that damage DNA or
the protein synthetic machinery can lead to apoptosis. At
least some of these apoptotic signals are delivered through
changes in p53 concentrations. p53 is a key player in the
regulation of the cell cycle (Chapter 6), and the apoptotic
pathway is induced if its concentration is not tightly regu-
lated. These mechanisms involve Bax and related mole-
cules, as well as Bcl-2 and related molecules, as key players
in the activation of the caspase cascade.

In addition to being able to initiate the caspase cascade
indirectly by signaling through the Fas receptor or the TNF
receptor, T cells can also initiate the caspase cascade
directly. They do this by introducing granzymes into the
cell by way of channels formed by perforin secreted by the
T cell. Granzyme B cleaves procaspases downstream of
caspase-8 to begin the cascade. 

Control of apoptosis is complex. Many cells make pro-
teins that render them less susceptible to apoptosis. One such
anti-apoptotic protein is called Bcl-2, which blocks the action
of Bax and interferes with the caspase cascade, among other
activities. Bcl-2 is made by mature neurons, for example, in
response to signals received when they form connections
with the target cells that they enervate. Immature neurons do
not make adequate amounts of Bcl-2 and die when nerve
growth factor is removed. There is a complicated interplay
between Bcl-2 and related proteins and Bax and related pro-
teins that we are only beginning to understand.

Mitochrondria are also important players in apoptosis. A
decrease in the potential across the mitochrondrial mem-
brane makes the cell more sensitive to apoptosis. Decreased
potential is accompanied by synthesis of reactive oxygen
species and the release of cytochrome C into the cytoplasm,
both of which are pro-apoptotic. Cytochrome C forms com-
plexes with other cellular proteins that promote the caspase
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cascade. Bax, a pro-apoptotic protein, may exert its effect
by lowering the mitochrondrial membrane potential, and
Bcl-2 may prevent this.

The importance of apoptosis for the regulation of the
organism is clear. Individuals with deficits in apoptotic
pathways may suffer from many diseases, including devel-
opmental abnormalities, neurodegenerative disorders, or
autoimmune diseases. In normal individuals, tumor cells
can only thrive if they avoid apoptosis despite the fact that
their cell cyle is deregulated, and mutations that suppress
apoptosis are important for the development of tumors. 

Interferons and Other Cytokines

The cytokines constitute a large family of proteins,
defined by their structure, that have important regulatory
roles in an animal. More than 30 cytokines have been
described, some of which have multiple members. Most
have a molecular mass of about 30 kDa. Many, but not all,
are glycoproteins. Some function as monomers but others
act as homodimers or homotrimers and at least one acts as a
heterodimer. Cytokines are inducible agents and constitu-
tive production is normally low or absent. On induction,
their production is short lived. Cytokines effect their action
by binding to receptors on the surface of target cells. These
receptors bind cytokines with high affinity—the dissocia-
tion constants range from 10–9 to 10–12 M. Binding to the
receptor induces a cascade of events in the target cell that
leads to changes in gene expression within the cell. These
changes in gene expression may lead to many different
effects, including cell proliferation or changes in the state
of differentiation. Hematopoietic cells are important targets
of all cytokines, although most cytokines have a diverse
range of actions. The cytokine system is redundant in that
many cytokines evoke a similar spectrum of action, and it is
pleiotrophic in that one cytokine may have many different
target cells. This system is also complex because many dif-
ferent cytokines are usually induced at the same time and
they may act synergistically or antagonistically to achieve a
result. Cytokines are important players in both the adaptive
and innate immune systems. The importance of cytokines
in the maturation of T cells and B cells has been described.
Figure 8.16 presents an overview of cytokine networks that
illustrates their complexity, and a partial listing of cytokines
is given in Table 8.3. Because of the complexity of their
activities, we are only beginning to understand their many
functions, but as these functions begin to be understood,
attempts are being made to use different cytokines thera-
peutically as indicated in the table.

A second family of proteins that play an important role
in the regulation of the immune response is the
chemokines. Chemokines are small proteins, 70–80 amino
acids in size. More than 30 are known in humans. Some
serve housekeeping functions and are produced constitu-

tively; others are proinflammatory and usually inducible.
Chemokines serve to attract leukocytes. The housekeeping
chemokines are important for the development and home-
ostasis of the hematopoietic system (for example, mainte-
nance of lymphoid organs), whereas the proinflammatory
cytokines recruit immune cells to sites of infection,
inflammation, or tissue damage. The receptors for
chemokines are distinct from those of cytokines. An
example of a cytokine receptor is described below for inter-
feron. Chemokine receptors belong to the family of seven-
transmembrane-domain, G-protein-coupled receptors, and
one was illustrated schematically in Fig. 1.3B. In most
treatments, chemokines are considered a class of cytokines.
Here, for ease of presentation, the term cytokine refers only
to non-chemokine cytokines.

Importance of Interferons in the Defense against Viruses

Among the best known cytokines that function in the
defense against viruses are the interferons (IFNs). There are
two kinds of IFN, called type I and type II. The IFNs induce
cells to become resistant to viral infection, an innate
defense against viruses, but also play important roles in the
adaptive immune response. The importance of IFNs in the
defense of mammals against viral infection has been shown
by experiments in which an IFN response is ablated. Early
experiments in mice used injection of antibodies against
IFN to block its activity. More stringent ablation of IFN
activity has been accomplished by using transgenic mice in
which the receptor for either type I or type II IFN has been
abolished. In general, mice that lack a type I IFN response
are extremely sensitive to infection by viruses. Viruses
grow to much higher titer in such animals and, in the more
dramatic examples, virus infection may be lethal, although
infection with the same virus of animals able to mount a
normal IFN response may be asymptomatic. Many viruses
have evolved mechanisms to ablate the activity of IFNs,
also demonstrating their importance in controlling viral
infection. Interestingly, mice lacking a type I IFN response
are able to handle bacterial infections reasonably well.
Conversely, mice lacking a type II IFN response are
extremely sensitive to bacterial infection but handle viral
infections well. One known exception is vaccinia virus,
which is lethal in mice lacking either IFN response. We
should emphasize that although the relative importance of
the two IFNs in the defense against viruses versus bacteria
may differ, both are important in the defense against
viruses.

Types of IFNs

Several characteristics of type I and type II IFNs are
shown in Table 8.4. The type I IFNs are 165–172 amino
acids in length and have been classified into four different
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FIGURE 8.16 Overview of the cytokine networks important for innate and acquired antiviral immune responses.
IFN, interferon; IL, interleukin; Ig, immunoglobulin, TNF, tumor necrosis factor, LT, lymphotoxin; MCP, monocyte
chemotactic protein. [Adapted from Griffin (1999, Fig. 1, p. 340).]

subfamilies, called �, �, �, and �, of which � and � are the
best studied. In humans there are 14 IFN-� genes and 1
IFN-� gene, none of which contain introns. IFN-� shares
25–30% amino acid sequence identity with any particular
IFN-�. In humans, IFN-� is glycosylated whereas IFN-� is
not, but in mice both are glycosylated. Thus glycosylation
is not a fundamental property distinguishing � from �
IFNs. IFN-� and IFN-� use the same receptors and there-
fore evoke the same responses in target cells. 

Type II IFN contains only one member, IFN-�. In man
there is one IFN-� gene, which contains three introns. The

receptor used by IFN-� is distinct from that used by type I
IFNs, but the phosphorylation cascade induced by IFN-�
contains some elements that are shared with the type I
cascade. Thus the responses to the two IFNs are partially
overlapping.

Induction of IFN

Type I IFNs are induced by treatment with double-
stranded RNA (dsRNA), by virus infection, or by the
cytokine TNF-�. It is thought that the inducing agent fol-
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TABLE 8.3 Some Cytokines and their Therapeutic Uses

Functional Name Normal biological Therapeutic targets Side effects of therapy
group (abbreviation) function

Antiviral Type I interferon Inhibits viral Chronic hepatitis B, hepatitis C, Fever, malaise, fatigue,  
cytokines (IFN-�,�) replication herpes zoster, papilloma viruses, muscle pain; kidney, liver, 

rhinovirus, HIV (?), warts heart, bone marrow toxicity

Type II interferon Inhibits viral replication, Lepromatous leprosy, As above for Type I 
(IFN-�) upregulates expression of leishmaniasis, toxoplasmosis interferons

class I  and class II MHC,
enhances activity of 
macrophages

Inflammatory Tumor necrosis Cytotoxic for tumor cells, Anti-TNF in septic shock Shock with marked 
cytokines factor (TNF) induces cytokine secretion hypotension

by inflammatory cells

Interleukin 1 Costimulates T-helper cells, Receptor antagonist in ???
(IL-1) promotes maturation of septic shock

B cells, enhances activity of 
NK cells, attracts
macrophages and neutrophils

Interleukin 6 Promotes differentiation of 
(IL-6) B cells, stimulates Ab secretion 

by plasma cells

Regulators of Interleukin 2 Induces proliferation of T cells, Leprosy, local treatment of Vascular leak syndrome, 
lymphocyte (IL-2) B cells, and CTLs, stimulates skin lesions hypotension, edema,  
functions NK cells ascites, renal failure,  

hepatic failure, mental 
changes, and coma

Interleukin 4 Stimulates activity of B cells 
(IL-4) and proliferation of activated 

B cells, induces class switch 
to IgG and IgE

Interleukin 5 Stimulates activity of B cells and 
(IL-5) proliferation of activated B cells, 

induces class switch to IgA

Interleukin 7 Induces differentiation of stem cells, 
(IL-7) increases IL-2 in resting cells

Interleukin 9 Mitogenic activity
(IL-9)

Interleukin 10 Suppresses cytokines in Septic shock
(IL-10) macrophages

Interleukin 12 Induces differentiation of T cells 
(IL-12) into CTLs

Interleukin 13 Regulates inflammatory response in 
(IL-13) macrophages

Transforming Chemotactically attracts Septic shock Symptoms similar to 
growth factor macrophages, limits those for IL-2, especially shock 
(TGF-�) inflammatory response, and hypotension

promotes wound healing

Source: Data for this table came from Mims et al. (1993, p. 37.3 and Fig. 7.13) and Kuby (1997, pp. 318, 319).

lowing virus infection is also dsRNA, whether infection is
by a DNA- or RNA-containing virus. 

Following induction, transcription of type I IFNs is regu-
lated at both the transcriptional and post-transcriptional

levels. Regulation at the transcriptional level is complex.
There are both positive and negative regulatory factors,
whose identity and mode of action are incompletely known.
IFN mRNAs contain destabilization sequences in the 3′
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TABLE 8.4 Characteristics of the Interferons

Type I Type II

IFN-� IFN-� IFN-�

Alternative name Leucocyte IFN Fibroblast IFN Immune IFN

Produced by All cells All cells T lymphocytes

Inducing agent Viral infection Viral infection Antigen or mitogen
or dsRNA or dsRNA

Number of genes (species) 14 (human) 1 1
22 (mouse)

Chromosomal location of gene 9 (human) 9 (human) 12 (human)
(species) 4 (mouse) 4 (mouse) 10 (mouse)

Number of introns None None 3

Size of IFN protein 165–166 aa 166 aa 146 aa, dimerizes

Receptors Receptor for both IFN-� and Receptor consists of two proteins: IFN-�R1
INF-� consists of two polypeptides, encoded onchromosome 6 (human) or  
IFN-�R1 and IFN-�R2, encoded 10 (mouse) and IFN-�R2 encoded 
on chromosome 21 (human) or 16 (mouse) on chromosome 21 (human) or 16 (mouse)

General functions Antiviral activity Antiviral activity Macrophage activation
↑MHC class Ia ↑MHC class I ↑MHC class I

↑ MHC class II on macrophages
NK cell activation
Some antiviral activity
↓ MHC class II on B cells

↓ IgE, IgG production by B cells

Source: Data for this table came form Mims et al. (1993, Fig. 12.9) and Fields et al. (1996, Table 3, p. 378).
a↑ indicates upregulation; ↓ indicates down regulation.

nontranslated region and have short half-lives. Thus, shutoff
of IFN synthesis occurs fairly quickly once the gene is no
longer transcribed.

Almost all cell types produce IFN-� or -�, and thus
induction of these cytokines follows infection of almost any
cell by any virus. However, some viruses are much more
efficient at the induction of IFN than others, and it has been
postulated that viruses may differ in the extent of produc-
tion of dsRNA. 

In contrast to type I IFNs, production of IFN-� is largely
restricted to T cells and NK cells. Production is induced by
agents that promote T-cell activation. These include expo-
sure to antigens to which the organism has been presensi-
tized or exposure to IL-12, a cytokine produced by
monocytes and macrophages after infection by bacteria or
protozoa. Other activators of T cells are also known that
induce synthesis of IFN-�.

Many other cytokines are also induced following infec-
tion by viruses. These include TNF-�, TNF-�, IL-1, IL-2,
IL-4, IL-5, IL-6, IL-8, and GM-CSF (granulocyte-
macrophage colony-stimulating factor). The spectrum of
cytokines induced is different for different viruses. The
large DNA-containing viruses encode proteins that interfere
with the action of a number of these cytokines, and with
the activities of chemokines as well. 

Interferon Receptors and Signal Transduction

IFNs effect their responses by binding to specific recep-
tors on the cell surface. These receptors are composed of
more than one polypeptide chain, at least one of which is an
integral membrane protein that contains a cytoplasmic
domain. The type I IFN receptor is present in low abun-
dance (around 103 receptors per cell) on all major types of
cells. It has a very high affinity for IFN (dissociation con-
stant about 10–10 M).

Upon binding of type I or type II IFNs to their cognate
receptors, tyrosine kinases associated with the cytoplasmic
domains are activated. A phosphorylation cascade ensues
that results in the production of activated transcription
factors, which translocate to the nucleus and stimulate tran-
scription of a number of genes (Fig. 8.17). Most genes that
are induced by type I IFN have an upstream element
referred to as ISRE, the interferon stimulated response
element. Induction of genes controlled by this element is
very rapid and happens within minutes after treatment with
IFN. Activation is transient, as one or more of the proteins
induced act in a feedback loop to repress the continued
transcription of these genes. dsRNA can also induce the
synthesis of many of the same genes through the ISRE, but
the signal transduction pathway is different.
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turn phosphorylate STAT1 and STAT2 proteins. The phosphorylated STAT proteins
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present upstream of interferon inducible genes, resulting in transcription of these genes.
[From Fields et al. (1996, p. 379), Kalvakolanu (1999) and Nathanson et al. (1996, p.
123).]

The genes that are induced by IFN-� are under the
control of several different regulatory elements, one of
which is referred to as GAS, the IFN-gamma activation
site. Induction by IFN-� is slower and gene transcription
continues for a longer period of time after induction. The
complex of genes induced by type I and type II IFNs are
overlapping because the tyrosine kinases associated with
the type I and type II receptors are overlapping, as are the
proteins activated during the tyrosine phosphorylation
cascade (Fig. 8.17). In addition, many genes contain cis-
acting regulatory elements that respond to both type I and
type II IFN-induced transcriptional activators. 

Biological Effects of Interferons

Type I or type II IFN induces the expression of many
different genes that have important biological effects. A
partial listing of such genes is given in Table 8.5. One effect
is to stimulate the adaptive immune response. Both type I
and type II IFNs induce increased production of class I
MHC molecules, thus leading to enhanced surveillance by
CTLs. Type II IFN also leads to increased production of
class II MHC in macrophages, which are important players
in the humoral response. The MHC response is augmented
by the induction of genes in the MHC cluster that encode
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TABLE 8.5 Genes Induced by Interferons

Protein Induced bya Inducible Functions/phenotype

IFN-� IFN-� IFN-� element

(2′–5′) (An) synthetaseb +++ +++ + ISRE (2′–5′) (An) synthesis

(also induced by) Induction of antiviral state 
especially anti-picornavirus

p68 Kinase (PKR) +++ +++ + ISRE Protein kinase
Induction of antiviral state

Indoleamine 2,3-dioxygenase + + +++ Tryptophan degradation

�56 + + +++ Trp-tRNA synthetase

GBP/g57 + + +++ Guanylate binding

MxAb +++ +++ + Inhibits replication of influenza and VSV

IRF1/ISGF2b ++ ++ +++ Transcription factor

IRF2b ++ ++ ++ Transcription factor

MHC/class I +++ +++ +++ Upregulation of antigen presentation

MHC class II ++ Not ISRE nor GAS Upregulation of antigen presentation

RING 12 Proteasome subunit

RING 4 +++ +++ Putative TAP

�2 Microglobulin +++ +++ +++ MHC light chain

Source: Adapted from Nathanson et al. (1996, p. 124).
aThe strength of the induction is indicated by the number of plus signs.
bFull induction also requires ds RNA

components of the proteasome. These cause the proteasome
to become more active in producing peptides suitable for
presentation by MHC molecules. Production of the TAP
transporter system is upregulated, so that increased quanti-
ties of peptides are transferred across the ER membrane for
binding by MHC molecules. Either type of IFN leads to the
activation of monocytes and macrophages, the activation of
natural killer cells, the activation of CTLs, and the modula-
tion of the synthesis of Ig by B cells, all important for the
immune response. IFN-� also induces the increased expres-
sion of Fc receptors in monocytes and inhibits the growth
of nonviral intracellular pathogens. 

Both type I and type II IFNs are also key players in the
innate immune defense against viruses. They are pyrogenic,
inducing fever. High temperatures inhibit the replication of
many viruses or other pathogens. It has been proposed that
the major symptoms of influenza infection, which include
high fever as well as muscle aches and pains, are due to the
induction of IFN rather than to virus replication per se.
Both IFNs also induce what has been called the antiviral
state, in which cells are less susceptible to or resistant to
infection by viruses. 

Thus, the induction of IFNs is important for the control
of viral infection at more than one level. Induction of the
antiviral state results in lower yield of virus and the stimu-
lation of immune responses leads to a more effective and

faster clearance of the viral infection. Of interest is the fact
that both types of IFNs inhibit cell growth, and treatment
with IFN or with inducers of IFN has been effective in the
treatment of at least some types of cancer. 

The Antiviral State

Expression of the genes induced by interferon results in
the establishment of the antiviral state in cells, in which
viruses fail to replicate or replicate to much lower titers.
The antiviral state is multifaceted and interference with the
replication of viruses may occur at different stages of their
replication cycle. The effect, therefore, depends on both the
virus and the host cell. Furthermore, interference can occur
at more than one stage of replication for some viruses, and
such viruses tend to be more sensitive to the activities of
interferon than others. 

Interference with the virus replication cycle may occur
very early, during penetration and uncoating of the virus.
This occurs with SV40 and the retroviruses, for example.
The proteins that are responsible for interference at these
early stages of infection are unknown. For some viruses the
transcription of the infecting viral genome is inhibited,
examples being influenza, vesicular stomatitis virus, and
herpes simplex virus. A host protein known as Mx, which is
induced by interferon, is responsible, at least in part, for
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interfering with the transcription of influenza virus. In mice
that are unable to produce the Mx protein, as is the case for
most inbred strains of mice, infection with influenza pro-
duces a fatal outcome, demonstrating the importance of this
gene. At a later stage in the infection cycle, interferon treat-
ment results in reduced translation of many viral mRNAs,
and the mechanisms by which this occurs are described
below. Finally, some interferon-induced products interfere
with virus assembly. This occurs with the retroviruses,
vesicular stomatitis virus, and herpes simplex virus, but the
proteins responsible are unknown.

