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Foreword

Although nucleoside analog reverse transcriptase inhibitors (NRTIs) were
the first active antiretroviral agents that made it to the market—zidovudine, as
early as 1987, less than four years after the discovery of HIV as the causative
agent of AIDS—they remain amainstay of anti-HIV therapy: the “backbone” of
most highly active antiretroviral therapy (HAART) regimens still consists of a
combination of two NRTIs or the nucleotide.

The dramatic impact that the introduction of HAART in the mid-1990s has
had on HIV-related morbidity and mortality in the developed world is one of
the success stories of modern medicine, asuccessstory that wasinitially almost
exclusively ascribed to the introduction of HIV protease inhibitors (PIs), but
that to a greater extent was a consequence of the introduction of molecular
techniques, such as PCR, to measure plasmaHIV-1load. The ability to quantify
the HIV load led to the elucidation of HIV dynamics and an understanding of
the necessity to suppress HIV replication to near minimal levels with a
combination of drugs with nonoverlapping drug resistance patterns. When
these principleswere applied for the first timein the INCAS study, which used
a non-nucleoside RT-inhibitor (NNRTI) instead of a Pl as the third drug or
“anchor drug” inaHAART regimen, NNRTIs—whichwereinitially discarded
because of rapid loss of activity due to the rapid development of viral drug
resistance—were resurrected as a valuable antiretroviral drug class. In fact,
most first line HAART regimens are now NNRTI- and not Pl-based.

With all the excitement about drugs in development with new antiviral
targets, such as HIV entry and proviral integration in the host genome, it is
easy to forget the simplefact that most current first-line HAART regimensrely
exclusively on inhibition of RT, albeit by two different mechanisms.
Combinations of two N(t)RTIsand an NNRTI have proven to be exceptionally
successful, from the perspectives of efficacy, tolerance, and ease of use.

Who would have predicted thisin the early 1990s? Then, NNRTIswere cast
aside because of the aforementioned low genetic barrier against resistance
development, and NRTIswere considered by many to be usel ess drugs because
of the outcomes of the ill-conceived and misinterpreted Concorde and
ACTG155 studies.

Because they can be manufactured at low cost and can be coformulated,
NRTI/NNRTI combinations have also become the dominant regimens used in
the scale up of antiretroviral therapy in resource-poor settings.

The characterizations “timely” and “relevant” thus very much apply to this
book, which covers al aspects of NRTIs, N(t)RTIs and NNRTIs, including

[



vi Foreword

drug discovery, pharmacology, development of viral drug resistance, toxicity,
and prevention of mother-to-child transmission of HIV. In recognition of the
global distribution of HIV and the current momentum to increase access to
antiretroviralsin resource-poor settings, and much to my satisfaction, Reverse
Transcriptase Inhibitorsin HIV/AIDS Therapy also dedicates a chapter to HIV
therapiesin the devel oping world, coauthored by my oldest African friend and
collaborator Elly Katabira.

May the book enlighten, inspire, and guide those involved in antiviral drug
discovery, and those involved in the care and treatment of persons living with
avirusthat isnot only killing individuals on amassive scale, but also fueling a
global tuberculosis epidemic and threatening the survival of whole societies.

Joep M. A. Lange, mb, PhD
Professor of Medicine

Center for Poverty-Related
Communicable Diseases
Academic Medical Center
University of Amsterdam
Amsterdam, The Netherlands



Preface

Inhibitors of nucleic acid biosynthesis have had along and varied history as
therapeutic agents. They have frequently provided the backbone of therapy ina
wide variety of proliferative disorders ranging from infectious diseases to
cancer. Because of the specialized and highly evolved synthetic chemistry in
this area, the many analogs of nucleosides, nucleotides, and their biosynthetic
precursors have found use as tools for basic research. It is not surprising that,
upon discovery of the etiology of AIDS about twenty years ago—it is a
syndrome associated with infection with aretrovirus—nucleoside anal ogs with
potential antiviral activity against the virally encoded RNA-dependent DNA
polymerase (reverse transcriptase) were among the first compounds to be
screened.