Interference with Translation of Viral mRNAs

Two distinct pathways induced by IFN result in interfer-
ence with the translation of viral mRNA. These are illus-
trated schematically in Fig. 8.18. Both of these pathways
require that dsRNA be present for them to be active. Thus,
not only is dsRNA a primary inducer of IFN synthesis, but
these two pathways induced by IFN are also dependent on
dsRNA for their activation. This dependence on dsRNA
suggests that it is a common product in viral infection,
whether the virus is DNA or RNA, but is not normally
present in uninfected cells.

One inhibition pathway involves 2′-5′-oligo(A) syn-
thetases. These synthetases, of which several are known,
some of which have different subcellular locations, polymer-
ize ATP into oligoadenylates that are joined in a 2′-5′
linkage. 2′-5′-Oligo(A) synthetase is induced by IFN but
requires dsRNA as a cofactor for activity. 2′-5′-Oligo(A), in
turn, is a cofactor for a latent ribonuclease, RNase L, which
is present in all animal cells, but is inactive in the absence of
2′-5′ oligo(A). Once activated by its cofactor, which is
bound tightly enough so that the two can be coimmunopre-
cipitated, RNase L can cleave single-strand mRNAs. 2′-5′-
Oligo(A) is hydrolyzed by a phosphodiesterase present in
cells, and activation of RNase L is transient.

Thus, RNase L results in a degradation of mRNAs only
in those cells in which dsRNA is present. The picor-
naviruses are particularly sensitive to the action of RNase L,
and it has been well established that activation of RNase L
is a primary mechanism by which IFN interferes with the
replication of these viruses. Other viruses seem to be less
affected by RNase L, and the possible role of this enzyme in
combating other virus infections remains to be determined.

The second pathway leading to the inhibition of transla-
tion of viral mRNAs involves a protein kinase known as
PKR. PKR is present at low levels in most cells, but its con-
centration increases on IFN induction. It requires dsRNA
for activity. On binding dsRNA, PKR is autophosphory-
lated, probably in trans, on serine and threonine residues.
Once activated, it phosphorylates the translation initiation
factor, eIF-2�. Phosphorylated eIF-2� cannot be recycled
and protein synthesis is shut down. The importance of PKR

for inhibiting viral replication is shown by the fact that
several viruses encode inhibitors of its activity. In particu-
lar, it is believed that reoviruses, adenoviruses, vaccinia
virus, vesicular stomatitis virus, and influenza virus are
sensitive to the effects of this enzyme.

It seems almost certain that PKR has important func-
tions in the cell in addition to its activity in the inhibition of
viral replication. Among other effects, if PKR is nonfunc-
tional, unregulated cell proliferation and neoplastic trans-
formation occur. Thus, the enzyme must be involved in the
regulation of the cell cycle. 

Degradation of mRNA and shutoff of protein synthesis
are drastic events that represent a defense of last resort. The
dependence of both pathways on dsRNA means that only
cells that contain dsRNA, presumably only virus-infected
cells, will shut down as a result of these pathways. To sim-
plify somewhat, the effect of IFN is to prepare the cell for
instant shutdown if it becomes infected, while leaving unin-
fected cells essentially alone.

Therapeutic Uses of Interferon

Since the discovery of IFN more than 30 years ago, there
has been great hope and expectation that IFN therapy
would be useful for the treatment of viral infections. In
early studies, IFN was induced in patients by injection of
dsRNA, but quantities of recombinant IFN suitable for
injection are now available. In general, IFN therapy has
been disappointing for treatment of viral infections in
humans, although it is useful in a number of diseases.
Infection with hepatitis B or hepatitis C viruses often
results in chronic infection. In at least some of these chroni-
cally infected patients, the virus load can be decreased, or
the disease may go into remission, upon long-term treat-
ment with recombinant IFN. However, side effects of IFN
treatment often limit the dose and duration of treatment that
can be used. IFN has also been useful in treatment of infec-
tion with papilloma viruses.

During clinical trials with IFN, it was found that it is
useful for the treatment of at least some cancers, including
hairy cell leukemia and AIDS-related Kaposi’s sarcoma. It
is assumed that this control is based on the inhibition of cell
growth caused by IFNs. Clinical trials using IFN, as well as
other cytokines, for treatment of other viral diseases and
other neoplasias continue and it is to be expected that
further uses for these agents will be found (Table 8.3).

VIRAL COUNTERDEFENSES

Mammals have evolved elaborate defenses to ward off
infection by viruses. Viruses, in turn, have evolved coun-
terdefenses that allow them to persist and continue to infect
mammals. These counterdefenses vary from the simple to
the elaborate. The simplest counterdefense is to shut down
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FIGURE 8.18 The antiviral state. (A) Development of the antiviral state begins with the
action of interferon on an uninfected cell. The result of the signal transduction cascade
shown in Fig. 8.17 is the induction of expression of up to 100 genes, of which three are
shown: RNase L, the 2′-5′ oligo(A) synthetase (2′-5′ OS), and the dsRNA-dependent protein
kinase (PKR). These proteins are latent until they are activated by viral infection. PKR and
2′-5′ oligo(A) synthetase are activated by dsRNA that is produced during viral infection.
Once activated, PKR autophosphorylates itself, and then phosphorylates EIF2. The activated
synthetase makes trimeric oligonucleotides, which in turn activate RNase L. (B)
Phosphorylated EIF2 and activated RNase L are characteristic of the “antiviral state” in
which a eukaryotic cell is refractory to infection by a wide variety of viruses.
Phosphorylated EIF2 cannot serve to initiate translation of mRNA by ribosomes and acti-
vated RNase L degrades mRNAs, both viral and cellular, so protein synthesis stops. Without
protein synthesis, no virus replication can take place, but the inhibition of protein synthesis
is transient and the cell may recover. [Adapted from Nathanson et al. (1996, Fig. 6.8,
p. 125), and Mims et al. (1993, Fig. 12.10, p. 12.7).]
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the host cell rapidly after infection and to produce progeny
virus very rapidly. Rapid shutoff of the host cell may
prevent it from synthesizing IFN or other cytokines
required for function of both the innate and adaptive
immune systems. It will also shut off production of MHC
class I molecules required for recognition of an infected
cell by CTLs. Rapid growth allows the virus to go through
many rounds of virus production before sufficient cytokine
production has occurred and cells have responded to estab-
lish the antiviral state, and before the adaptive immune
system can gear up. Many viruses take this approach, in
particular RNA viruses, which have a limited coding capac-
ity. As one example, soon after infection with poliovirus,
the cap-binding protein required for cap-dependent initia-
tion of protein synthesis is cleaved and host cap-dependent
protein synthesis ceases. Translation of poliovirus RNA is
not affected since it utilizes a cap-independent initiation
process. This elegant mechanism for specifically interfering
with host protein synthesis does not appear to be the sole
pathway used by the virus. Additional mechanisms also
contribute to shutdown of host protein synthesis. Shutoff of
host protein synthesis not only prevents the synthesis of
IFN, for example, but it also frees up the translation
machinery of the cell for the virus. 

As a second example, the alphaviruses also rapidly shut
off host protein synthesis. As for poliovirus, more than one
mechanism appears to be used. One mechanism is an inter-

ference with the cell Na/K pump, which results in an
increase in the Na+ concentration and a decrease in the K+

concentration in the cell. This inhibits translation of cellular
mRNAs, but has no effect on translation of viral mRNAs. 

Some DNA viruses also inhibit host protein synthesis
shortly after infection. A component of the herpes simplex
virion that enters the cell during infection inhibits host-cell
protein synthesis, beginning very soon after infection. As
infection progresses, additional proteins contribute to a
more profound inhibition of host-cell macromolecular syn-
thesis. Viruses such as herpes simplex virus, which have
large genomes, also have the luxury of encoding many pro-
teins that interfere with host defenses by more specific
mechanisms. An overview of these mechanisms, which are
described below, is given in Table 8.6.

Virus Evasion of the Adaptive Immune System

More than 50 viral proteins have been identified that
modulate the defense mechanisms used by mammals to
control viral infection and to eliminate the viruses once
infection is initiated. Most have been described only
recently and more viral proteins will surely be discovered in
the future. The more elaborate evasion mechanisms are uti-
lized by viruses that contain larger genomes, and thus can
afford so-called luxury functions such as specific interfer-
ence with host defense mechanisms.

TABLE 8.6 Major Strategies Used by Viruses to Evade the Immune System

Rapid shutdown of host macromolecular synthesis

Evasive strategies of viral antigen production

Restricted gene expression; virus remains latent with minimal or no expression of viral proteins

Infection of sites not readily accessible to the immune system

Antigenic variation; antigenic epitopes mutate rapidly

Interference with MHC class I antigen presentation

Downregulation of transcription of class I MHC molecules

Degradation of MHC class I molecules

Retention of MHC class I molecules within the cell

Downregulation of transcription of TAP

Interference with the activity of TAP

Interference with natural killer cell function

Interference with MHC class II antigen presentation

Interference with antiviral cytokine function

Production of viral homologs of cellular regulators of cytokines

Neutralization of cytokine activities

Inhibition of the function of IFN

Production of soluble cytokine receptors

Inhibition of apoptosis

Source: Adapted from Granoff and Webster (1999, Table 3, p. 1203).
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Interference with the Expression of Peptides by Class I
MHC Molecules

Many viruses downregulate the expression of class I
MHC molecules on the surface of infected cells, thereby
rendering the cells invisible to CTLs. An overview of the
mechanisms used is given in Table 8.7. Rapid shutdown of
the cell can accomplish this, and this appears to occur fol-
lowing infection by picornaviruses, for example. More
specific mechanisms are used by many viruses, however,
including the lentiviruses, the adenoviruses, the her-
pesviruses, and, probably, the poxviruses. 

The lentivirus HIV-1 uses two different mechanisms to
downregulate class I MHC expression. The Tat protein
interferes with the transcription of mRNA for class I MHC
molecules, thereby leading to reduced synthesis of class I
molecules. The Nef protein downregulates the surface
expression of class I MHC molecules by relocalizing them
to the trans-Golgi network. It does this through interactions
with another cellular protein called PACS-1, which is
involved in sorting proteins to the trans-Golgi network. 

Adenoviruses prevent the presentation of peptides by
class I MHC molecules by one of two different methods.
These are illustrated schematically in Fig. 8.19. Some aden-
oviruses, such as Ad2, produce an integral membrane protein
of 19 kDa, a product of the E3 gene, that binds tightly to

class I MHC molecules in the lumen of the ER. This prevents
their export to the cell surface. Ad12, in contrast, produces a
product from the E1 gene that interferes with the transcrip-
tion of genes in the MHC locus. Transcription of the genes
for class I molecules, the genes for TAP, and the genes for the
MHC-encoded components of the proteasome is inhibited.
Thus, synthesis of new class I molecules is inhibited, and the
production and transport of peptides required for MHC pre-
sentation cannot be upregulated.

The herpesviruses have learned to coexist with the
immune system, enabling them to establish lifelong infec-
tions. They encode a wide variety of gene products that
interfere with the presentation of peptides by class I MHC
molecules. Several of these are illustrated schematically in
Fig. 8.20. Human cytomegalovirus (HCMV) encodes four
different proteins that interfere with class I presentation by
interacting with cellular proteins that form components of
the presentation pathway. One protein, called US3, binds to
class I MHC molecules and retains them in the ER. Two
other proteins, US2 and US11, independently cause class I
MHC molecules to be immediately recycled to the cyto-
plasm following synthesis, where they are degraded by the
proteasome. The recycling of class I molecules to the cyto-
plasm is thought to occur by speeding up the kinetics of the
normal cellular turnover pathway that recycles products in
the ER back to the cytoplasm. A fourth HCMV protein,

TABLE 8.7 Some Viruses That Alter Antigen Presentation by Class I MHC Molecules

Interference level Virus family Virus Virus protein Mechanism

Downregulation of MHC class I Adenoviridae Ad2 E3-19K Viral protein binds to class I molecules 
expression at cell surface and keeps them in the ER

Ad12 E1A Inhibits transcription of MHC class I mRNA

Herpesviridae HCMV US2, US11 Gene products lead to degradation of class I 
molecules

HCMV UL18 Binds to �2 microglobulin

Picornavirus FMDV ?? Downregulation of class I protein at the surface of cell

Lentivirus HIV Tat Inhibits transcription of MHC class I mRNA

Nef Downregulates surface expression of 
class I proteins

Alteration of antigen Adenoviridae Ad12 E1A Inhibits transcription of TAP1 and TAP2
processing

Herpesviridae HSV ICP47 Binds to TAP and prevents transport of 
antigenic peptide to MHC class I molecules

HCMV US6 Blocks transported by TAP

EBV EBNA-1 EBNA-1 protein with Gly-Ala repeat 
is not processed by proteasome

Alteration of spectrum of Hepadnavirus HepB Antigenic epitopes Epitopes mutate so that they are no 
antigens presented longer recognized by CTLs

Abbreviations: Ad2, adenovirus 2; Ad12, adenovirus 12; HCMV, human cytomegalovirus; FMDV, foot and mouth disease virus; HIV, human
immunodeficiency virus; HSV, herpes simplex virus; EBV, Epstein–Barr virus; HepB, hepatitis B virus.
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FIGURE 8.19 Mechanisms by which adenoviruses inhibit peptide presentation by class I MHC
molecules on infected cells.

US6, binds to TAP and prevents transport of peptides into
the lumen of the ER. Herpes simplex viruses (HSV) also
encode proteins (ICP47) that block transport of peptides by
TAP. Interestingly, the HSV ICP47 binds to TAP from the
cytoplasmic side of this protein, which spans the ER mem-
brane, whereas HCMV US6 binds from the lumenal side.
Thus these proteins represent independent solutions to the
problem of preventing transport of peptides across the ER
membrane by TAP. Loss of TAP transport prevents the pre-
sentation of herpes peptides at the cell surface.

A fifth HCMV protein, UL83, is also involved in pre-
venting the presentation of peptides by class I MHC mole-
cules. This protein phosphorylates an early HCMV protein
within an important T-cell epitope. Phosphorylation pre-
vents the processing and presentation of this epitope.

Finally, a HCMV protein, UL18, binds �2 microglobu-
lin. UL18 is homologous to MHC class I molecules (the
virus obviously swiped the gene from its host at some time
in the past) and binds peptide. Its function is not well
understood. It interacts with monocytes and presumably
interferes with their function. It may have other functions as
well. In any event, binding of �2 microglobulin reduces the
pool available for formation of class I MHC molecules.

Mouse CMV also downregulates expression of class I
molecules but uses different mechanisms to do so. An early
gene, m06, encodes a protein that binds to MHC class I
molecules in the ER. The bound MHC class I molecules
exit the ER and pass through the Golgi apparatus. Rather
than continuing on to the cell surface, however, they are
redirected to lysosomes where they are degraded.
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FIGURE 8.20 Mechanisms by which herpesviruses interfere with the immune defenses of the host cell, by
altering peptide presentation by class I MHC molecules. Mechanisms used by human cytomegalovirus (HCMV)
are shown in dark red, by herpes simplex virus (HSV) in orange, and by Epstein–Barr virus (EBV) in ochre.

Interference with the Activity of Complement

Infected cells can be killed by a complement-mediated
pathway in which antibodies first bind to viral antigens
present on the surface. Virus neutralization by antibodies is
also enhanced by complement. Herpesviruses express pro-
teins that interfere with complement activation. HSV
expresses a protein called gC on the cell surface that binds
complement component C3b, thereby preventing initiation
of the complement cascade. HSV also expresses a mole-
cule, consisting of a complex of viral proteins gE and gI,
that has an Fc receptor. It binds IgG through the Fc domain,
which serves to block complement activation. HCMV also
expresses an Fc receptor.

Latent Infections That Avoid the Immune System

The herpesviruses have evolved means of avoiding
immune recognition of latently infected cells, so that
latent infection can persist for the life of the host. The
alphaherpesviruses evade the class I pathway during
latency by establishing a latent infection in neurons.
Neurons are immunologically privileged and express only
low levels of class I MHC molecules. Another mechanism
is used by Epstein–Barr virus. The only viral protein
expressed in latently infected cells contains a glycine-
alanine tract that interferes with processing by the protea-
some, rendering this protein invisible to the class I
pathway. 
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Infection of Cells of the Immune System to Thwart an
Immune Response

Another mechanism for evasion of the immune system is
to infect immune effector cells. HIV lytically infects TH cells,
which leads to a profound immunosuppression because these
cells are required to mount an immune response. Similarly,
measles virus is known to infect many cells of the immune
system, including T and B lymphocytes and also monocytes.
Infection by measles virus results in immunosuppression that
lasts for some weeks after infection. Other viruses are also
known that infect T cells, B cells, macrophages, or other
cells that are important for the immune response. In addition,
if a virus infects the thymus early in the life of the animal,
while the immune system is still developing, immune toler-
ance may result such that the virus will not be recognized as
foreign. This enables the virus to establish an infection that
lasts for the life of the animal.

Rapid Drift

Some viruses evade the adaptive immune system by
rapid drift in the antigens that are recognized by it. Most
viruses, but especially RNA viruses, undergo rapid evolu-
tion, and immune pressure can cause their sequence to drift.
Viruses that are able to undergo reassortment, of which
influenza virus is the classic example, are able to produce
new forms very rapidly that have altered antigenic epitopes.
Viruses such as the lentiviruses, of which HIV is the best
known, establish a chronic infection in their host, and
during this infection these viruses undergo continuing
genetic drift, which may be responsible, at least in part, for
their persistence.

Prevention of Killing by Natural Killer Cells

Downregulation of class I MHC expression renders a
cell more sensitive to lysis by NK cells, the backup mecha-
nism that eliminates cells that do not express class I mole-
cules on their surface. The CMVs resists NK cell activity,
however. The molecules on the infected cell surface that are
required for the stimulation of the killing activity of NK
cells are downregulated by mechanisms that are poorly
understood. The CMV protein UL18 is also important in
some way. Mouse CMV deleted for this gene replicates
poorly in mice, and NK cells appear to be responsible for
the poor replication. 

HIV also resists NK activity. Here the mechanism seems
to be a selective interference with the expression of class I
MHC molecules. Human cells are protected from NK killing
primarily by HLA-C and HLA-E molecules. HIV-1 selec-
tively downregulates expression of HLA-A and HLA-B mol-

ecules, which are the human class I molecules recognized by
the majority of CTLs. It does not affect expression of HLA-
C or HLA-E molecules. Thus, the infected cells are resistant
to killing by NK cells. They remain sensitive to killing by
CTLs, but their sensitivity to CTLs is greatly reduced.

Virus Counterdefenses against Apoptosis

Infection of an animal cell by a virus often results in
apoptosis of the cell, or would result in apoptosis if the
virus did not block its induction. NK cells or CTLs induce
apoptosis as a way of killing infected cells. However, the
replication activities of the virus itself are often apoptosis
inducing. For example, DNA viruses deregulate the cell and
cause it to enter S phase, which is required for optimal
replication of the viral DNAs. This activity would normally
induce apoptosis mediated by p53. Other aspects of viral
replication also have the potential to induce apoptosis. 

For viruses that replicate rapidly, such as many RNA
viruses, apoptosis does not seem to inhibit the production of
virus. It may actually lead to increased virus production,
perhaps because of less competition with cellular functions.
It may also result in more rapid spread to neighboring cells
because of cell fragmentation and uptake by neighboring
cells, with less inflammation than would occur otherwise,
since apoptosis itself does not induce inflammation. For
viruses that replicate more slowly, however, such as most
DNA viruses, premature apoptosis results in significant
declines in virus yield. Thus, many viruses have evolved
ways to inhibit or delay apoptosis in infected cells. An
overview of mechanisms used by viruses in different fami-
lies to interfere with apoptosis is given in Table 8.8. Most of
these mechanisms interfere with the caspase activation
pathway in some way or serve to regulate the activities of
p53.

Production of Serpins

Many of the poxviruses produce proteins that inhibit the
activity of caspases. These proteins are related to serpins
(serine protease inhibitors), which are small proteins that
serve as substrates for serine proteases, but which remain
bound to the protease after cleavage and block their activity.
Serpins are important in the regulation of inflammatory
responses. The poxvirus serpins inhibit caspases, which are
cysteine proteases. They appear to act similarly to host
serpins in that they are cleaved by the caspase but remain
bound to it and render it inactive. These viral products, of
which crmA of cowpox virus is an example, appear to
block apoptosis induced by any pathway requiring activa-
tion of caspases. An overview of poxvirus interference with
apoptotic pathways is shown in Fig. 8.21.
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TABLE 8.8 Viruses That Interfere with Apoptosis

Virus family Virus Viral gene Mode of interference of gene product

Poxviridae Cowpox crmA Serpin homolog, inhibits proteolytic activation of caspases

Vaccinia SPI-2 crmA homolog, inhibits activation of caspases

Myxoma M11L, T2 T2 is a homolog of TNFR, and inhibits interaction of TNA-� with TNFR; 
M11L has a novel function

Molluscum contagiosum M159, 160 Has death domains like FADD; inhibits FADD activation of caspase 8

Asfarviridae African swine fever virus LMW5-HL Homolog of Bcl-2

Herpesviridae Herpes simplex �34.5 gene Prevents shutoff of protein synthesis in neuroblastoma cells

Herpes saimiri ORF 16 product Homolog of Bcl-2

HHV-8 KS Bcl-2 Homolog of Bcl-2

K13 vFLIPS, prevents activation of caspases by death receptors

Epstein–Barr (latent) LMP1 Upregulates transcription of Bcl-2 and A20 mRNAs; inhibits p53-mediated 
apoptosis

(lytic) BHFR1 Inhibits p53 activity; has some sequence similarity to Bcl-2

HCMV IE-1, IE-2 Downregulates transcription of p53 mRNA

Gammaherpesvirinae ?? v FLIPs, inhibits signaling from death domains to caspases

Polymaviridae SV40 Large T antigen Binds to and inactivates p53

Papillomaviridae HPVs E6 Binds to p53 and targets it for ubiquitin-mediated proteolysis

Adenoviridae Adenovirus E1B-55K Binds to and inactivates p53

E3-14.7K Interacts with caspase-8

E3 10.4K/14.5K Blocks caspase-8 activation by destruction of Fas

E4 orf 6 Binds to and inactivates p53

E1B 19K Functional homolog of Bcl-2; interacts with Bax, Bi, and Bak

Baculoviridae AcMNPV p35 Forms a complex with caspases; inhibits caspase-mediated cell death

IAP Like FLIPs, inhibits activation of caspases

Hepadnaviridae HepB pX Binds to p53

Flaviviridae Hep C Core protein Represses transcription of p53 mRNA

Source: Adapted from reviews by O’Brien (1998) and Tortorella et al. (2000).
Abbreviations: HHV-8, human herpesvirus 8; HCMV, human cytomegalovirus; HPV, human papillomaviruses; AcMNPV, Autographa californica
nucleopolyhedrovirus; HepB, hepatitis B virus; HepC, hepatitis C virus; v FLIPs, viral FLICE-like inhibitors proteins.

Interference with Fas or TNF Signaling

The poxvirus rabbit myxoma virus encodes a homolog
of the TNF receptor (TNFR), called T2. This protein
inhibits the interaction of TNF-� with TNFR and thus pre-
vents activation of the apoptotic pathway by TNF-� (Fig.
8.21). Some other poxviruses also produce TNFRs to neu-
tralize its activity. The adenoviruses use other mechanisms
to interfere with the activities of TNF-�. They produce four
different proteins, found in different parts of the infected
cell, that antagonize the effects of TNF-�.

Molluscum contagiosum virus, another poxvirus,
encodes proteins named MC159/160 that have death effec-
tor domains similar to those present in a cellular protein

called FADD. FADD associates with caspase-8 and recruits
it to activated Fas or TNF receptors in the cell surface,
resulting in the activation of caspase-8. The viral proteins
disrupt this interaction and prevent the activation of
caspase-8 signaled by Fas ligand or TNF (Fig. 8.21). Thus,
poxviruses use a variety of mechanisms to inhibit apoptosis.

Several herpesviruses also produce proteins that inter-
fere with the activation of caspase-8 through its interactions
with FADD. These viral FLIPs thus inhibit apoptosis in a
manner similar to the molluscum contagiosum virus
MC159/160.

Another mechanism to interfere with Fas-induced activa-
tion of the apoptotic pathway is simply to reduce the
number of Fas molecules at the cell surface. The aden-
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FIGURE 8.21 Poxviruses inhibit apoptosis by interfering with the ligand–receptor pathway and by interfering
directly with the caspase cleavage pathway. The latter mechanism blocks induction of apoptosis by the granzyme B
pathway (right) as well as by receptor signaling (left). Points of interference by products of cowpox, myxoma, vaccinia,
and molluscum contagiosum viruses are shown in red. [Drawn from data in Turner and Moyer (1998).]

oviruses produce two proteins, known as RID� and RID�,
that cause Fas at the cell surface to be internalized and
degraded. The RID proteins also inhibit apoptosis induced
by TNF, but the mechanism is not known. 

Production of Homologs of Bcl-2

Bcl-2 is a cellular protein that inhibits apoptosis.
Several herpesviruses and adenoviruses, as well as African
swine fever virus, produce homologs of Bcl-2, perhaps
obtained originally from the host, that act as anti-apoptotic
agents. The adenovirus homolog, called E1B-19K, is mul-
tifunctional. It appears to inhibit apoptosis not only as a
Bcl-2 homolog but also by interfering with FADD-medi-
ated activation of the caspase pathway. An overview of her-
pesvirus interference with the induction of apoptosis is

shown in Fig. 8.22 and of adenovirus interference in 
Fig. 8.23. 

The herpesvirus EBV has evolved another solution to
the production of Bcl-2. It does not encode a Bcl-2
homolog, but produces a protein that upregulates the pro-
duction of cellular Bcl-2. 

Control of p53 Concentrations

Many of the DNA viruses induce cellular DNA synthe-
sis, which leads to an increase in p53 concentration. This
antitumor protein plays a central role in the control of the
cell cycle, and one of its functions is as a transcriptional
activator. Its concentration in normal cells is controlled by
rapid turnover and by its activation of the transcription of a
gene called mdm-2, which also requires interaction with
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FIGURE 8.22 Various members of the herpesvirus family inhibit different steps in p53-mediated
apoptosis. They interfere with Bax (an inducer of apoptosis), encode Bcl-2 homologs, and interact with
p53 itself. The gammaherpesviruses also interfere with Fas-mediated signaling (not shown) by encod-
ing products called viral FLIPs that interact with death domains and prevent signaling (similar to the
action of poxvirus MC159 illustrated in Fig. 8.21). [Adapted from Hill and Masucci (1998).]

p300. The mdm-2 protein binds p53 and inhibits it ability to
act as a transcription factor, thus regulating its own synthe-
sis. This feedback loop is inactivated by DNA viruses in the
process of stimulating the cell to enter S phase, and p53
accumulates. High concentrations of p53 induce apoptosis,
probably as a result of its transcriptional activities. Many
DNA viruses resist p53–induced apoptosis by sequestering
p53 or otherwise interfering with its function as a transcrip-
tional activator, or by causing it to be rapidly degraded.
These include at least some herpesviruses, adenoviruses,
papillomaviruses, and hepatitis B virus. Examples include
the SV40 T antigen, the adenovirus E1B-55K protein, the
hepatitis B virus pX, two proteins encoded by Epstein–Barr
virus (called EBNA-5 and BZLF1) which bind p53, two
proteins encoded by cytomegalovirus that interfere with
p53–directed transcription (called IE1 and IE2), and the

papillomavirus product E6, which binds p53 and causes it
to be rapidly degraded. Many of these products were
described in Chapter 6. 

Other Viral Proteins That Oppose Apoptosis

There are yet other viral proteins that cause the infected
cell to resist apoptosis by mechanisms that are not well
understood. These include several poxvirus proteins that
contain ankyrin repeats and a protein encoded by mollus-
cum contagiosium virus that is 75% identical to human glu-
tathione peroxidase (and may therefore prevent the
accumulation of oxidizing agents that can provoke apopto-
sis). Herpesviruses and adenoviruses produce proteins in
addition to those described above that inhibit apoptosis. It is
worth considering that many individual viruses encode
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multiple products that oppose apoptosis and that many of
these proteins appear be multifunctional. This illustrates the
importance of controlling the apoptotic pathway after infec-
tion by these viruses. It is interesting that the adenoviruses
are so efficient at suppressing apoptosis that they encode
another protein, the adenovirus death protein, which leads
to cell death and release of virus. This protein, which is
produced only late after infection, may simply allow apop-
tosis to proceed, or the protein may initiate some other
pathway that results in the death of the cell.

Viral Counterdefenses against Cytokines 
and Chemokines

The cytokines and chemokines are powerful regulators
of both innate and adaptive immune defenses. Because of
the importance of these agents in the regulation of the
immune response, and because of their potential effective-

ness againt viral infection, many viruses have devised
methods to disrupt their activities. These include the encod-
ing of homologs or analogs of cytokines and chemokines
or of their receptors. Some of these were acquired from the
host at some time in the past and modified to meet the pur-
poses of the virus, whereas others are viral products that
have evolved to interact with the cytokine system. Because
the networks of cytokine and chemokine interactions are
complex, the pathways by which the viral products exert
their effects are often poorly understood. It is in the interest
of the virus to divert the immune responses in directions
that not only favor virus growth in the present host but also
the persistence of the virus in nature. These two are often
antagonistic, and compromises are required. Viruses also
produce products that defeat specific aspects of the innate
response induced by cytokines. Of these, products that
evade the antiviral state induced by IFN are among the best
understood. A partial listing of strategies used by some
viruses to modulate cytokine activities is given in Table 8.9.
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TABLE 8.9 Virus Manipulation of Cytokine Signaling

Virus family Virus Cellular target or homolog Viral factor Mode of action

Herpesviridae HCMV TNF receptor UL144 Unknown, retained intracellularly

Chemokine receptors US28 Competitive CC-chemokine receptor, sequesters CC-
chemokines

HHV-8 Type 1 IFNs vIRF K9 Blocks transcription activation in response to IFN

vIRF-2 May modulate expression of early inflammatory genes

Chemokines and cytokines vMIP-I, vMIP-II TH-2 chemoattractant, chemokine receptor antagonist

HSV Type 1 IFNs �134.5 Reverses IFN-induced translation block

RNase L 2′–5′ (A) analog RNA analog, inhibits RNase L

EBV Type 1 IFNs EBNA-2 Downregulates IFN-stimulated transcription

PKR EBER-1 Blocks PKR activity

Chemokine receptors BARF-1 Secreted, sequesters CSF-1

IL-10 BCRF-1 IL-10 homolog, antagonizes TH-1 responses

Adenoviridae Adenovirus Type 1 IFNs E1A Blocks IFN-induced JAK/STAT pathway

PKR VA 1 RNA Blocks PKR activity

TNF-� E3 proteins Various mechanisms

Hepadnaviridae HepB Type 1 IFNs Terminal protein Blocks IFN signaling

Flaviviridae HepC PKR E2 Inhibits PKR activation in response to type 1 IFN

Retroviridae HIV PKR TAR RNA Recruits cellular PKR inhibitor TRBP

Poxviridae See Table 8.10

Source: Adapted from Table 3 of Tortorella et al. (2000).
Abbreviations: HCMV, human cytomegalovirus; TNF, tumor necrosis factor; HHV-8, human herpesvirus eight (Kaposi’s); HSV, herpes simplex virus; IFN,
interferon; PKR, dsRNA-dependent protein kinase; CSF-1, colony stimulating factor; HIV, human immunodeficiency virus; TRBP, TAR RNA-binding
protein.

A listing of defense molecules encoded by poxviruses is
given in Table 8.10.

Evasion of the Antiviral State

Many viruses encode products that specifically interfere
with the activation of the PKR pathway that leads to shut-
down of protein synthesis. This suggests that this pathway
must be important for the control of viruses. Several differ-
ent mechanisms are used: synthesis of competitive RNA
that binds PKR but does not activate it; synthesis of prod-
ucts that sequester dsRNA; production of a protein that
binds PKR and prevents it from phosphorylating eIF-2�;
and activation of cellular inhibitors or degradation of PKR. 

Several viruses, including adenoviruses, Epstein–Barr
virus, and HIV, encode small RNA products that bind to
PKR in lieu of dsRNA, but which do not activate PKR. The
adenoviral RNA is called VA1 RNA and was the first of these
products to be described. It has been hypothesized that acti-
vation of PKR requires two PKR molecules to bind the same
dsRNA, so that they are in proximity and can phosphorylate
one another in trans. In this model, the viral RNAs can be
bound by only one PKR molecule. Regardless of mecha-

nism, the net result is that the viral RNAs act as inhibitors of
the cofactor dsRNA and prevent activation of PKR.

Other viruses, including vaccinia virus and reoviruses,
encode protein products that bind dsRNA, thus making it
unavailable as a cofactor for activation of PKR. Furthermore,
vaccinia virus appears to limit the production of dsRNA by
using an arrangement of genes and stop transcription signals
that reduces transcription from both strands, at least early
after infection. Sequestering of dsRNA also inhibits the
induction of IFN, since dsRNA is a primary inducer of inter-
feron. Vaccinia virus interferes with the PKR pathway in yet
another way. The virus encodes a protein that binds activated
PKR and prevents phosphorylation of eIF-2�.

Influenza virus, poliovirus, and HIV also interfere with
the PKR pathway. They activate cellular inhibitors of the
enzyme or make products that leads to degradation of PKR.

The RNase L pathway is also inhibited by viral products
that bind dsRNA or by decoy RNAs. However, herpes
simplex virus targets RNase L activity directly. It makes an
analog of 2′-5′-oligo(A) that binds to RNase L but which
does not activate the enzyme. By preventing the binding of
authentic 2′-5′-oligo(A), the analog prevents the activation
of RNase L.



344 Host Defenses

TABLE 8.10 Pox Defense Molecules

System Target Virus Gene Homolog Properties

Complement C4B and C3B Vaccinia C3L C4B binding protein 4SCRs, secreted, binds and inhibits C4B and C3B, 
virulence factor

? Vaccinia B5R Complement 4 SCRs, EEV class I membrane glycoprotein, 
control proteins for virus  egress

? Variola B6R

Interferon Type 1 IFN Vaccinia B18R IFN receptor Binds to and inhibits IFN-�

PKR Vaccinia K3L eIF-2� Binds PKR, inhibits phosphorylation of eIF-2�, IFN 
resistance

Variola C3L

Swinepox K3L

dsRNA Vaccinia E3L PKR Binds dsRNA, nuclear localization inhibits  
Variola E3L activation of PKR, IFN resistance

IFN-� Myxoma T7 IFN-� receptor Secreted, binds and inhibits IFN-�

Vaccinia B8R

Variola B8R

Swinepox C61

IL-1 ICE Cowpox crmA SERPIN Prevents proteolytic activation of IL-1�, inhibits 
inflammatory response, inhibits apoptosis

Vaccinia B14R

Variola B12R

IL-1� Vaccinia B15R IL-1 receptor Secreted glycoprotein, binds and inhibits IL-1�

Cowpox

IL-8 IL-8 Swinepox ecrf3 IL-8 receptor Binds IL-8

Swinepox K2R

TNF TNF-�, TNF-� Myxoma T2 TNF receptor Secreted, binds and inhibits TNF-�, TNF-�

Vaccinia G2R

Variola Truncated

Cowpox crmB

CC-chemokines Myxoma p35 Chemokine receptor Secreted, binds to CC-chemokines

Vaccinia

Variola

Cowpox

Abbreviations: SCR, 60 amino acid sequence called short consensus sequence; EEV, extracellular enveloped virions; PKR, dsRNA-dependent protein
kinase; IFN, interferon; SERPIN, serine protease inhibitor superfamily.
Source: Adapted from Fields et al. (1996, p. 2657), Evans (1996), and a review by Tortorella et al. (2000).

Interference with Signal Transduction Pathways

Adenoviruses, Epstein–Barr virus, and hepatitis B virus
make products that interfere with signal transduction by the
IFN receptor on binding of the ligand. The mechanisms by
which signal transduction is blocked are not understood. 

Production of Cytokine-Binding Proteins

A number of viruses make proteins that bind to
cytokines. Many of these cytokine-binding proteins are

homologs of cellular cytokine receptors and have certainly
been acquired from the host. Most of these viral proteins are
secreted from the cell as soluble proteins that neutralize the
activity of cytokines by binding to them in a nonproductive
fashion. Others function at the surface of the infected cells.

Various poxviruses encode receptors for IFN-�, IFN-
�/�, IL-1, IL-6, IL-8, and TNF (Table 8.10). Most
poxviruses secrete a receptor for IFN-� that is distantly
related to the human receptor. This receptor neutralizes the
activity of IFN-� and presumably functions to prevent IFN-
�-induced events. The potential efficacy of interference
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with IFN-� is shown by the receptor secreted by rabbit
myxoma virus. This virus causes an infection of European
rabbits that has a 99% fatality rate (Chapter 6). Mutants
that lack the IFN-� receptor cause nonfatal illness in these
rabbits.

Many poxviruses also produce a receptor for IFN-�/�
and for TNF-�. TNF-� is a cytokine that has multiple roles
in the control of virus-infected cells. It plays a role in apop-
tosis, but is also important in noncytolytic clearing of virus
infection. The TNF-� receptor encoded by rabbit myxoma
virus is multifunctional. It is secreted in part and binds
TNF-� to neutralize it. However, it is partially retained
within the cell where it interferes with signal transduction
that induces apoptosis. The importance of TNF-� in control
of viral infections is shown by the fact that some poxviruses
produce two different TNF receptors to neutralize its activ-
ity, and by the fact that adenoviruses produce four different
proteins, found in different parts of the infected cell, that
antagonize the effects of TNF. 

IL-1, IL-6, and IL-8 are also neutralized gene products
encoded by various poxviruses. Deletion of any of these
poxvirus genes usually results in an attenuation of virus
growth in experimental animals. 

Poxviruses make a number of proteins that bind various
chemokines. Neutralization of the activity of chemokines
results in damping the inflammatory response to viral infec-
tion. Some of these chemokine-binding proteins are soluble
proteins and some are expressed on the surface of the
infected cell. Rabbit myxoma virus, for example, produces
two proteins that bind chemokines. One protein binds with
high affinity to a subset of chemokines called CC-
chemokines. The second protein is the IFN-� receptor
described above. The rabbit myxoma virus IFN-� receptor,
but not that of other poxviruses, binds a number of
chemokines through their heparin-binding domains. This
binding is of low affinity. Thus, this protein is also multi-
functional, and binding of IFN-� and chemokines is inde-
pendent of one another.