Reverse Transcriptase Inhibitorsin HIV/AIDSTherapy coversthe discovery
and development of this class of drugs and others inhibiting the same viral
target from a therapeutic perspective. As the vanguard agents with efficacy in
this disease, these nucleoside analogs were also the first to manifest the
toxicities and resistance associated with chronic administration and inadequate
single-agent potency. Nevertheless, they have retained their position as the
backbone of therapy in the vast majority of newly treated and treatment-
experienced patients. The discovery of several unrelated chemical classes of
inhibitors, all binding to the same target, has meant for many patientsthat viral
reverse transcriptase is the sole target for highly active drug combination
therapy.

Human cells express many polymerases involved in essential functions.
Therefore, there is every expectation that nonselective viral polymerase
inhibitors would possess inescapable mechanism-based toxicities. The HIV
reverse transcriptase, however, has no human counterpart, giving reason to
believe that a wider safety margin might be achievable. This is still a
challenging area of research.

The early chapters describe the role of reverse transcriptase in the viral life
cycle and structural work that hasled to agreater understanding of mechanism
and resistance. The discovery and development of six nucleoside analogs are
described in the next chapters. Among these are drugs representing milestones
in treatment history, such as the benefit of combination therapy, as well as
milestones in pharmaceutical manufacturing, such as coformulation. The
inescapable topics of toxicities and resistance to this class are described in
subsequent chapters.

vil



viii Preface

The non-nucleoside reverse transcriptase inhibitors are described in a similar
fashion in general terms, and two chapters discuss these agents with respect to
pharmacokinetics and comparative clinical efficacy. New reverse transcriptase
inhibitors in al classes in various stages of development are described in one
chapter and the impact of the approved agents on treatment in general and on
vertical transmission in the devel oping world are dealt with in thefina chapters.

Gail Skowron, mbp
Richard Ogden, php
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Structural Studies on HIV Reverse
Transcriptase Related to Drug Discovery

David K. Stammers and Jingshan Ren

REVERSE TRANSCRIPTASE: A DRUG TARGET
FOR THE CHEMOTHERAPY OF HIV AND AIDS

The problems to human health posed by the AIDS epidemic have prompted
wide-ranging research into the causative agent, HIV (1). A greater knowledge
of the virus, including a detailed understanding of the structure and function of
HIV-encoded gene products is generally expected to be valuable in designing
new therapies. HIV, a retroviridae family member, has a relatively small,
single-stranded positive sense ribonucleic acid (RNA) genome that contains
three main genes (gag, pol, and env) as well as regulatory (tat and rev) and
accessory (vif, nef, vpr, and vpu) genes. Although certain of the gene products
(such as gag-pol) are further processed to smaller proteins, there is arelatively
limited number of potential virus-specific targets against which to develop
drugs. The virus-encoded deoxyribonucleic acid (DNA) polymerase has been a
cornerstone target for anti-HIV drug discovery because it produces copies of
the viral genome, a key step in the replication of HIV. Retrovirus polymerases
arereferred to as reverse transcriptases (RTs) because the flow of genetic infor-
mation is from RNA to DNA, the opposite direction to that normally specified.
Because of its important role as the target for many anti-AlDS drugs, HIV RT
(almost exclusively from the HIV-1 serotype) has been the subject of extensive
structural biology studies, particularly studies using X-ray crystallography
(2-5). Such studies have been performed with a number of objectives in mind,
but, in the context of drug discovery, the key areas of interest include under-
standing the binding properties of inhibitors, investigating the mechanisms of
drug resistance at the molecular level, and structure-based drug design.