Many beta- and gammaherpesviruses also produce
cytokine or chemokine receptors. Human CMV, for example,
produces four chemokine receptors, whereas HHV-8 pro-
duces one. Epstein–Barr virus encodes a receptor for the
cytokine macrophage colony-stimulating factor (CSF-1). 

Secretion of Virokines

Many beta- and gammaherpesviruses secrete cytokine or
chemokine analogs, called virokines. As examples, HHV-8
produces three chemokines and one cytokine (IL-6), and
Epstein–Barr virus encodes a homolog of IL-10. The
chemokines may serve to attract target cells, since these
viruses infect B cells. IL-6 and IL-10 are necessary for the
growth of B cells and presumably serve to expand the target
cell population. Furthermore, as described earlier, these
cytokines skew the immune response toward a B-cell

response, helped by TH-2 cells, and away from a CTL
response, helped by TH-1 cells. Thus, while expanding the
number of host cells available for infection by the virus,
these cytokines also depress the number of CTLs that
control the infected cell population.

In most cases, deletion of viral genes that interfere with
cytokine or chemokine activity attenuates the virus in
experimental animals. However, in some cases deletion of
such genes leads to an increase in the virulence of the virus.
The increased virulence appears to result from a more
severe inflammatory response to virus infection. 

INTERACTIONS OF VIRUSES WITH THEIR HOSTS

The interaction of viruses with their hosts is intimate and
the product of a long period of evolution during which
viruses coevolved with their hosts. Humans cannot survive
without a functioning immune system to protect them from
viruses. However, this is the result of the long evolutionary
history during which hosts and viruses adapted to one
another, because viruses in turn cannot survive without
their hosts. The example of rabbit myxoma virus demon-
strates that the virulence of a virus diminishes if it kills too
large a proportion of its hosts too rapidly. We can even spec-
ulate that the exceptional virulence of the influenza virus
responsible for the 1918 pandemic might have been made
possible because of active warfare ongoing at the time. Very
ill and dying soldiers continue to be moved about and the
virus could continue to spread, perhaps could even spread
more readily, if it incapacitated its hosts. On the other hand,
the many examples of ways in which viruses modify the
immune and cytokine defenses of the host in order to repli-
cate demonstrate that viruses are capable of evolving more
virulent forms if it is to their advantage. The end result is an
interplay in which viruses and their hosts exist in an uneasy
equilibrium punctuated by the emergence of new viruses or
the spread of new epidemics accompanied by changes in the
immune system that protect against these viruses.

The virulence of a virus for its host depends in part on
the epidemiology of the virus, how it gets from one host to
another. The herpesviruses set up a lifelong infection in
which they are effectively transferred once per generation.
It is in the virus’s interest not to incapacitate the host so
that the host can pass it on perhaps 20 years later, and her-
pesviruses cause minor illness or no illness in most
humans. On the other hand, arboviruses must cause a
viremia (virus circulating in the blood) high enough to
infect an insect taking a blood meal. Because many of
these viruses are RNA viruses that do not encode functions
to ablate the immune response, rapid and vigorous replica-
tion is required to establish the viremia before immunity is
established, and this is often harmful to the host because
many cells are killed in the process. To take another
example, respiratory viruses that are transmitted as
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aerosols or in respiratory secretions must produce enough
virus in the respiratory tract so that respiratory droplets
expelled by coughing or sneezing will contain sufficient
virus to infect a person nearby. These viruses are transmit-
ted in epidemics that can spread rapidly and that require
close contact between individuals, and one infected indi-
vidual can infect dozens or even hundreds of others in a
very short time. Thus these viruses need be transmissible
only over a short period. Sexually transmitted viruses have
different hurdles to overcome. Because the potential for
sexual transmission is usually infrequent and one person
interacts with a limited number of others, these viruses
need to establish infections that last for long periods of
time and that do not incapacitate the infected individual, at
least not early in the infection.

The close interplay between viruses and their hosts
means that the study of viruses continues to tell us much
about the hosts. We now know much more about the adap-
tive immune system, the cytokine system, and about apop-
tosis because of recent studies that started with viruses.
Continuing studies on viruses have told us much about the
function of regulatory genes and cancers. We are confident
that the study of viruses will continue to teach us much
about human biology.
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INTRODUCTION

Molecular genetic studies during the last decades have
led to an enormous increase in our understanding of the
molecular biology of the replication of viruses. The com-
plete nucleotide sequences of many virus genomes have
been determined. Information on the origins required for
the replication of these genomes, the promoters used to
express the information within them, and the packaging
signals required for packaging progeny genomes into
virions have been established for many. The mechanisms by
which viral mRNAs are preferentially translated have been
explored. Together with methods for cloning and manipu-
lating viral genomes, this information has made possible
the use of viruses as vectors to express foreign genes. In
principle, any virus can be used as a vector, and systems
that use a very wide spectrum of virus vectors have been
described. DNA viruses were first developed as vectors,
since it is possible to manipulate the entire genome in the
case of smaller viruses, or to use homologous recombina-
tion to insert a gene of interest in the case of larger viruses.
When complete cDNA clones of RNA viruses were
obtained, it became straightforward to rescue plus-strand
viruses from clones because the viral RNA itself is infec-
tious. The use of minus-strand RNA viruses as vectors has
only recently become possible, because the virion RNA
itself is not infectious and rescue of virus from cloned DNA
requires coexpression of the appropriate proteins.

A sampling of expression systems and their uses is given
here to illustrate the approaches that are being followed.
Every virus system has advantages and disadvantages as a
vector, depending on its intended use. One of the more
exciting uses has been the development of viruses as
vectors for gene therapy, that is, to correct genetic defects
in humans. Although results have been disappointingly slow

in coming, such systems offer great promise. This use rep-
resents an example of taking these infectious agents that
have been the source of much human misery and develop-
ing them for the betterment of mankind.

VIRUS VECTOR SYSTEMS

A representative sampling of viruses that are being
developed as vectors is described below in order to illus-
trate some of the strengths and weaknesses of the different
systems. The viruses used in most clinical trials to date
have been the poxviruses, the adenoviruses, and the retro-
viruses, and these are described here. Several other virus
systems that may be used in the future for treatment of
humans are also described.

Vaccinia Virus

Vaccinia virus is a poxvirus with a large dsDNA genome
of 200 kb (Chapter 6). This genome is too big to handle in
one piece in a convenient fashion, and homologous recom-
bination has been used to insert foreign genes into it. The
large size of the viral genome, however, does mean that
very large pieces of foreign DNA can be inserted, while
leaving the virus competent for independent replication and
assembly. Another advantage of the virus is that it has been
used to vaccinate hundreds of millions of humans against
smallpox. Thus, there is much experience with the effects
of the virus in humans. Although the vaccine virus did
cause serious side effects in a small fraction of vaccinees,
highly attenuated strains of vaccinia have been developed
for use in gene therapy by deleting specific genes associ-
ated with virulence. A new approach to the use of poxvirus
vectors has been the development of nonhuman poxviruses,
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such as canarypox virus, as vectors. Canarypox virus infec-
tion of mammals is abortive and essentially asymptomatic,
but foreign genes incorporated into the canarypox virus
genome are expressed in amounts that are sufficient to
obtain an immunological response. 

A variety of approaches have been used to obtain recom-
binant vaccinia viruses that express a gene of interest, but
only the first such method to be used, and one that remains
in wide use, is described here. This method is illustrated in
Fig. 9.1. The thymidine kinase (TK) gene of vaccinia virus
is nonessential for growth of the virus in tissue culture.
Furthermore, deletion of the TK gene results in attenuation

of the virus in humans, which is a desirable trait. Finally,
the TK gene can be either positively or negatively selected
by using different media for propagation of the virus. The
starting point is a plasmid clone that contains a copy of the
TK gene that has a large internal deletion. In the region of
the deletion a vaccinia virus promoter is inserted upstream
of a polylinker. The gene of interest is inserted into the
polylinker using standard cloning technology. Thus, we
have the foreign gene downstream of a vaccinia promoter,
and the entire insert is flanked by sequences from the vac-
cinia TK gene. The plasmid containing the cloned TK gene
with its foreign gene insert is transfected into cells that
have been infected by wild-type vaccinia virus.
Homologous recombination between the TK gene in the
virus and the TK flanking sequences in the plasmid occurs
with a sufficiently high frequency that a reasonable fraction
of the progeny have the gene of interest incorporated. These
viruses have an inactive TK gene (they are TK–), because
the TK gene has been replaced by the deleted version con-
taining the inserted foreign gene. The next step, then, is to
select for viruses that are TK– by growing virus in the pres-
ence of bromodeoxyuridine (BUdR). An active TK enzyme
will phosphorylate BUdR to the monophosphate form,
which can be further phosphorylated by cellular enzymes to
the triphosphate and incorporated into the viral nucleic acid
during replication. Incorporation of BUDR is lethal under
the appropriate conditions, and thus viruses that survive
this treatment are those in which the TK gene has been
inactivated.

It is usually necessary to select among the surviving
progeny for those that possess the gene of interest, because
inactivation of the TK gene can occur spontaneously
through deletion or mutation. Selection can be accom-
plished by a plaque lift hybridization assay in which virus
in plaques is transferred to filter paper. Virus plaques on the
filter paper are probed with radiolabeled hybridization
probes specific for the inserted gene. Virus in plaques that
hybridize to the probe is recovered and further passaged. In
this way can be isolated a pure virus stock that will express
the gene of interest.

Adenoviruses

Adenovirus infections of humans are common and nor-
mally cause only mild symptoms. Deletion of virulence
genes from adenovirus vectors further attenuates these
viruses. In addition, adenovirus vaccines have been used by
the military for some years and, therefore, some experience
has been gained in the experimental infection of humans by
adenoviruses, although gene therapy trials use a different
mode of delivery of adenovirus vectors. Because of their
apparent safety, adenoviruses have been developed for use
as vectors in gene therapy trials or for vaccine purposes.
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FIGURE 9.1 Construction of a recombinant vaccinia virus expression
vector. The foreign gene (red) is inserted into a bacterial plasmid adjacent
to a vaccinia promoter (black arrow), flanked with sequences from the
vaccinia thymidine kinase gene (turquoise). Plasmid DNA is transferred
into cells infected with wild-type (TK+) vaccinia virus. Recombinant
progeny from homologeous recombination are all TK- due to interruption
of the TK gene, and can be selected by growth in bromodeoxyuridine
(BUdR), since incorporation of BUdR into TK+ vaccinia is lethal. These
TK- vaccinia will infect normally and express the foreign gene under
control of the vaccinia promoter. [Adapted from Strauss and Strauss
(1997, Fig. 2.25, p. 115).]
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Two approaches have been used. In one, infectious aden-
oviruses have been produced that express a gene of interest.
In the second approach, suicide vectors are produced that
can infect a cell and express the gene of interest, but which
are defective and cannot produce progeny virus. Suicide
vectors cannot spread to neighboring cells, and the infec-
tion is therefore limited in scope and in duration. 

The genome of adenoviruses is dsDNA of 36 kbp
(Chapter 6). Thus, the genome is smaller than that of
poxviruses and can accommodate correspondingly smaller
inserts. However, inserts large enough for most applications
can be accommodated. The genome is small enough that
the virus can be reconstituted from DNA clones. Such an
approach is inconvenient, however, and homologous recom-
bination is often used to insert the gene of interest into the
virus genome. 

The foreign gene is inserted into the region occupied by
either the adenovirus E1 or E3 genes, one or both of which
are deleted in the vector construct. Virus lacking E1 cannot
replicate, and such viruses form suicide vectors. For gene
therapy, suicide vectors are normally used so as to prevent
the spread of the infection. To prepare the stock of virus
lacking E1, the virus must be grown in a cell line that
expresses E1. An overview of this process is shown in Fig.
9.2. The complementing cell line, which produces E1 con-
stitutively, supplies the E1 needed for replication of the
defective adenovirus. The cells are transfected with the
defective adenovirus DNA and a full yield of progeny
virions results. The progeny virus is defective and cannot
replicate in normal cells, but it can be amplified by infec-
tion of the complementing cell line. On introduction of the
virus into a human, the virus will infect cells and express
the foreign gene, but the infection is abortive and no
progeny virus is formed. The stock of defective virus must
be tested to ensure that no replication-competent virus is
present, since such virus can arise by recombination
between the vector and the E1 gene in the complementing
cell line. 

Adenoviruses with only E3 deleted are often used to
express proteins for vaccine purposes. These E3-deleted
viruses possess intact E1 and will replicate in cultured cells
and in humans, but are attenuated. Because the virus repli-
cates, expression of the immunizing antigen persists for a
long time and a good immune response usually results. 

The procedure for insertion of the gene of interest by
homologous recombination resembles that used for the
poxviruses. The gene is inserted into a plasmid contain-
ing flanking sequences from the E1 or E3 region, and
transfected into cells infected with adenovirus.
Recombinant viruses containing the gene of interest are
selected and stocks prepared. It is also possible to trans-
fect cells with the E1 or E3 expression cassette together
with DNA clones encoding the rest of the adenovirus
genome, in which case homologous recombination results

in the production of virus. In the case of insertions into
E1, cells that express E1 must be used to produce the
recombinant virus.

Retroviruses

Retrovirus-based expression systems offer great promise
because the retroviral genome integrates into the host-cell
chromosome during infection and, in the case of the simple
retroviruses at least, remains there as a Mendelian gene that
is passed on to progeny cells on cell division. Thus, there is
the potential for permanent expression of the inserted gene
of interest. The essential components of a retrovirus vector
are the long terminal repeats (LTRs), the packaging
sequences known as �, the primer binding site, and the
sequences required for jumping by the reverse transcriptase
during reverse transcription to form the dsDNA copy of the
genome (Chapter 5). 

The process of creating and packaging a retrovirus-
based expression cassette is illustrated in Fig. 9.3. A pack-
aging cell line is created that expresses the retroviral gag,
pol, and env genes, but whose mRNAs do not contain the
packaging signal and so cannot be packaged. The vector
DNA/RNA is created by modifying a DNA clone of a retro-
virus to contain the gene of interest in place of the
gag–pol–env genes. In the process, all of the essential cis-
acting signals required for packaging, reverse transcription,
and integration are retained. The foreign gene can be under
the control of the LTRs, or it can be under the control of
another promoter positioned in the insert upstream of it.
The resulting DNA clone is transfected into the packaging
cell line, and a producer cell line isolated that expresses the
vector DNA as well as the helper DNA. Vector RNA tran-
scribed from the vector DNA is packaged into retroviral
particles, using the proteins expressed from the helper
DNA. These particles are infectious and can be used to
infect other cells or to transfer genes into a human. On
infection of cells by the packaged vector, the vector RNA is
reverse transcribed into DNA that integrates into the host-
cell chromosome, where it can be expressed under the
control of the promoters that it contains. The limitation on
the size of the insert is about 10 kb, the upper limit of RNA
size that can be packaged.

Although murine leukemia viruses are not known to
cause disease in man, it has been found that these viruses
will cause tumors in immunosuppressed subhuman pri-
mates. Thus, it is thought to be essential that there be no
replication-competent virus in stocks used to treat humans.
Replication-competent virus can arise during packaging of
the vector by recombination between the vector and the
retroviral sequences used to produce Gag–Pol–Env. At the
current time, preparations of packaged vectors are screened
to ensure that replication-competent viruses are not present.
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FIGURE 9.2 Generation of a nonreplicating adenovirus expression vector. From the wild-type adenovirus genome,
the E1 and E3 genes are removed. The E1 genes are replaced with an expression cassette. This adenovirus DNA is
transfected into a complementing cell line that produces E1 protein. The transfection produces particles that are able to
infect cells, but which are E1- and non-replicating. The DNA genome is delivered to the nucleus where it functions as
an epichromosome and directs expression of the inserted foreign gene. [From Crystal (1995).]

Efforts are being made to reduce the incidence of recombi-
nation during packaging in order to simplify the procedure.
One approach is to develop vectors that have very little
sequence in common with the helper sequences, in order to
reduce the incidence of homologous recombination. A
second approach is to separate the Gag–Pol sequences from
the Env sequences in the helper cell. In this case, recombi-
nation between three separate DNA fragments in the pro-

ducer cell (that encoding Gag–Pol, that encoding Env, and
sequences in the vector) are required in order to give rise to
replication-competent retrovirus.

In gene therapy trials that use retroviruses, it has been
found that the expression of the foreign gene in humans is
often downregulated after a period of months. Attempts are
being made to identify promoters that will not be downreg-
ulated. Different promoters might be required for different
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FIGURE 9.3 Scheme for producing a packaged replication-defective retrovirus expression vector. (A) A “packag-
ing” cell line is generated by introduction of DNA encoding gag, pol, and env genes into the chromatin of a
fibroblast cell line. This DNA lacks the packaging signal � and RNA transcribed from it is not packaged. (B) The
packaging cell line is transfected with a second retroviral DNA, in which the foreign gene (expression cassette)
replaces gag, pol, and env, but which has an intact � packaging signal and intact LTRs, to form a “producer” cell
line. This producer cell line (C) releases vector particles containing the expression cassette genome packaged with
the proteins from the helper genome. (D) These particles enter target cells via specific cell surface receptors, (E) are
reverse transcribed, (F) randomly integrate, and (G) produce expression products. [Adapted from Dunbar (1996).]

uses, and promoters that target transcription to particular
cell types would be useful. 

A major problem with retroviral vectors is that simple
retroviruses will only infect dividing cells. Although they
enter cells and are reverse transcribed to DNA, the DNA
copy of the genome can enter the nucleus only during cell

division. In many gene therapy treatments, it is desirable to
infect stem cells in order to maintain expression of the ther-
apeutic gene indefinitely. Because stem cells divide rela-
tively infrequently, it is difficult to infect a high proportion
of them by vectors used to date. Attempts are being made to
identify methods to stimulate stem cells to divide during
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ex vivo treatment, so that a larger fraction of them can be
infected. A second approach is to develop lentivirus
vectors. Lentiviruses, which include HIV, can infect non-
replicating cells and could potentially infect nondividing
stem cells during ex vivo treatment. Lentivirus vectors
could also be useful for therapy involving other nondividing
cells, such as neurons.

It would be of considerable utility to be able to target
retroviruses to specific cells. One possible approach to this
is to replace all or part of the external domains of the retro-
viral surface glycoprotein with a monoclonal antibody that
is directed against an antigen expressed only on the target
cells. In principle, this approach is feasible, but whether it
can be developed into something practical is as yet an open
question. If specific cells could be infected, it would allow
protocols in which the therapeutic gene would be expressed
only in cells where it would be most useful. It would also
allow the specific killing of cells such as tumor cells or
HIV-infected cells. For example, the retrovirus could
express a gene that rendered the cell sensitive to toxic drugs
such as BUdR. A retrovirus vector that expressed such a
gene could also be useful for conventional gene therapy,
because it would allow the infected cells to be killed if the
infection process threatened to get out of hand.

Alphaviruses

The genomes of plus-strand RNA viruses are self-
replicating molecules that replicate in the cytoplasm, and
they can express very high levels of protein. These proper-
ties make them potentially valuable as expression vectors.

The alphaviruses possess a genome of single-strand
RNA of about 12 kb (Chapter 3). Their genomes can be
easily manipulated as cDNA clones, and infectious RNA
can be transcribed from these clones by RNA polymerases,
either in vivo or in vitro. RNA transcribed in vitro can be
transfected into cells and give rise to a full yield of virus,
whereas RNA transcribed in vivo will begin to replicate and
produce virus. The structural proteins are made from a
subgenomic mRNA, making it easy to insert a foreign gene
under the control of the subgenomic promoter. Two
approaches that have been used are illustrated in Fig. 9.4. In
one approach, a second subgenomic promoter is inserted
into the genome downstream of the structural proteins, or
between the structural proteins and the nonstructural pro-
teins (Fig. 9.4C). Two subgenomic mRNAs are transcribed,
one for the structural proteins and the second for the gene
of interest. The size of the insert must be relatively small,
on the order of 2000 nucleotides or less, because longer
RNAs are not packaged efficiently. However, this system
has the advantage that the resulting double subgenomic
virus is an infectious virus that can be propagated and
maintained without helpers. 

A second approach is to delete the viral structural pro-
teins and replace them with the gene of interest. In this

case, there is room for an insert of about 5 kb that will still
allow the resulting replicon to be packaged. The replicon is
capable of independent replication, and transcription of a
subgenomic messenger results in expression of the gene of
interest. The replicon constitutes a suicide vector. It cannot
be packaged unless the cells are coinfected with a helper to
supply the structural proteins, or unless a packaging cell
line that expresses the viral structural proteins is used. 

Alphavirus replicons can be extremely efficient in
expressing a foreign gene. In some cases as much as 25%
of the protein of a cell can be converted to the foreign
protein expressed by the replicon over a period of about
72 hr. Wild-type replicons are cytolytic in vertebrate cells,
inducing apoptosis, and the infection dies out. However,
replicons have been produced with mutations in the repli-
case proteins that are not cytolytic and will produce the
protein of interest indefinitely. Thus, a wide sprectrum of
choices is available, and the system chosen can be adapted
to the needs of a particular experiment or treatment.

Viral expression systems would be more useful if they
could be directed to specific cell types. An approach that
uses monoclonal antibodies to direct Sindbis virus to
specific cells has been described. Protein A, produced by
Staphylococcus aureas, binds with high affinity to IgG. It is
an important component of the virulence of the bacterium
because it interferes with the host immune system. The IgG
binding domain of protein A has been inserted into one of
the viral glycoproteins. Virions containing this domain are
unable to infect cells using the normal receptor. However,
the virus will bind IgG monoclonal antibodies. If an anti-
body directed against a cell surface component is bound,
the virus will infect cells expressing this protein at the cell
surface. Thus, this system has the potential to direct the
virus to a specific cell type. One of the advantages of this
approach is that the virus, once made, can be used with
many different antibodies and thus directed against a
variety of cell types. This approach is potentially applicable
to any enveloped virus, and perhaps to nonenveloped
viruses as well.

A modification of the alphavirus system is to use a DNA
construct containing the replicon downstream of a promoter
for a cellular RNA polymerase, rather than using packaged
RNA replicons. On transfection of a cell with the DNA, the
replicon RNA is launched when it is transcribed from the
DNA by cellular enzymes. Once produced, the RNA repli-
cates independently and produces the subgenomic mRNA
that is translated into the gene of interest. As described in
Chapter 8, naked DNA can be used to transfect muscle cells
and perhaps other cells. 

Polioviruses

Plus-strand viruses that do not produce subgenomic
mRNAs, such as the picornaviruses and flaviviruses,
present different problems for development as vectors. The
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translated product from the gene of interest must either be
incorporated into the polyprotein produced by the virus and
provisions made for its excision, or tricks must be used to
express the gene of interest independently. Two approaches
with poliovirus will be described as examples of how such
viruses might be used as vectors.

Poliovirus replicons have been constructed by deleting
the region encoding the structural proteins and replacing
this sequence with that for a foreign gene. The foreign gene
must be in phase with the remainder of the poliovirus
polyprotein, and the cleavage site recognized by the viral
2A protease is used to excise the foreign protein from the

polyprotein. Because the poliovirus replicon lacks a full
complement of the structural genes (it is a suicide vector),
packaging to produce particles requires infection of a cell
that expresses the polioviral structural proteins by some
mechanism. A construct that uses this approach to express
the cytokine tumor necrosis factor alpha (TNF-�) is illus-
trated in Fig. 9.5. A poliovirus “infectious clone” in which a
DNA copy of the viral genome is positioned downstream
of a promoter for T7 RNA polymerase is modified by
replacing the genes for VP3 and VP1 with the gene for
TNF-�. Recognition sites for the poliovirus 2A protease are
positioned on both sides of the TNF-� gene. The TNF-�
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FIGURE 9.5 Generation of poliovirus replicons for expression of foreign genes in motor neurons. Based on
an earlier construct to express interleukin-2 via a poliovirus replicon, the gene for wild-type murine (TNF-�)
was positioned between the VP0 and 2A proteins of poliovirus, replacing VP3 and VP1. It was flanked on
either side by sites for cleavage by the poliovirus 2A protease. These constructs were injected into transgenic
mice expressing the poliovirus receptor, and expression of murine TNF-� was monitored. [Adapted from
Bledsoe et al. (2000).]

protein is produced as part of the poliovirus polyprotein,
and cleaved from the polyprotein by the 2A protease.
Packaged replicons were used to infect transgenic mice that
expressed the polio receptor (Chapter 1). One of the inter-
ests of this system is that poliovirus exhibits an extraordi-
nary tropism for motor neurons in the central nervous
system (CNS) (Chapter 3). The packaged replicons, on
introduction into the CNS, infected only motor neurons,
and therefore the foreign gene was expressed only in motor
neurons. Such replicons may be useful to treat CNS dis-
eases in which motor neurons are affected.

A second approach to the use of poliovirus replicons is
to use a second internal ribosome entry site (IRES)
(Chapter 1) to initiate the synthesis of the nonstructural pro-
teins. If the foreign gene replaces the structural genes, it
will be translated from the 5′ end of the genome. If the
poliovirus nonstructural genes are placed downstream of a
second IRES, internal initiation at this IRES results in pro-
duction of a polyprotein for the nonstructural proteins. This
approach is similar to the approach shown in Fig. 3.3, where
the structural proteins are replaced by a gene of interest.

Rhabdoviruses

In minus-strand RNA viruses, the genomic RNA is not
itself infectious. Ribonucleoprotein containing the N, P, and

L genes is required for replication of the viral RNA, and
thus for infectivity, and only recently have methods been
devised to recover virus from cDNA clones. A schematic
diagram of how virus can be recovered from DNA clones
of the rhabdovirus vesicular stomatitis virus (VSV)
(Chapter 4) is shown in Fig. 9.6. A cell is transfected with a
set of cDNA clones that together express N, P, and L as well
as the genomic or antigenomic RNA. The antigenomic
RNA usually works better, probably because it does not
hybridize to the mRNAs being produced from the plasmids.
Encapsidation of the antigenomic RNA by N, P and L to
form nucleocapsids allows it to replicate and produce
genomic RNA that is also encapsidated. Synthesis of
mRNAs from the genomic RNA, together with continued
replication, results in a complete virus replication cycle and
production of infectious progeny virus that have as their
genome the RNA supplied as a cDNA clone. The yield of
infectious virus is small, but sufficient to isolate individual
plaques and thus obtain viruses from the cDNA clones. 

The ability to rescue virus from a cDNA clone makes it
possible to manipulate the viral genome. Since the rhab-
dovirus genome is transcribed into multiple mRNAs, one for
each gene, and the transcription signals recognized by the
enzyme are well understood, it is relatively simple to add or
delete genes. A modified VSV that was produced by using
DNA clones is illustrated in Fig. 9.7. In this VSV, the surface
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FIGURE 9.6 Rescuing infectious VSV virions from cDNA clones. (A) The rhabdovirus genome organiza-
tion, and a schematic of a cDNA clone containing the genome sequence (cDNA copy of vRNA). (B) A suscep-
tible cell is infected with vaccinia virus expressing the T7 RNA polymerase, and four separate plasmids: the
genome plasmid from which plus-strand antigenome RNA is transcribed, and three individual plasmids
expressing VSV N protein, P protein, and L protein, all under the control of T7 promoters. (C) Plus-strand
vcRNA is transcribed and encapsidated with N, P, and L. The RNP then replicates and viral proteins are
expressed from individual mRNAs transcribed from genome sense RNPs. Virions bud from the cell and 
(D) can infect a new susceptible cell. [Adapted from Conzelmann and Meyers (1996).]
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FIGURE 9.7 Producing a mutual VSV targeted to kill HIV-infected cells. (A) Genome of a rhabdovirus in which the
glycoprotein G gene has been replaced with sequences encoding CD4 and CXCR4, the HIV primary receptor and
coreceptor, and a schematic of a cDNA clone containing the genome sequence (cDNA copy of vRNA). (B) A suscepti-
ble cell is infected with vaccinia virus expressing the T7 RNA polymerase, and four separate plasmids: the mutant
genome plasmid from which full-length vc (plus-strand) RNA is transcribed, and three individual plasmids expressing
VSV N protein, P protein, and L protein, all under the control of T7 promoters. (C) Plus-strand mutant vcRNA is tran-
scribed and encapsidated with N, P, and L. The RNP then replicates and both viral proteins and CD4 and CXCR4 are
expressed from individual mRNAs transcribed from genome sense RNPs. Virions bud from the cell and (D) cannot
infect a new susceptible cell as before in Fig. 9.6, but can infect an HIV-infected cell expressing HIV env proteins on its
surface. Infection with VSV is cytolytic and the HIV-infected cell dies. [Adapted from Conzelmann and Meyers
(1996).]
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glycoprotein present on the VSV particle, called G, has been
deleted and replaced with CD4, the cell surface protein that
is used as a receptor by HIV. In addition a new gene has been
inserted, the gene encoding the HIV coreceptor CXCR4, so
that the virus now contains six genes. The virions produced
are unable to infect the cells normally infectable by VSV
because they lack the G protein. However, because they
contain the HIV receptor and coreceptor on their surface,
they do infect cells that express the HIV glycoprotein on
their surface, such as cells infected by HIV. Since VSV is a
lytic virus, the HIV-infected cells are killed.

USE OF VIRUSES AS EXPRESSION VECTORS

Viruses have been widely used as vectors to express a
variety of genes in cultured cells. This use is of long stand-
ing and has led to important results. Of perhaps more inter-
est are efforts to develop viruses as vectors for medical
purposes. The manipulation of virus genomes to develop
new vaccines is very promising. Although no licensed
human vaccines have been introduced using this technol-
ogy, clinical trials are ongoing. There is also expectation
that viruses will be useful as vectors for gene therapy, and
numerous clinical trials are taking place. The results to date
have been disappointing, but the promise remains. 

Expression of Proteins in Cultured Cells

The use of viruses to express foreign genes in cultured
cells is well established and only a few examples are cited to
illustrate the range and purpose of such use. In addition to
the expression systems described above, which are based
upon vertebrate viruses, expression systems based upon bac-
uloviruses have also been widely used to exprss proteins in
cultured cells. Baculoviruses are large DNA-containing
viruses of insects (Chapter 6). The gene of interest is inserted
by homologous recombination in a procedure that resembles
that used for vaccinia virus. The virus is grown in continuous
lines of insect cells, and large amounts of protein derived
from the inserted gene can be obtained. The protein is often
expressed in a way that leads to its secretion from the cell,
which makes purification of the desired protein easier.

Hepatitis C virus (HCV) does not grow in cultured cells
to titers sufficient to allow studies on the expression of viral
proteins. The only experimental model for the virus is the
chimpanzee, which severely restricts the number and nature
of experiments that can be done. Thus, most of what we
know about the expression of the HCV genome has been
obtained through expression of parts of the genome by virus
vectors, often by recombinant vaccinia virus. These studies
have resulted in an understanding of the two viral proteases
within the HCV genome, the processing pathway through
which the polyprotein translated from the genome is

processed, the function of the viral IRES, and the function
of the viral replicase, among other results. The use of virus
vectors means that such studies on HCV can be conve-
niently conducted in mammalian cells under conditions that
are related to the natural growth cycle of the virus. 

Norwalk virus is another virus for which there is no cell
culture system. The virus can be grown only in human vol-
unteers, again limiting the range of studies that can be
done. Virus particles isolated from the stools of infected
volunteers are often degraded and difficult to purify to
homogeneity. Thus, structural studies of infectious virus
have been limited. Expression of cDNA copies of the struc-
tural proteins of the virus in baculovirus vectors has
allowed the production of large amounts of viral structural
proteins that spontaneously assemble into virus-like parti-
cles. These virus-like particles have been studied by cryo-
electron microscopy, and detailed information on the
structure of the virus has been obtained in this way. 

Baculoviruses are also widely used to prepare large
amounts of protein for crystallographic studies. Such studies
require 20 mg or more of protein, and the baculovirus
system can be used to prepare such quantities. An advan-
tage of the system is that the protein is made in a eukaryotic
cell, which can be important for obtaining the protein folded
into its correct three-dimensional conformation.

Even for viruses for which cell culture systems exist, the
use of virus vectors that express to higher levels can be
advantageous. There are cell culture systems in which
rubella virus will grow and plaque, and there is a full-
length cDNA clone of rubella virus from which infectious
RNA can be recovered. However, the cell culture systems
produce only low amounts of virus proteins, especially of
the nonstructural proteins, and it has been difficult to study
the expression and processing of the nonstructural polypro-
tein. Expression of the nonstructural region of rubella virus
in vaccinia virus vectors or in Sindbis virus vectors has
allowed the production of much larger quantities of the
polyprotein precursor. This has been used to determine the
processing pathways the identification of the virus non-
structural protease, and the identification of the cleavage
sites that are cleaved by this protease. 

As a final example, vaccinia virus vectors and Sindbis
virus vectors have been used to map T-cell epitopes for a
number of viruses (Chapter 8). For this, defined regions of
a viral protein are expressed in order to determine whether
a particular T-cell epitope lies within that region.

Viruses as Vectors to Elicit an Immune Response

Much effort is being put into the development of viruses
as agents to immunize against other infectious agents,
including other viruses. Such an approach has a number of
advantages. There is a large body of experience in the use of
attenuated or avirulent viruses as vaccines. Many of these,
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such as vaccinia virus or the yellow fever 17D virus, both of
which have been used to immunize many millions of people,
can be potentially developed as vectors to express other anti-
gens, such as those in HCV or HIV. Use of a live virus as a
vector to express antigens of other pathogens has many of
the advantages of live virus vaccines. This includes the fact
that only low initial doses are required, and therefore the
expense of vaccine production may be less; that subsequent
virus replication leads to the expression of large amounts of
the antigen over an extended period of time, and the antigen
folds in a more or less native conformation; and that a full
range of immunity, including production of CTLs as well as
of humoral immunity, usually develops. 

No human vaccines have been licensed that use such
recombinant viruses, but there are ongoing clinical trials of
several potential vaccines. Several trials of candidate vac-
cines against HIV have been conducted that use vaccinia
virus or retrovirus vectors to express the HIV surface glyco-
protein. These trials have been moderately successful in the
sense that immune responses to HIV glycoprotein were
obtained, but it is not known if the immune response is pro-
tective. Studies in monkeys with related vaccines against
simian immunodeficiency virus have given mixed results. In
most such trials, immune responses were generated, but these
were not fully protective. One recent trial did generate a pro-
tective response, however, giving hope that continued efforts
in this direction will ultimately work out. A very recent study
with anti-HIV drugs given very soon after infection found
that limiting the replication of the virus early appears to allow
the generation of a protective immune response in some
patients. Of eight patients treated with anti-HIV drugs very
early and then taken off the drugs, five have no detectable
virus 8–11 months after stopping therapy. Although these
studies are preliminary and involve only a few patients, they
do suggest that a nonsterilizing immune response that
restricts virus replication early might prove to be protective.

Other clinical trials have also tested poxviruses as
vectors. Vaccinia virus has been used in an attempt to
immunize against Epstein–Barr virus, and canarypox virus
has been used as a vector for potential immunization
against rabies virus. 

Although no licensed human vaccines use poxvirus
vectors, veterinary vaccines that are based on poxvirus
vectors are in use. One such vaccine consists of vaccinia
virus that expresses the rabies surface glycoprotein. This
vaccine has been used to immunize wildlife. The recombi-
nant vaccinia viruses are spread in baits that are eaten by
wild animals that serve as reservoirs of the virus, such as
skunks, raccoons, foxes, and coyotes. This approach has
been useful in limiting the spread of rabies in wildlife popu-
lations. Other poxvirus-based vaccines include vaccinia
virus vectors to protect cattle against vesicular stomatitis
virus and rinderpest virus, and to immunize chickens
against influenza virus; pigeonpox virus vectors to immu-
nize chickens against Newcastle disease virus; fowlpox

virus vectors to immunize chickens against influenza,
Newcastle disease , and infectious bursal disease viruses; a
capripox virus vector to immunize pigs against pseudorabies
virus; and a canarypox virus vector used to immunize dogs
against canine distemper virus. Thus, it should be possible to
develop human vaccines based on poxvirus vectors.

In a quite different approach, clinical trials of a novel
vaccine against Japanese encephalitis (JE) virus have begun
recently. JE is a scourge in parts of Asia, causing a large
number of deaths and neurological sequelae in people that
survive the encephalitis (Chapter 3). Vaccines in wide-
spread use are inactivated virus vaccines, and the
difficulties in preparing the large amounts of material
required and delivering it to large segments of the popula-
tion are significant. An attenuated virus vaccine, SA14-14-
2, has been prepared in China by passing the virus in
cultured cells and in rodent tissues. This vaccine is safe but
overattenuated, so that the effectiveness is only 80% after a
single dose. In contrast, the yellow fever virus (YF) 17D
vaccine has an effectiveness of virtually 100% after a single
dose, and immunity is long lasting, probably lifelong. A
candidate JE vaccine has been developed that consists of
the 17D strain of YF virus in which the prM and E genes
have been replaced with those of JE, as illustrated in 
Fig. 9.8. Four chimeric viruses were tested. The JE struc-
tural proteins were taken from either the virulent Nakayama
strain or from the attenuated SA-14-14-2 strain. In both
cases, chimeras containing all three structural proteins from
JE were tested as well as chimeras that contained only prM
and E from JE. Chimeras containing C, prM, and E from JE
were not viable, whereas chimeras containing only prM and
E from JE were viable and grew well in culture (Fig. 9.8). 

The viable chimeras were first tested in mice. The
chimera containing the Nakayama strain proteins caused
lethal encephalitis in mice, as does the YF 17D virus (even
though it is safe for use in humans). However, the chimera
containing prM and E from the attenuated JE strain was
fully attenuated in mice and did not cause illness. The fully
attenuated chimera was chosen for testing in monkeys, and
was found to be safe and to protect monkeys against chal-
lenge with JE virus. 

Clinical trials of this candidate vaccine have begun in
humans. There is every reason to believe that this vaccine
will be safe and more effective than the JE vaccines now in
use. Furthermore, this approach should be applicable to
other flaviviruses, such as the dengue viruses, for which no
licensed vaccines exist, or West Nile virus, which recently
spread to the Americas and caused a number of fatal cases
of human encephalitis in the New York area.