CATALYTIC PROPERTIES OF RT

RT is a multifunctional enzyme that catalyses at least three reactions:
RNA-dependent DNA polymerase, DNA-dependent DNA polymerase, and

From: Infectious Disease: Reverse Transcriptase Inhibitors in HIV/AIDS Therapy
Edited by: G. Skowron and R. Ogden © Humana Press Inc., Totowa, NJ
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2 Stammers and Ren

ribonuclease H (RNase H) activity (6). HIV RNase H is an endonuclease respon-
siblefor the degradation of the RNA/DNA heteroduplex after the initial copying
of the viral RNA genome. Additionally, RTs are able to bind a specific transfer
RNA (tRNA) that is used as the primer for the RNA-dependent DNA poly-
merase reaction. In the case of HIV-1 and HIV-2, the primer is tRNAYS3, which
has 18 bases from the 3’ end complementary to part of the HIV genome referred
to as the primer-binding site. The initiation step from tRNA is the only stage at
which RNA acts as both template and primer; the complex itself can include
additional factors, such as the nucleocapsid protein, p7 (7). After initiation of
DNA synthesis, the conversion of virus genomic RNA into DNA is a multistep
process involving enzymatic steps interspersed by a series of strand transfers.
The end product of this process is proviral DNA, which is extended relative to
the genomic RNA through a duplication of the long-terminal repeat region.
Proviral DNA isincorporated into the host genome by HIV integrase.

THE HIV RT HETERODIMER

The coding sequence for RT is located within the pol gene, which also con-
tains protease and integrase enzymes. The pol gene is translated as a gag-pol
fusion protein, which is the result of a frame-shift event occurring at a fre-
guency that gives aratio of gag to gag-pol of 40:1. The protease then cleaves
out itself aswell as other gag and pol proteins, including RT, from the polypro-
tein. The translated HIV-1 RT contains 560 residues, resulting in a band that
migrates on sodium dodecylsulfate polyacrylamide gel electrophoresis with an
apparent molecular weight of 66 kDa (p66). Recombinant HIV RT can form a
homodimer (p66/p66 for HIV-1) that undergoes further HIV protease-catalyzed
cleavage of one subunit between residues 440 and 441 (Tyr-Phe), resulting in
the removal of the C-terminal RNase H domain (p15) and yielding the stable
heterodimer (p66/p51) (8), which is the form found in the virion (9). The
released p15 fragment seems largely devoid of RNase H activity and appar-
ently has no other function. As described in alater section (The Architecture of
the HIV-1 RT Heterodimer), the p51 subunit has a radically different arrange-
ment of its four domains compared with the corresponding region of p66, and
is not an active DNA polymerase. There is evidence that the p51 subunit may
have arole in binding the tRNAYS3 required for priming the RT reaction (10).

CLASSES OF DRUGS THAT TARGET HIV RT
Nucleoside Analog Inhibitors of RT

The development of antiviral agents before the HIV era was mainly focused
on compounds active against the human herpesviruses. In vitro screening of
compounds against herpesvirus in tissue culture successfully identified the
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nucleoside analog, acyclovir, which became awidely used drug. Acyclovir isa
guanosine analog containing an acyclic sugar chain, and itsinitial activation is
via a selective phosphorylation by the thymidine kinases of herpesviruses such
as herpes simplex 1 or varicella zoster (11). Acyclovir triphosphate acts as a
substrate for the herpesvirus-encoded DNA polymerase, leading to incorpora-
tion into the primer strand and chain termination. Thus, nucleoside analogs
were obvious starting pointsin the search for anti-HIV drugs, although, in con-
trast to most herpesviruses, HIV does not encode a thymidine kinase, hence,
the activation of the nucleoside is entirely via cellular kinases. Inhibitor screens
against HIV in tissue culture identified a number of potent nucleosides, and
zidovudine (azidothymidine) was rapidly approved for treating AIDS patients.
Biochemical assays identified zidovudine triphosphate as a selective inhibitor
of HIV RT compared with the cellular DNA polymerase-a. (12). Zidovudine-
triphosphate acts as a competitive inhibitor of the substrate thymidine triphos-
phate (dTTP), but can itself also be incorporated into the primer strand and,
thereby, act as a chain terminator because an azido group occupies the 3'-ribose
position (13). Further nucleoside analogs, such as didanosine, zalcitabine,
lamivudine, stavudine, and abacavir, have been approved for treatment of HIV
infection; in each case, they act as RT inhibitors by similar competition/chain
terminating mechanisms. The nucleoside class of inhibitors of RT isreferred to
as the nucleoside analog RT inhibitors (NRTIs). Some NRTIs are not fully
selective for HIV RT and can also inhibit certain cellular DNA polymerases,
which is thought to contribute to clinical toxicities, such as neuropathy (14).