Gene Therapy

A number of genetic diseases result from the failure to
produce a specific protein. One of the more exciting poss-
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FIGURE 9.8 Construction of yellow fever/Japanese encephalitis chimeric viruses. Starting with the full-length
cDNA clone for 17D yellow fever virus, a number of chimeric viruses were constructed in which the M and E proteins
were replaced with those of different strains of Japanese encephalitis virus. However, when C, M, and E of JE were put
into the yellow fever clone, no viable virus was obtained. Both prM-E chimeras grew well in tissue culture, and were
neutralized by anti-JE antiserum. YF/JE-S prM-E was attenuated, and did not kill adult mice by intracerebral inocula-
tion, but YF/JE-N prM-E was neurovirulent. PRNT is the log reciprocal of the dilution yielding 50% plaque reduction
neutralization, based on 100 PFU on LLV-MK cells, using either YF or JE hyperimmune ascitic fluid. [Adapted from
Chambers et al. (1999).]

ible uses for virus vectors is for the expression of a missing
protein as a cure for the genetic defect associated with its
absence. Some genetic diseases that might be curable
through the use of gene therapy are listed in Table 9.1. For
successful treatment, expression of the missing protein
must be long-term and preferably lifelong, the levels of
protein produced must be sufficient to alleviate the symp-
toms of the disease, the protein must be expressed in or
translocated to those cells that require the normal protein
for function, and infection with the virus vector must be
free of disease symptoms. Because of the requirement for
long term expression, viruses whose DNA integrates into
the host chromosome, which include retroviruses and
adeno-associated viruses, offer the most promising system
for many diseases. To date, several hundred patients have
been treated with vectors based on Moloney murine

leukemia virus in clinical trials. Clinical trials have also
been conducted that use adenovirus vectors and adeno-
associated virus vectors. A comparison of various virus
systems that are being considered for gene therapy is shown
in Table 9.2. Naked DNA has also been used in a recent
trial for coronary artery disease, and the properties of this
system are included in the table. 

In addition to the possible treatment of genetic defects,
virus vectors may also be useful for the treatment of a
number of acquired diseases. These include cancer, HIV
infection, Parkinson’s disease, injuries to the spinal cord,
and vascular diseases such as restenosis and arteriosclero-
sis. A partial listing of candidate diseases for gene therapy
is given in Table 9.1. 

A partial listing of clinical trials that attempt to treat
several different genetic defects, the diseases rheumatoid
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TABLE 9.1 Candidate Diseases for Gene Therapy

Disease Defect Incidence Target cells

Genetic

Severe combined Adenosine deaminase (ADA) Rare Bone-marrow cells or 
immunodeficiency (SCID) in 25% of SCID patients T lymphocytes

Hemophilia A Factor VII deficiency 1:10,000 males Liver, muscle, fibroblasts 
or bone marrow cells

Hemophilia B Factor IX deficiency 1:30,000 males Same as for hemophilia A

Familial Deficiency of low-density 1:1 million Liver
hypercholesterolemia lipoprotein (LDL) receptor

Cystic fibrosis Faulty transport of salt in 1:3000 Caucasians Airways in the lungs
lung epithelium

Hemoglobinopathies, (Structural) defects in the � 1:600 in certain Bone marrow cells that are precursors to red 
thalassemias or � globin gene ethnic groups blood cells

Gaucher’s disease Defect in the enzyme 1:450 in Ashkenazi Jews Bone marrow cells, macrophages
glucocerebrosidase

�1 antitrypsin deficiency, Lack of �1 antitrypsin 1:3500 Lung or liver cells
inherited emphysema

Duchenne muscular dystrophy Lack of dystrophin 1:3000 males Muscle cells

Acquired

Cancer Many causes, including 1 million/year in USA Variety of cancer cell types, in liver, brain, 
genetic and environmental pancreas, breast, kidney

Neurological diseases Parkinson’s, Alzheimer’s 1 million Parkinson’s Neurons, glial cells, Schwann cells
spinal-cord injury and 4 million Alzheimer’s 

patients in USA

Cardiovascular Restenosis, arteriosclerosis 13 million in USA Arteries, vascular endothelia walls

Infectious diseases AIDS > 43 million worldwide T cells, liver, macrophages

Hepatitis B 350 million worldwide Liver cells

Rheumatoid arthritis Autoimmune inflammation Increasing numbers with Intra-auricular delivery and expression of 
of joints aging population IL-1 and TNF-� inhibitors

arthritis and restenosis or AIDS by using virus vectors,
cationic lipids, or naked DNA to deliver specific genes, is
given in Table 9.3. There have been few successes to date
and the table is more of a compendium of the variety of
genes and diseases, as well as the variety of delivery
schemes, that are being examined. Table 9.4 contains a list
of clinical trials that attempt to treat various forms of
cancer by using viruses, or in a few cases other means, to
deliver genes to patients. These trials are all in early stages.

Retrovirus Vectors to Genetically Mark Cells

Retroviruses have been used in a number of clinical
trials to genetically tag cells. Although this use does not fall
within the narrow definition of gene therapy, it does provide
background experience in the use of retrovirus vectors in
humans. One such use has been in bone marrow transplan-
tation for leukemia. Severe forms of leukemia can some-
times be treated by ablation of the hematopoietic system
with chemotherapy and/or X rays in order to kill all tumor
cells, followed by reconstitution of the system by transplan-

tation of bone marrow from a compatible donor. Although
often successful, the leukemia sometimes recurs and it is
desirable to know whether it recurs because of incomplete
destruction of the patient’s leukemic cells or whether the
donor cells are the source of the leukemia. Experiments in
which the donor cells have been tagged using retroviruses
that express a marker gene have been used to answer this
question, which is important for the design of transplanta-
tion protocols.

Gene Therapy for ADA Deficiency

Patients who lack the enzyme adenosine deaminase
(ADA) will die early in life unless treated. Lack of ADA
results in the failure to clear adenosine from the body and,
consequently, the accumulation of adenosine in cells
throughout the body. Adenosine is toxic at high concentra-
tions, producing a variety of symptoms. The most serious
symptom results from the extreme sensitivity of T cells to
elevated adenosine concentrations. Loss of T cells results
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TABLE 9.2 Comparison of Properties of Various Vector Systems

Features Vectors based on RNA viruses Vectors based on DNA viruses Naked DNA

Retroviral Lentiviral Alphaviral Adenoviral AAV Herpesviral Vaccinia

Maximum 7–7.5 kb 7–7.5 kb 5 kb 7.5 kb 4.5 kb ~30 kb >25 kb Unlimited size
insert size

Concentrations, >108 >108 >109 >1010 >1012 >108 107–109 No limitation
viral particles/ml

Route of gene Ex vivo Ex/in vivo In vivo Ex/in vivo Ex/in vivo Ex vivo Ex/in vivo Ex/in vivo
delivery

Integration Yes Yes No No Yes/no No No Very poor

Duration of Shorter than Long Short Short Long Short/ Short Short
expression in vivo theorized long in CNS

Stability Good Not tested Good Good Good Unknown Good Very good

Ease of preparation Pilot scale-up Unknown Unknown Easy to scale up Difficult to purify, Not yet tried Vaccine production Easy to scale up
scale-up up to 20-50 liters difficult to scale up facilities exist

Immunological Few Few Unknown Extensive Unknown Unknown Extensive None
problems

Preexisting Unlikely Unlikely, No Yes Yes Yes Diminishing
host immunity except in as unvaccinated No

AIDS patients population grows

Safety problems Insertional Insertional Few Inflammatory Inflammatory Neurovirulence? Disseminated vaccinia None?
mutagenesis? mutagenesis? response, toxicity response, toxicity Insertional in immunocompromised 

mutagenesis hosts

Source: Verma and Somia (1997) and Jolly (1994).
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TABLE 9.3 Gene Therapy in Clinical Trials in the United States as of 2000

Diseasea Gene Vector Number of Number of Results
trials patients

Monogenic Diseases

Gaucher’s disease GC Retrovirus 3 9 One trial shows long-term elevation of GC 
expression, other trials primarily phase I

OTC deficiency OTC Adenovirus 1 14 Trial suspended after one fatality (see text)

ADA-SCID ADA + NeoR Retrovirus 1 6 Ongoing since 1990

Cystic fibrosis CFTR Adenovirus 9 83 Some correction of defect in 30% of patients, 
but inflammation at clinical doses, and reduction in 
therapeutics with repeated injection

CFTR AAV 4 36 Some correction of defect; phase II study started

CFTR Cationic lipids 4 25 30–50% of patients showed 
improvement

Chronic p47 phox/ Retrovirus 3 9 Phase I/II; study closed in 1998
granulomatosus gp91 phox

Familial LDLR Retrovirus 1 5 Phase I; closed in 1994
hypercholesterolemia

Other Diseases

Rheumatoid arthritis IRAP Retrovirus 1 7 ?

Artery disease and VEGF Naked DNA 2 29 ?
restenosis

Infectious Diseases

AIDS HIV-IT(V) Retrovirus 3 298 Most gene trials for HIV are in phase I, 
with a few in phase II; few results 
reported

CD4-Zeta TcR Retrovirus 3 54

Anti-HIV ribozyme Retrovirus 2 12

TK + HyR Retrovirus 2 14

Antisense to TAR Retrovirus 3 17

Source: Data from the Wiley Journal of Gene Medicine/Clinical Trial Database at the URL:http://www.wiley.co.uk/wileychi/genmed/clinical.
Abbreviations: GC, glucocerebrosidase; OTC, ornithine transcarbamylase; ADA, adenosine deaminase; SCID, severe combined immunodeficiency; CTFR,
cystic fibrosis transmembrane conductance regulator; AAV, adeno-associated virus; p47, phox gene for antimicrobial oxidant. LDLR, low-density
lipoprotein receptor; IRAP, interleukin 1 receptor antagonist; VEGF, vascular epithelial growth factor.
aGene therapy trials for cancer are given in Table 9.4.

in SCID, severe combined immunodeficiency. Both CTL
responses (which are T cell based) and humoral responses
(which require T-helper cells) are impaired. People with
SCID syndrome are unable to mount an immunological
response to infectious agents, and SCID is invariably fatal
early in life unless treated in some way. ADA deficiency
accounts for about 25% of SCID syndromes in humans.

SCID can be treated by bone marrow transplantation if a
suitable donor can be found. In the case of SCID due to
ADA deficiency, weekly or twice weekly injections of ADA
mixed with polyethylene glycol (PEG) have been used to
successfully treat about 60 patients in whom bone marrow
transplantation cannot be used because of the lack of com-

patible donors. Of these, about 10 patients have also been
treated with retroviral vectors that express ADA. In these
experiments, T cells were taken from the patient (or in the
case of three newborns, umbilical cord cells were used),
infected ex vivo with the retrovirus vector using a number
of different cell culture and infection protocols, and the
cells reinfused into the patient. Many of the patients con-
tinue to produce ADA from the vector several years after
treatment. However, all of the patients continue to receive
ADA–PEG injections, which is known to be an effective
treatment. Although some patients who have received retro-
viral therapy have been partially weaned from the supple-
mentary ADA–PEG, it appears that some of these, and
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TABLE 9.4 Clinical Trials of Gene Transfers for Cancer Therapy in the United States as of 2000

Location Gene Vector Number of Number of Phasea

trials patients

Brain cancers

Neuroblastoma IFN� Retrovirus 1 4 1I
IL-2 Retrovirus 1 12 I
IL-2 Adenovirus 1 6 I

Central nervous system TK Adenovirus 2 22 I
Pediatric tumor TK Retroviral producing cells 1 2 I
Adult brain tumor TK Retroviral producing cells 1 15 I

Ovarian cancer HSV-TK Adenovirus 1 10 I
TK Retroviral producing cells 3 42 I
BRCA-1 Retrovirus 1 40 I/II
p53 Adenovirus 1 16 I

Small cell lung cancer IL-2 + NeoR Lipofection 1 8 I
Anti-sense to Retrovirus 1 9 I

k-ras
p53 Adenovirus 2 59 I/II

Prostate cancer GM-CSF Retrovirus 1 8 I/II
PSA Poxvirus 1 3 I
HSV-TK Adenovirus 1 18 I

Breast cancer BRCA-1 Retrovirus 1 21 I
E1A Lipofection 1 16 I
MDR-1+NeoR Retrovirus 4 39 I
CD80 Lipofection 1 15 I
CEA Poxvirus 4 53 I
CEA RNA transfer 1 30 I

Melanoma GM-CSF Gene gun 1 17 I
GM-CSF Retrovirus 2 29 I
HLA-B7/b2m Lipofection 8 165 I/II
IL-2 + NeoR Retrovirus 5 115 I
IFN� Retrovirus 3 91 I
TNF+NeoR Retrovirus 1 12 I/II
MART-1 Adenovirus 1 33 I
MART-1 Poxvirus 2 16 I
gp100 Poxvirus 1 19 I
gp100 Adenovirus 1 7 I
CD80 Lipofection 1 17 I

Miscellaneous carcinomas p53 Adenovirus 1 26 I
HLA-B7/b2m Lipofection 4 76 II
IL-2 Lipofection 1 11 I
CEA Poxvirus 1 8 I

Lymphomas and solid tumors IL-2 Retrovirus 2 29 I
TK Retrovirus 1 11 I
IL-12 + NeoR Retrovirus 1 31 I

Bladder cancer p53 Adenovirus 1 5 I

Colo/rectal, renal, and liver cancers GM-CSF Retrovirus 1 18 I
HLA-B7/b2m Lipofection 4 53 I/II
CD Adenovirus 1 6 I
IL-4 Retrovirus 1 18 I

TNF+NeoR Retrovirus 1 12 I

Source: Same as for Table 9.3.
Abbreviations: IFN�, interferon gamma; IL-2, interleukin 2; TK, thymidine kinase (sometimes used with bromodeoxyuridine); HSV-TK, herpes simplex
thymidine kinase, often coupled with gancyclovir treatment; BRCA-1, breast cancer 1, early onset; PSA, puromycin-sensitive aminopeptidase; CEA,
carcinoembryonic antigen; GM-CSF, granulocyte-marcrophage colony-stimulating factor; MDR-1, multidrug resistance protein 1 (used to insert
chemotherapy-resistance genes into the hematopoetic lineage); CD80, protein involved in T-cell activation; CD, cytosine deaminase; TNF, tumor necrosis
factor.
aDefinitions of phases in a clinical trial: Phase I usually has fewer than 100 healthy volunteers, primarily to gauge adverse reactions, and to determine
optimal dose and best route of administration. Phase II generally consists of pilot efficacy studies involving 200–500 volunteers randomly assigned to
control and study groups. Phase II will test for immunogenicity in the case of vaccines, and duration of expression and amelioration of symptoms for gene
therapy. Note that none of these trials has proceeded beyond phase II, and most are in phase I.
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perhaps all, do not produce enough ADA to be cured. Thus,
although no cures have been effected, the results to date
have been encouraging and suggest that future protocols
may be more successful. Two areas of retroviral therapy that
need improvement are to increase the efficiency with which
stem cells are infected, and the need to prevent the retrovi-
ral promoter from being downregulated. 

Cystic Fibrosis

Cystic fibrosis results from loss of the cystic fibrosis
transmembrane conductance regulator (CFTR), which regu-
lates epithelial transport of ions and water. Although lack of
this protein results in damage to the epithelium in many
parts of the body, the most serious manifestation is lung
disease accompanied by chronic bacterial infection of the
airways. Clinical trials using adenoviral vectors, which
infect respiratory epithelium, to express CFTR in the lungs
have been conducted. The first such studies were encourag-
ing, but a recent trial that was carefully controlled found no
relief of symptoms. Inflammation produced by the high
doses of adenovirus used in trials is also a problem. More
recent trials have begun that use adeno-associated virus.
The results of these trials are preliminary but encouraging.
Cationic lipids have also been used to deliver the gene.

Rheumatoid Arthr.itis

Rheumatoid arthritis is a chronic, progressive inflamma-
tory disease of the joints. An estimated 5 million people in
the United States suffer from it. There is no cure. Drugs
therapies are used that ameliorate the symptoms, but most
of these drugs have side effects and cannot be taken
indefinitely. If the disease progresses far enough, joint
replacement may be required. The disease is associated
with the release of inflammatory cytokines in the affected
joints. Clinical trials have started that use retroviruses to
deliver the gene for an anti-arthritic cytokine gene to the
joints. The gene encodes the interleukin (IL)-1 receptor
antagonist, which inhibits the biological actions of both IL-
1a and IL-1b. It is hoped that such treatment might damp
out the disease or at least keep it from progressing.

A Gene Therapy Failure

Patients who have deficiencies in enzymes that partici-
pate in the urea cycle have increased concentrations of
ammonia in the blood. High concentrations of ammonia
result in various symptoms, which can include behavioral
disturbances or coma. Severe deficiencies in these enzymes
result in early death, but moderate deficiencies can result in
delayed appearance of symptoms and may be partially con-
trolled by diet. One such enzyme is ornithine transcarbamy-
lase (OTC), which is found on the X chromosome.

Deficiencies in OTC are therefore more common in males
than in females.

Gene therapy trials that use virus vectors recently
received a major setback when a relatively fit 18-year-old
male with an inherited deficiency for OTC died 4 days after
an adenovirus vector was injected into his liver. A high dose
of adenovirus (4 × 1010) that expressed OTC was injected in
an effort to achieve adequate levels of enzyme production.
The virus unexpectedly spread widely and a systemic
inflammatory response developed, inducing a fever of
40.3°C. He went into a coma, his lungs filled with fluid, and
he died of asphyxiation. This unfortunate result makes clear
the possible drawbacks to experimental treatments and the
difficulties in designing protocols that allow an adequate
margin of safety while trying to achieve a clinically rele-
vant result.

A Gene Therapy Success: Treatment of Restenosis

A recent gene therapy trial in patients with heart disease
has given very encouraging results. Although this study did
not involve virus vectors, a brief description will be given
since it serves as an incentive for continuation of gene
therapy trials. Coronary artery disease is common in older
people. Angioplasty or bypass surgery is used to open
clogged arteries, but in many patients the arteries close up
again (a process called restenosis). Thirteen patients with
chronic chest pain who had failed angioplasty or bypass
surgery or both were injected in the heart muscle with DNA
encoding vascular endothelial growth factor. This factor
promotes the growth of blood vessels, a process called
angiogenesis. Two months after treatment, all patients
exhibited an improvement in vascularization of damaged
areas of the heart, as shown by imaging and mapping
studies. All patients reported a decrease in disease symp-
toms, and all had an improved performance in treadmill
tests. Although the number of patients is small, the uni-
formly positive results are encouraging.

Viruses as Anticancer Agents

There is hope that viruses can be developed as anti-
cancer agents. Table 9.4 lists a number of malignacies that
are being considered as candidates for treatment using gene
therapy approaches, and that are now in at least phase I
trials. Although more than 1000 patients are participating in
the trials listed in the table, this field is still in its infancy,
and only a brief summary of approaches is presented.

In most of the trials in Table 9.4, viruses are used to
express proteins that control the growth of tumors or that
are toxic to tumor cells. A number of different cytokines
are being tried, such as IFN-�, IL-2, TNF and GM-CSF.
Another approach is to try to repair the defective regulatory
gene in the tumor cell, which is often p53. Many other gene
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products are also being tested. All of these trials represent
preliminary attempts, and it will be some time before we
know if any of them represent successful approaches.

Further afield, thought is being given to the possibility of
using viruses to express proteins overexpressed in tumor
cells in an attempt to stimulate the immune system to
respond by killing tumor cells. This is in essence an attempt
to vaccinate a person against a tumor. For this approach to
succeed, an antigen overproduced by a tumor cell, such as a
melanoma cell, must be identified, inserted into a suitable
vector, and the person with the tumor infected with the
virus vector in an attempt to stimulate the immune system.
In principle, this approach may be feasible, but only time
will tell whether it is in fact practical. 