Non-Nucleoside RT Inhibitors
First-Generation Non-Nucleoside RT Inhibitors

After theinitia identification of NRTIs as therapeutic agents for treating HIV
infection, a second distinct class of RT inhibitors, referred to as non-nucleoside
RT inhibitors (initially abbreviated as NNIs, but more recently referred to as
NNRTIs) was discovered (14-16). NNRTIs were found by screening com-
pound libraries against HIV-1 virus in tissue culture or against recombinant
HIV-1 RT in enzyme asssays. Asthe nameimplies, NNRTIs generally are struc-
turally distinct from nucleosides, they are hydrophobic molecules of diverse
chemical structure that are generally highly specific for HIV-1 (Scheme 1).
Kinetically, NNRTIs are noncompetitive with respect to deoxyribonucleoside
triphosphates (ANTPs) and nucleic acid substrates. Crystal structures of RT in
complexes with NNRTIs have revealed the inhibitor site on the p66 subunit to
be distal to the polymerase active site. In the vast majority of cases, NNRTIs do
not inhibit the HIV-2 virus or the RT from this HIV serotype. There are, how-
ever, some reported examples of weak inhibition of HIV-2 RT by NNRTIs, for
exampl e phenylethylthiazolylthiourea (PETT)-2 has an inhibitory concentration
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NRTI resistance
mutations
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p51F ' -
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Scheme 1. Structures of some NNRTI compounds.

of 50% (ICyp) of 2 uM against HIV-2 RT, yet is aimost three orders of magni-
tude more potent against HIV-1 RT (17). First-generation compounds, such
as hydroxyethoxymethylphenylthiothymine (HEPT), nevirapine, 9-chloro-
tetrahydroimidazo-benzodiazepin-2-one (CI-TIBO), and delavirdine, are char-
acterized by large reductions in potency for a wide range of single point
mutations within RT selected by NNRTIs in either tissue culture or clinical use
(18). Thus, first-generation NNRTIs were of very limited use as monotherapies
for the treatment of HIV infection, although, more recently, they have found a
role in multidrug regimens used for highly active antiretroviral treatment. Two
such NNRTIs approved for use in combination therapy with NRTIs or HIV
protease inhibitors are first-generation compounds. nevirapine and delavirdine.
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Second-Generation NNRTIs

Follow-up work after the discovery of nevirapine identified further chemical
series of NNRTIs that demonstrated much greater resilience to the presence of
many of the drug-resistance mutationsin RT identified from earlier studies. For
example, efavirenz shows only a 2-fold loss of activity against the Tyr181Cys
mutation in vitro, whereas, by comparison, nevirapine has a 40-fold reduction
in potency (19). Compounds such as efavirenz are termed second-generation
NNRTIs, and some of these inhibitors show dramatic improvements in their
resistance profile, including the retention of significant activity against RTs
containing two resistance mutations (20). Efavirenz is, to date, the only sec-
ond-generation NNRTI approved for clinical use. It has been shown in the
clinic that resistance to these approved NNRTIs also gives rise to extensive
cross-resistance to currently available NNRTIs. Additional second-generation
NNRTIs, including capravirine (also known as S-1153), are in clinical trials
(20). An objective of a number of structural studies of HIV RT has been to
understand the molecular basis of the differing resistance profiles of first- and
second-generation NNRTIs.