Another approach is to try to direct the virus, more or
less specifically, to infect the tumor cells, so that upon
infection the cells are killed. Cell death might result either
because the virus itself is cytolytic or because the virus
expresses a protein that renders the cell sensitive to a toxic
agent such as BUdR. A number of the trials listed in 
Table 9.4 use the TK gene for this, since cells that express
TK are sensitive to BUdR.

A number of possible vectors have been suggested as a
way to specifically kill tumor cells. One concept is to try to
cure or control brain tumors, especially gliomal tumors, by
using either herpesviruses or retroviruses. Simple retro-
viruses can only replicate in dividing cells. Thus, they
should be able to infect only tumor cells in the brain, since
most neuronal cells are terminally differentiated and do not
divide. If the retroviruses express a protein that renders the
cells sensitive to a toxin, it might be possible to kill repli-
cating cells and therefore only the tumor cells. A different
approach has been to try to use herpesviruses as antitumor
viruses. These viruses set up latent infections in neurons
and might in principle be used to control brain tumors. 
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Alphaviruses. see also specific viruses

as arboviruses, 79–80
characterization, 75–76
encephalitic, 80–82
envelopes of, 46–47
genome expression, 76, 78–79
polyarthritis caused by, 82–83
structure, 46–47
vector development, 352

ANT70C, 204
Antibodies. see also Immunoglobulins

adaptive, 311–317
B cell activation, 312–314
classifications, 311–312
heavy chain formation, 312–314
light chain formation, 312–314
secretion, 315–317

Aphthoviruses, 69
Apo-1. see Fas receptor
Apoptosis

Bcl-2 inhibition, 339–340
CTL-induced, 310
description, 324–326
necrosis-induced, 28
viral inhibition, 338, 341

Arboviruseses, 79–80
ARDS. see Acute respiratory disease syndrome
Arenaviruses. see also specific viruses

associated diseases, 164–168
characterization, 162
genome organization, 162–164
natural history, 164–166

Arteriviruses, 102, 104
Astroviruses, 74
Avian leukosis virus, 25
Avian sarcoma viruses, 28–29
5′ azidothymidine, 201
AZT. see 5′ azidothymidine

B
Baculoviruses, 357
B cells

activation, 314–315

antibody secretion, 311–312, 315–317
EBV and, 246–248
memory, 317

Bcl-2, 325–326, 339–340
BDV. see Border disease virus
Beta genes, 240–243
Betaherpesviruses, 238
Betaretroviruses. see also specific viruses

characterization, 194
dUTPase gene, 189

Beta-sandwich fold, 36–37
BK virus

characterization, 264
infections, 264–265

Blood-borne transmission, 29–30
Blue tongue virus

atomic structure, 40–42
characterization, 118
symmetry, 36–37

BMV. see Brome mosaic virus
Border disease virus, 98–99
Borna disease virus, 146–147
Bornaviridae. see Borna disease virus
Bovine ephemeral fever virus, 132
Bovine herpesviruses, 234
Bovine immunodeficiency virus, 205
Bovine leukemia viruses, 195
Bovine papillomavirus, 265
Bovine spongiform encephalopathy, 294–295
Bovine viral diarrhea virus, 98–99
BPV-1. see Bovine papillomavirus
Brome mosaic virus, 104
Bromodeoxyurdine, 348, 365
BUdR. see Bromodeoxyurdine
Bunyaviruses. see also specific viruses

genome organization, 156–157
genus, 159
mRNA 5’ extensions, 20
M segment, protein expression in, 158–159
replication, 157
S segment, protein expression in, 157–158

Burkitt’s lymphoma, 248–249
BVDV. see Bovine viral diarrhea virus
B19 virus. see Erythroviruses
B virus, 252
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C
CAEV. see Caprine arthritis-encephalitis virus
Caliciviruses, 71
Cancer, viral agents against, 364–365
Canine parvovirus, 275–276
Cap-independent translation, 24–25
Caprine arthritis-encephalitis virus, 205
Capsid proteins, 181–182
CAR. see Coxsackie-adenovirus receptor
Cardioviruses. see also specific viruses

characterization, 68
RNA translation, 60

Caspase-8, 324
CD4

binding HSV, 12
characterization, 11, 311

CD8
characterization, 311
domains, 307

CD95. see Fas receptor
CD155, 10–11
CD46 protein, 142
Central European encephalitis, 95–96
Central nervous system

CD155 expression, 10
effects of poliomyelitis, 63
motor neurons, replicon treatment, 354
mumps virus and, 137

Cervical cancer, HPV association, 268–269
Chandipura virus, 129
Chemokines

CCR5, expression, 12
characterization, 12
viral counterdefenses, 341–342

Chickenpox, 245
Chymotrypsin, 26–27
CJD. see Creutzfeldt-Jakob disease
Classical swine fever virus, 98–99
c-myc

Burkitt’s lymphoma, 249
product regulation, 193

CNS. see Central nervous system
Colds, 102
Colorado tick fever virus

characterization, 118, 120
in erythrocytes, 120

Coltiviruses, 118, 120
Complement system, 317–318
c-onc, 192
Congenital infections, 30
Core particles, 41
Coronary artery disease, 364
Coronaviruses. see also specific viruses

associated disease, 102
glycoprotein envelope, 102
nomenclature, 100
RNA genome, 100–101

Cowpea mosaic virus, 37–38
Cowpox virus, 319
Coxsackie-adenovirus receptor, 8
Coxsackie viruses, 67
CPV. see Canine parvovirus
Creutzfeldt-Jakob disease

inherited forms, 292–293
occurrence, 291

sporadic, 292
Crimean-Congo hemorrhagic fever virus, 160
CSFV. see Classical swine fever virus
CTF. see Colorado tick fever virus
CTLs. see Cytotoxic T lymphocytes
Culiseta melanura, 80
Cystic fibrosis, 364
Cytokine-binding proteins, 343–345
Cytokines. see also specific cytokines

in cancer therapy, 364–265
characterization, 326
viral counterdefenses, 341–342

Cytomegalovirus
characterization, 250
effects on MHC class I expression, 335
infections, 250–251
NK cell resistance by, 338
at risk populations, 251

Cytotoxic T lymphocytes
characterization, 307
EBV and, 247
function, 310
HHV-1 HHV-2 and, 244
HBV and, 215
immune response component, 303
MHC expression, 249
peptide presentation, 307–310
role in apoptosis, 324–325

D
Defective interfering viruses, 279–283
Dengue viruses, 92–93
Densovirinae, 270. see also specific viruses
Dependoviruses. see also specific viruses

-adenovirus, coinfection, 274–275
characterization, 274–275
satellites, 283

DIs. see Defective interfering viruses
DNA

containing viruses (see also specific viruses)
classification, 5
effects on p53 concentrations, 339
families, 222
genome expression, 14–15
infections, characterization, 222–223

double-strand, in transcription, 22
first strand synthesis, retroviral, 175
integration, 177
minus-sense, synthesis, 22
replication

papillomaviruses, 261, 266
parvoviruses, 270–271

reverse transcription, 175–176
second strand synthesis, retroviral, 175–176
transcription, hepadnavirus, 212
transport into nucleus, 186
vaccines, 321

DNA polymerases, 15
dUTPase gene, 189

E
E1A proteins, 255–256
EAV. see Equine arteritis virus

Ebola virus
epidemic, 145–146
genome organization, 144
isolation, 145

E1B proteins, 255–256
EBV. see Epstein-Barr virus
Echoviruses, 67
E2F proteins, 255–256
E5 gene, 266, 268
E6 gene, 266, 268
E7 gene, 266, 268
EIAV. see Equine infectious anemia virus
Elongation factors, 23
EMC. see Encephalomyocarditis virus
Encephalitic alphaviruses, 80–82
Encephalitis, associated viruses, 93–96
Encephalomyocarditis virus, 68
Encephalopathies, transmissible spongiform.

see Prion diseases
Enterovirus replication, 63
Enveloped viruses. see also specific 

viruses
with helical nucleocapsids, 48–50
nucleocapsid, 45
structure, 43–46
virion assembly, 53

Env glycoproteins
function, 45–46
processing, retroviral, 182–183
retroviruses encoding, 174
in retrovirus vectors, 349–350
synthesis, 45

Ephemerovirus, 132
Epidemiology, 29–30
Epithelial cells, 250
E3 proteins, 253–254
Epsilonretroviruses relationship to

gammaretroviruses, 172–173
Epstein-Barr virus

associated cancers, 248–250
characterization, 246
primary infection, 246
replication, 246–248

Equine arteritis virus, 104
Equine infectious anemia virus, 205
Erythrocytes

CTF in, 120
orbiviuses in, 118
P antigen, 272

Erythroid progenitor cells, 271–272
Erythroviruses. see also specific viruses

characterization, 271–272
infections, 273

Exanthem subitum. see Roseola infantum

F
Fas receptor, 324, 338
Fecal-oral transmission, 29
Feline immunodeficiency virus

classification, 196
mechanisms, 205

Feline leukemia virus, 190
Feline panleukopenia virus, 276
FeLV. see Feline leukemia virus
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Filoviruses. see also specific viruses
discovery, 144–145
genome organization, 144
structure, 49
virion, 50

Flaviviruses. see also specific viruses
associated diseases

dengue fever, 92–93
encephalitis, 93, 95–96
yellow fever, 90–92

characterization, 86
genome

expression, 88–89
organization, 84–86

structure, 47
virion structure, 89–90

Foot-and-mouth disease virus, 69
FPV. see Feline panleukopenia virus
Fusion protein, 12–13, 45

G
Gag polyproteins

capsid formation, 189
characterization, 20–21
nucleocapsid cleavage, 45
processing, 180–182
processing protease, 27
retroviruses encoding, 174
role in

retrovirus maturation, 48
retrovirus vectors, 349–350
spumaviruses, 205–206

synthesis, 180
Gamma globulin, 69
Gammaretroviruses. see also specific viruses

characterization, 190
-epsilonretroviruses, relationship, 172–173
leukemia-induced by, 190–191
oncogene expression, 191–194

Gastroenteritis
adenoviruses-induced, 257–258
coronavirus-induced, 102
CPV-induced, 276
Norwalk viruse-induced, 71–72
poliovirus-induced, 64

GB viruses, 100
Gene therapy. see also Vector systems

ADA deficiency, 360, 362
cancer, 364–365
cystic fibrosis, 364
failure, 364
heart disease, 364
leukemia, 360
rheumatoid arthritis, 364
success, example, 364
success, factors, 359–360

Gliomal tumors, 365
Glycoproteins, 12–13, 45–46,  see also specific

proteins
arenaviruses, 164
characterization, 129
E1, production, 79
envelope, in coronaviruses, 102
in minus-stranded RNA viruses, 123–124

PE2, production, 79
retroviruses, 182–183

H
Hantaviruses. see also specific viruses

genus, 160–162
M segment, protein expression in, 158–159
pulmonary syndrome, 160–161
S segment, protein expression in, 157–158

Haploid, definition, 6
HA protein. see Hemagglutinin
HBeAg protein, 212
HBV. see under Hepatitis
HCC. see Hepatocellular carcinoma
Heart disease, 364
Helical symmetry, 22
Hemagglutinin

conformational rearrangement, 13
domain formation, 174
function, 45–46
influenza viruses, 149
paramyxovirus, 134–135, 149
production, 55

Hemagglutinin-esterase-fusion protein, 149
Hemorrhagic fever, 160, 166–168
Hendra virus, 142–143
Hepadnaviruses. see also specific viruses

characterization, 210–211
protein synthesis, 212–213
replication, 22
RT in life cycle, 171
transcription, 212

Heparan sulfate, 11–12
Hepatitis

A virus
distribution, 68–69
mortality, 69
vaccines, 69

B virus
classification, 210
HCC and, 215–216
immune system and, 216–217
infections, 215
vaccines, 217–218

C virus
characterization, 99–100
experimental model, 357
protease, crystal structure, 85–86
related viruses, 100

delta virus
antigen, 287–291
assembly, 291
characterization, 282–283
infection, 285
occurrence, 284–285
replication, 286–287
transmission, 285–286

E virus, 73–74
TT virus association, 276

Hepatocellular carcinoma, 215–216
Hepatoviruses. see also specific viruses

classification, 68
in humans, 68

Herpes encephalitis, 243

Herpes simplex viruses
HHV-1, HHV-2

associated diseases, 243–244
characterization, 240
effects on complement activity, 336–337
host interactions, 244
infection

latent, 243
lytic, 240–243
primary, 243

maintenance of, 243
spread of, 243
stress and, 243

Herpesviruses. see also specific viruses
apoptosis inhibition by, 339, 341
Bcl-2 homolog production by, 339–340
characterization, 234
classification, 238
effects on MHC class I expression, 335
HHV-3 (see Varicella-Zoster virus)
HHV-4 (see Epstein-Barr virus)
HHV-5 (see Cytomegalovirus)
HHV-6, HHV-7, HHV-8, 251–252
genera, 234
latency, 234, 236–237
nomenclature, 238
nucleocapsid, 47
receptor, 11–12
replication, 239–240
structural protein, 46
virion structure, 239

Herpetic whitlow, 244
HIV. see Human immunodeficiency virus
Hodgkin’s disease, 250
Host cells

chronic infection, 28
effects of

adenoviruses, 257
HHV-1 HHV-2, 244
poxviruses, 226, 228
retroelements, 210

HDV, 291
lipids derived from, 43
lytic infection, 27–28
orthoreovirus entry, 110, 112
transformation of, 28–29
-viruses

evolution, 22–23
interactions, 345–346

HPIV. see Human respiroviruses
H protein, 142
HPV. see Human papillomaviruses
Human immunodeficiency virus. see also

Acquired immunodeficiency syndrome
accessory genes, 184–186
accessory protein function, 188–189
CD4 receptor, 11
immune response to, 357–358
immune system evasion tactics, 337–338
origins, 204
quiescent cell infection, 186
unspliced RNA, 187–188

Human papillomaviruses
associated warts, 268–269
cellular proliferation, 265
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Human papillomaviruses (continued)
cervical cancer association, 268–269
tissue specificity, 268
types, identification, 268

Human respiroviruses. see also specific viruses
characterization, 135
respiratory infections by, 136–137

I
Icosahedral symmetry

adenoviruses, 42
alphaviruses, 46–47
atomic structures, 37–38
blue tongue virus, 40–42
description, 35–37
enveloped viruses, 43–45
nonenveloped viruses, 42–43
nucleocapsids, 47–48
polyomaviruses, 39–40
pseudo T=3 viruses, 37–38
T=3 viruses, 37
virus comparisons, 37

ICTV. see International Committee on
Taxonomy of Viruses

IFNs. see Interferons
Immune system. see also specific components

adaptive
B cells, 311, 314–315
control of virus infection, 318
CTLs, 307–310
MHC

description, 303–307
interference, 334–336

T-helper cells, 311
compromised, effects of EBV, 250
HBV and, 216–217
innate, 323–324
response, components, 303
vector systems and, 357–358
viral circumvention of, tactics

apoptosis inhibition, 338
Bcl-2 homolog production, 339–440
chemokine activity disruption, 341–342
in complement system, 317–318
cytokine activity disruption, 341–342
effector cell infection, 337–338
evasion of antiviral state, 342–343
evolution, 332, 334
Fas signaling interference, 338
IFN signaling interference, 343
latent infections, 337
MHC I interference, 334–336
NK cells activity interference, 338
rapid drift, 338
rapid growth, 334
serpin production, 338
TNF signaling interference, 338
virokines secretion, 345

Immunoglobulins
Burkitt’s lymphoma, 249
classifications, 311–312
heavy chain formation, 312–314
IgA, function, 316
IgD, function, 316–317
IgE, function, 316

IgG, function, 316
IgG, protein A binding to, 352
light chain formation, 312–314
production, 315–317

Indiana vesiculovirus, 129
Infections

chronic, 28
congenital, 30
control of, 318
death rate, decline, 1–2
latent, 337
lytic, 27–28

Influenza viruses
classification, 147–148
DIs, 281–282
glycoproteins, 149
mRNA 5’ extensions, 20
neuraminidase in, 46
proteins encoded by, 148–149
rapid drift, 338
receptor, characterization, 11
type A

antigenic shift/drift, 155
associated illnesses, 151–152
epidemics of, 151
natural history, 151
pandemic of 1918, 153–156
vaccination, 155–156

type B, 156
type C

description, 102
glycoproteins, 149
infections, 156

virions assembly, 150–151
Integrase, 174
Interferons

activity, viral neutralization, 344–345
antiviral state, 331–332
biological effects, 330–331
characterization, 326
effect on mRNA translation, 332
functions, 326
genes induced by, 331–332
induction, 327–329
receptors, 329–330
signal transduction

response, 329–330
viral interference, 343

therapeutic use, 332
types, 326–327

Interferon stimulated response element, 354
Interleukin activity, viral neutralization,

344–345
Internal ribosome entry sites

description, 25
EMC’s, usefulness, 68

International Committee on Taxonomy of
Viruses, 6–8

Intracellular proteins, 240
IRES. see Internal ribosome entry site
ISRE. see Interferon stimulated response element

J
Japanese encephalitis virus

description, 93

vaccine development, 358
JC virus, 264–265

K
Kaposi’s sarcoma

development, risk factors, 252
occurrence, 198

Keratoconjunctivitis, 244
Korean hemorrhagic fever, 160
Kunjin virus, 93
Kuru, 291
Kyasanur Forest disease, 95–96

L
L1. see Long interspersed nuclear elements
La Crosse virus, 159
Lactate dehydrogenase-elevating virus, 104
Laminin receptor, 11
Large T antigens

cellular proteins binding to, 260
characterization, 260
DNA replication, 261
mRNA regulation by, 261, 263–264

Lassa fever virus, 165
Latent infection, 27–28
LCMV. see Lymphocytic choriomeningitis

virus
LDV. see Lactate dehydrogenase-elevating

virus
Lentiviruses. see also specific viruses

accessory proteins in  assembly, 188–189
characterization, 195–196
dUTPase gene, 189
effects on MHC class I expression, 335
nonhuman, 205
structure, 48
transcriptional activation, gene for, 186

Leporipoxviruses. see Rabbit myxoma virus
Leukemia

adult T cell, 194–195
alpharetroviruse-induced, 190–191
gammaretroviruse-induced, 190–191
gene expression, 191
gene therapy, 360

Leukoencephalopathy, progressive multifocal,
264–265

LINE. see Long interspersed nuclear elements
Long interspersed nuclear elements, 209
Long terminal repeats

description, 175
integrated provirus, transcription signals, 177
in retroelements, 207
in retrotransposons, 207

LTR. see Long terminal repeats
Lymphocytic choriomeningitis virus, 164
Lyssavirus. see also Rabies

associated diseases, 129–131
genome organization, 132

M
Major histocompatibility complex

activation, 303
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class I
CTL restriction, 307–310
domains, 303
natural killer cells and, 324
peptides

expression interference, 334–336
numbers presented, 304

structure, 304
T cell recognition, 305–307

class II
domains, 303
peptides, 304
structure, 304
T cell recognition, 305–307

downregulation in BL cells, 249
response, IFN-induced, 330–331

Mammalian sarcoma viruses, 28–29
Marburg virus, 144
Mason-Pfizer monkey virus, 48

characterization, 194
sequence, 180

Matrix proteins
characterization, 46
distribution, 125
function, retroviral, 181–182

Maturation cleavages, 53, 55
Measles viruses

complications, 138
effects of, 137–138
introduction to New World, 140
natural history, 138, 140
receptor, 142
vaccines, 140–141, 321–323

Membrane-associated proteins. see Matrix
proteins

Memory cells, 317
Metalloprotease, 27
MHC. see Major histocompatibility complex
Microglobulins, 303
Mitochondria, 325–326
MMR. see Mumps-measles-rubella

vaccination
MMTV. see Mouse mammary tumor virus
Mokola virus, 131
Molluscipoxvirus. see Molluscum

contagiosum
Molluscum contagiosum virus

characterization, 233
immune system evasion tactics, 339

Monkey B viruses, 252
Monkeypox virus, 232
Morbillivirus. see Measles virus
Mosquitoes

alphavirus carriers, 79–80
yellow fever virus, 91

Mouse mammary tumor virus, 194
Mouse polyoma virus

early genes, 259–260
replication, 261

M proteins, 148
mRNA. see under RNA
Mumps-measles-rubella vaccination

development, 84
effects on measles, 140–141
effects on mumps, 137

Murray Valley encephalitis, 93

Mx protein, 331–332
Myelopathy, 194–195
Myocarditis, CPV-induced, 276

N
Nairoviruses. see also specific viruses

genus, 160
M segment, protein expression in, 158–159
S segment, protein expression in, 157–158

Nakayama proteins, 358
Nasopharyngeal carcinomas, 250
Natural killer cells, 324, 338
NDV. see Newcastle disease virus
Neutralization, 55
Newcastle disease virus, 137
New Jersey vesiculovirus, 129
Nipah virus, 142–143
NK cells. see Natural killer cells
Nonenveloped viruses, 42–43
Nonstructural proteins

function, 98
influenza virus production, 124–125
minus-stranded RNA virus production,

124–125
NS3, 98
NS4A, 86
NS2B, 86
in RNA replication, 88–89

Norwalk viruses
characterization, 71–72
experimental model, 357

NPC, see Nasopharyngeal carcinomas
N-terminal protein, 76, 77
Nucleocapsids

budding, 53
description, 45
enveloped glycoproteins, 45–46
helical, 48–50
icosahedral, 47–48

O
Omsk hemorrhagic fever, 95–96
Oncogenes

adenovirus-associated, 253–256
alpharetrovirus expression of, 191–194
discovery, 171
gammaretrovirus expression of, 191–194
replacement of viral genes by, 29

Oral-fecal transmission, 29
Orbiviuses. see also specific viruses

characterization, 117–118
in erythrocytes, 118

Ornithine transcarbamylase, 364
Orthopoxviruses, 228. see also specific

viruses
Orthoreoviruses. see also specific viruses

genome, 110
genus, 109–110
host cell entry, 110, 112
mRNA synthesis, 112
protein translation, 113
virion assembly, 113

OTC. see Ornithine transcarbamylase

P
p53

Burkitt’s lymphoma, 249
cell cycle regulation by, 268
concentrations control of, 340–341
T antigen binding to, 260

p80, 98
P123, 76, 77
p125, 98
Papain-like proteases, 27
Papillomaviruses. see also specific viruses

characterization, 259, 265
classification, 259
DNA replication, 261
early genes, 259–260
human, 264–265
infection, 265
mRNA transcription, 266
target proteins, 256
transforming genes, 266, 268

Parainfluenza viruses, 135–137
Paramyxoviruses. see also specific viruses

emerging, 142–143
genus, 132–132
glycoproteins, 134–135
neuraminidase in, 46
replication, 133
SV-5, glycoproteins, 149

Parvoviruses. see also specific viruses
characterization, 270, 275–276
replication, 270–271
transcription, 270
virion structure, 271

PEG. see Polyethylene glycol
Peripheral blood mononuclear cells, 147
Pestiviruses, 98–99
P gene, 135
Phleboviruses, 160. see also specific viruses
Phosphoprotein, 124–125
Picornaviruses. see also specific viruses

formation, 53
genome expression, 59–62
nomenclature, 58–59
organization, 69–62
protein functions, 62
proteins, 62
replication, 62

PIVs. see Parainfluenza viruses
Plant viruses. see also specific viruses

penetration, 12–14
satellites, 283–284

PMBC. see Peripheral blood mononuclear cells
PML. see Progressive multifocal

leukoencephalopathy
Pneumonia, influenza A virus-induced, 151–152
Pneumovirus, 143
Podospora prions, 300–302
Poliomyelitis

characterization, 63
eradication, 65
vaccine development, 63–64

Polioviruses. see also specific viruses
associated disease, 63
atomic structure, 37–39
eradication, 65
genome expression, 59–62
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Polioviruses (continued)
organization, 59–62
screening for, 65, 67
second protease, 61–62
type 3, 319
vaccine, 265
vector development, 352–354
virion stability, 55

Poliovirus receptor. see CD155
Pol polyproteins

capsid formation, 189
processing protease, 27
in retrovirus vectors, 349–350
in spumaviruses, 206

Poly(A) retrotransposons, 209
Polyarthritis, 82–83
Polyethylene glycol, 362
Polyomaviruses. see also specific viruses

atomic structure, 39–40
classification, 259
target proteins, 256

Polyprotein processing, 25–27
Polypurine tract description, 175
Porcine reproductive and respiratory syndrome

virus, 104
Post-transciptional regulatory element, 212
Powassan viruses, 95–96
Poxviruses. see also specific viruses

apoptosis inhibition, 341
characterization, 223
cytokine-binding protein production by,

344–345
envelopes, 50
host range, 223
-hosts, interaction, 226, 228
immune system evasion tactics, 324–325
replication, 14–15, 225–226
virion structure, 223, 225

PPT. see Polypurine tract
PRE. see Post-transciptional regulatory element
Primate T-lymphotropic viruses. see also

specific viruses
accessory genes, 185–186
associated diseases, 194–195
discovery, 171
unspliced RNA, 187–188

Prion diseases
associated protein

characterization, 297–298
ex vivo and in vitro studies, 298–299
mouse studies, 298
role in disease, 299–300
transport to brain, 299–300

description, 291
types

animal forms, 293–294
CJD, 292–293, 295–297
kuru, 291–292

Prions, yeast, 300–302
Programmed cell death. see Apoptosis
Progressive multifocal leukoencephalopathy,

264–265
Pro polyproteins

capsid formation, 189

characterization, 20–21
processing, 180–182
retroviruses encoding, 174

Prospect Hill virus, 160
Protease inhibitors, 201, 203
Proteases

aspartate, 27
metalloprotease, 27
papain-like, 27
serine, 26–27

Protein kinase R
activation, viral interference, 342–343
characterization, 332

PRRSV. see Porcine reproductive and
respiratory syndrome virus

PTLV. see Primate T-lymphotropic viruses

R
Rabbit hemorrhagic disease virus, 73
Rabbit myxoma virus

characterization, 233–234
immune system evasion tactics, 324

Rabies
incubation, 130
perpetuation, 131
transmission, 129
vaccination, 130–131

Rapid drift, 338
Ras proteins, 192
Receptors. see also specific receptors

accessory, 11–12
coreceptors, 11–12
high-affinity, 9–11
for virus entry, 8–9

Reoviruses. see also specific family members
comparison to other RNA viruses, 120
overview, 107–108
replication, 20
serotype 3

genome, 110
host cell entry, 110, 112
mRNA synthesis, 112
protein translation, 113

Reovirus serotype 3, 113
Repeat elements. see Long interspersed

nuclear elements; Long terminal 
repeats

Replication
alphavirus, 79
bunyaviruses, 157
cycle, 8–14
DNA, 254–255
enterovirus, 62–63
Epstein-Barr virus, 246–248
hepadnavirus genome, 213
hepatitis delta virus, 286–287
herpesviruses, 239–240
influenza viruses, 149–150
minus-stranded RNA viruses, 126
NS proteins, 88–89
papillomaviruses, 261, 266
paramyxovirus, 133

parvoviruses, 270–271
picornavirus, 62
poxviruses, 225–226
and virus genome expression

DNA viruses, 14–15
function, 14
hepadnaviruses, 22
retroviruses, 20–21
RNA viruses

ambisense, 15
double-stranded, 20
plus-strand, 15, 17–18

VSV, 129
Respiratory syncytial viruses, 143
Respiratory system diseases

adenoviruses-induced, 258
effects of coronaviruses, 102
hantavirus-induced, 160–161
lower tract, effects of influenza A virus,

151–152
upper tract, rhinovirus replication, 68
viruses causing, 144
virus transmission via, 29

Respiroviruses, 135–137. see also specific viruses
Retinoblastoma susceptibility protein, 255

cell cycle regulation by, 266, 268
T antigen binding to, 260

Retroelements, 210
Retrointrons, group II, 209–210
Retrotransposons

LTR-containing, 209
poly(A), 209

Retroviruses. see also specific viruses
accessory genes, 183–186
assembly, 189
budding, 53
cell transformation by, 28–29
characterization, 172
chronic infection from, 28
conservation, 172
endogenous, 208–209
genome

characterization, 174–175
contents, 173–174
diploid aspects, 176–177
integration, 177
translation, 180–182

nucleocapsid, 47–48
replication, 20–21
ribosomal frameshifting, 25
RT in life cycle, 171
structural differences, 173
vectors

development, 349–352, 360
for rheumatoid arthritis, 364

Reverse transcriptase
elements in living organisms, 206–210
origins, 206
viruses using (see Hepadnaviruses;

Retroviruses)
Reverse transcription

in genome, process
first DNA strand, 175
second DNA strand, 175–176
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in hepadnaviruses, 22
viral RNA, 175

Rev protein, 187–188
Rev response elements, 187–188
Rex protein, 187–188
Rhabdoviruses. see also specific viruses

budding, 53
genome organization, 126–127
structure, 49
vector development, 354–357

Rhesus rotavirus, 114–117
Rheumatoid arthritis, 364
Rhinoviruses. see also specific viruses

characterization, 68
replication site, 68
virion stability, 55

Ribosomal frameshifting, 25
Ribosomal protein S1, 23
Rift Valley fever virus, 160
RNA

alphavirus, 76
arenaviruses, 162–164
cap-independent translation, 24–25
cellular translation machinery, 23–24
in coronavirus, 100–101
DIs, 279–280
double-stranded, 107
genome

polyprotein translation, 20–21
translation, retroviral, 180–182

messenger
adenovirus, transcription, 253–254
HDV, 286–287
synthesis

bunyaviruses, 157, 158
influenza viruses, 149–150
minus-stranded RNA viruses, 126
orthoreoviruses, 112
VSV, 128–129

T antigen regulation, 261, 263–264
pregenomic, 22
replication

alphavirus, 79
influenza viruses, 149–150
NS proteins, 88–89
picornavirus, 62

reverse transcription, 175
splicing, discovery, 254
subgenomic, production, 102
transcription

in hepadnavirus, 212
in papillomaviruses, 266
in simple retroviruses, 177–178, 180
transactivation, 186–187

translation, interference, 332
unspliced, export to cytoplasm, 187–188

RNA polymerase, 23
RNase, 174
RNA viruses. see also specific viruses

ambisense replication, 18–20
classification, 5–6
double-stranded replication, 20
host relationship, 23
minus-sense replication, 18–20

minus-stranded
evolution, 168
genome replication, 126
host range, 126
mRNA synthesis, 126
virion structure, 123–126

nucleocapsids, 45
plus-stranded (see also specific viruses)

characterization, 57
classification, 57–58
evolution, 104, 106–107
origin, 104, 106–107
in plants, 104
replication, 15, 17–18

-reoviruses, comparison, 120
Roseola infantum, 251
Ross River virus, 46–47, 82–83
Rotaviruses. see also specific viruses

activation, 55
human, 114–117
structure, 113

Rous sarcoma virus, 191–192
RREs. see Rev response elements
RSV. see Rous sarcoma virus
RT. see Reverse transcriptase
Rubella virus

characterization, 84
in culture systems, 357

Rubiviruses, 137. see Rubella virus
Russian spring-summer encephalitis, 95–96

S
Saccharomyces cerevisiae, 300
Sag protein, 194
Sandfly fever virus, 160
Satellites

description, 279
viruses, 283–284 (see also Hepatitis delta

virus)
SBMV. see Southern bean mosaic virus
Scaffolds, 53
SCID. see Severe combined immunodeficiency
Scrapie, 293–294
Sendai virus, 135
Seoul virus, 160
Serine proteases, 26–27, 85
Serpin production, 338
Severe combined immunodeficiency, 360, 362
SHFV. see Simian hemorrhagic fever virus
Shingles, 245
Short interspersed nuclear elements, 209
Sialic acid

function, 8
as influenza virus receptor, 11
paramyxovirus receptor, 134–135

Signal transduction interference, 338–339, 343
Simian hemorrhagic fever virus, 104
Simian immunodeficiency virus

associated diseases, 205
classification, 196
HIV association, 204

Simian virus 40
atomic structure, 39–40

early genes, 259–260
genome shape, 15
in poliovirus vaccine, 265
replication, 22–23, 261
symmetry, 36–37

Simplexviruses. see also specific viruses
characterization, 234
host range, 238

Sindbis virus
characterization, 84
in culture systems, 357
receptor, characterization, 11

SINE. see Short interspersed nuclear elements
Sin Nombre virus, 161–162
Sixth disease. see Roseola infantum
Smallpox virus

disease course, 229–230
eradication, 1
history, 228–230
immunity, 229
immunization, 230–231

Southern bean mosaic virus, 37
S protein, 218
Spumaviruses, 205–206. see also specific viruses
St. Louis encephalitis, 93, 95
SV40. see Simian virus 40

T
TAP. see Transporter associated with antigen

presentation
TAT protein, 186
Tax protein, 186–187
Tax-response elements, 186
TBSV. see Tomato bushy stunt virus
T cells

activation, requirements, 310
AIDS association, 196–198, 337–338
CTL (see Cytotoxic T lymphocytes)
EBV association, 250
epitopes, mapping, 357
helper (see CD4; CD8)
memory, 317
MHC recognition, 305–307

TCV. see Turnip crinkle virus
Tegument protein, 46
Telomerase, 206
Thymidine kinase gene, 348
Tick-borne encephalitis, 95–96
TMV. see Tobacco mosaic virus
Tobacco mosaic virus

genome organization, 104
symmetry, 33
virion assembly, 52

Tobacco necrosis virus, 283–284
Togaviridae. see Alphaviruses; Rubiviruses
Tomato bushy stunt virus, 37
Transactivation, RNA, 186–187
Transcription

adenoviruses, 253–254
hepadnavirus, 212
papillomaviruses, 266
parvoviruses, 270
retrovirus, 177–178, 180
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Transcription (continued)
transactivation, 186–187

Translation
cap-independent, 24–25
ribosomal frameshifting, 25
RNA, by picornaviruses, 59–60
viral protein processing and, 23–24

Transmissible spongiform encephalopathies.
see Prion diseases

Transmission
airborne, 29
blood-borne, 29–30
oral-fecal, 29
respiratory, 29

Transporter associated with antigen
presentation

characterization, 308
HSV blocking, 335–336

TREs. see Tax-response elements
Trypsin, 55
TT virus, 276
Tumor necrosis factor

characterization, 324–325
signaling, viral interference of, 338

Tumor necrosis factor-α
activity, viral neutralization, 344–345
in poliovirus vector, 353–354

Turnip crinkle virus
atomic structure, 37
virion assembly, 52

U
U455, 204
UL18, 336
UL83, 336
URE3, 300–301

V
v-abl, 191
Vaccines

AIDS, 203–304
concept of, 318–319
DNA, 321
eradication, 231–232
hepatitis A virus, 69
HBV, 217–218
HPIV, 137
influenza A virus, 155–156
Japanese encephalitis, 358
live virus, 319–320
measles, 140–141, 321–323
MMR

development, 84
effects on measles, 140–141
effects on mumps, 137

poliomyelitis, 63–64
poliovirus, 265, 319–320
poxvirus-based, 358
rabies, 130–131
rotavirus, 114–117
small pox, 230–231
subunit, 320–321

successes, examples, 321, 323
yellow fever virus, 358

Vaccinia virus. see also Smallpox
characterization, 228
in culture systems, 357
spread, 231
storage, CDC, 231
structure, 50–51
vector development, 347–348

Varicella. see Chickenpox
Varicella-Zoster virus

associated diseases, 245
characterization, 245
epidemiology, 246
at risk populations, 245–246

Varicellovirus
characterization, 234
host range, 238

Variola. see Smallpox
Vector systems

adenoviruses, 348–349, 364
alphaviruses, 352
clinical trials, 359–360
description, 347
development, retroviruses, 360
expression vectors

immune response and, 357–358
proteins in cultured cells, 357

patients, 359
polioviruses, 352–354
retroviruses, 349–352, 364
rhabdoviruses, 354–357
vaccinia virus, 347–348

Vesicular stomatitis virus
characterization, 128
genome replication, 129
maturation, 129
mRNA synthesis, 128–129
rescue from cDNA, 354–357
RNA size, 280

Vesiculovirus. see Vesicular stomatitis virus
Vesiculovirus diseases, 129
Viral proteins, 53
Virions

assembly
adenovirus, 255
alphaviruses, 37–38
enveloped viruses, 53
HDV, 291
hepadnavirus, 213
influenza viruses, 150–151
lentiviruses, 188–189
maturation cleavages, 53, 55
orthoreoviruses, 113
parvoviruses, 271
picornavirus, 37–38
retroviruses, 189
self, 52–53

description, 33
flavivirus, 89–90
genome, neutralization, 55
herpesviruses, 239
paramyxovirus, 133–135
parapox, 51
poxviruses, 223, 224

stability, 55
structural proteins, 263–264
structure, 123–126
VP4, characterization, 14

Virusoids, 284
Viroids, 279, 284
Virokine secretion, 345
Virology, science of, 1
Viruses. see also specific viruses

classification
ICTV, 6–8
origins, 5–6

counterdefenses
apoptosis inhibition, 338
Bcl-2 homolog production, 339–340
chemokine activity disruption, 341–342
complement system, 317–318
cytokine activity disruption, 341–342
cytokine-binding protein production,

343–345
effector cell infection, 337–338
evasion of antiviral state, 342–343
evolution, 332, 334
Fas signaling interference, 338–339
IFN signaling interference, 343
latent infections, 337
MHC I interference, 334–336
NK cells activity interference, 338
rapid drift, 338
rapid growth, 334
serpin production, 338
TNF signaling interference, 338–339
virokines secretion, 345

effects on host cell
chronic infection, 28
lytic infection, 27–28
transformation, 28

epidemiology, 29–30
evolution, 3–4
genome

expression, requirements, 22–23
replication, requirements, 22–23

-host, interactions, 345–346
nature of, 4–5
nonenveloped, structure, 42–43
receptors

accessory, 11–12
coreceptors, 11–12
for entry, 8–9
high-affinity, 9–11

as research tool, 1–4
symmetry

helical, 22
icosahedral

atomic structures, 37–42
comparison, 37
description, 35–37

transmission routes, 29–30
in vaccines, 319–320, 320–321
vector systems, 347

v-myb, 191
v-myc, 193–194
v-onc, 192
V protein, 135
Vpx, 184
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VSV. see Vesicular stomatitis virus

W
Warts, 265, 268–269
Wasting syndrome, 199

West Nile virus, 93
Woodchuck hepatitis virus, 291

X
X proteins, 212–213

Y
YBF30, 204
Yeast prions, 300–302
Yellow fever virus

description, 90–92
vaccine, 319, 358
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