DRUG RESISTANCE OF HIV RT TO INHIBITORS

Resistant forms of HIV are selected in vitro and during the clinical use of
anti-HIV drugs. The rapid turnover of the virus is considered the most signifi-
cant factor giving rise to the selection of such drug-resistant forms, although
the errors generated by the RT (which contains no editing function) also con-
tribute to drug resistance (21). Resistance to zidovudine, the first NRTI used as
monotherapy, emerged in the clinic during a period of weeks to months (22,23),
whereas for the NNRTI nevirapine, resistance was selected in a matter of days
to weeks, making nevirapine useless as monotherapy (24). Despite the intro-
duction of highly active antiretroviral treatment, there is still emergence of
drug resistance in HIV, which, in part, is caused by compliance problems asso-
ciated with the side effects of the long-term treatment needed to treat this
chronic infection. Thus, the selection and spread of drug-resistant virus remains
one of the key issuesin continued efforts to combat HIV and AIDS in Western
countries. These preceding issues are discussed in much greater depth in subse-
guent chapters.

HIV RT CRYSTAL STRUCTURES
The Architecture of the HIV-1 RT Heterodimer

A number of crystal structures of HIV-1 RT have been published during the
last 10 years; mainly of the full RT heterodimer. In addition, structures of some
RT domains have been determined, including the C-termina HIV-1 RNase H (25)
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and N-terminal fragments from HIV-1 (26) and murine Moloney RTs (27). The
HIV-1 RT heterodimer structures determined, to date, can be divided into three
general categories:

1. complexes containing nucleic acid, which include binary complexes with DNA or
RNA/DNA with abound Fab fragment (3,28), a covalently linked double-stranded
DNA (dsDNA) catalytic complex with bound dTTP (29), and a complex with an
RNA pseudoknot (30);

2. unliganded forms (5,31,32); and

3. complexes with NNRTIs, which have been mainly determined in two different
crystal forms (2,4), with a third form described more recently (33).

In comparison with HIV protease, for which hundreds of structures have been
reported, there are a more limited number of HIV RT structures available (cur-
rently <100 are deposited in the Protein Data Bank, www.pdb.org). The higher
molecular weight of RT compared with protease (117 kDa vs 18 kDa) and the
presence of many domainsin RT that may giveriseto flexibility probably account
for the poor quality of many of the RT crystals studied. Theresult isthat RT crys-
tals show weak diffraction, often to only medium resolution, therefore, the col-
lection of accurate X-ray datato sufficient resolution for full structural refinement
is not always straightforward. Such technical difficulties, in turn, provide alimit-
ing factor in attempting structure-based drug design approaches. Initia studies
using amonoclinic crystal form of HIV-1 RT were carried out at 3.5-A resolution
(2) but a more favorable orthorhombic crystal form, capable of diffracting to
2.2 A after apartial dehydration procedure (34,35), has proved the most useful
in yielding well-refined, high-resolution structures.

Thefirst crystal structure of HIV-1 RT revealed the basic architecture of the
p66/p51 heterodimer (2). The N-terminal portion of the p66 subunit is arranged
in a structure that is analogous to an open right hand containing three domains,
referred to as fingers, palm, and thumb. The connection domain follows the
thumb domain and leads finally to the C-terminal RNase H domain. One of the
most surprising features of this structure was the radically different arrange-
ment of the four domains within the p51 subunit when compared with the p66
subunit, such that the cleft is occluded in p51, therefore, this subunit cannot be
an active polymerase (Fig. 1).

The assignment of secondary structure elementsin RT modelsisvaried in dif-
ferent reports (2—4). This variation could be caused by some genuine changes
between structures but is also the inevitable result of the limited resolution of the
first RT structures determined, which meant that it was not possible to carry out
full structural refinements, resulting in some incorrect assignments of secondary
structure and alignments of amino acid sequences to the models. Some changes
to theinitial secondary structure nomenclature of Kohlstaedt et al. (2) were made
for the RT/DNA/Fab complex (3). However, the results from the first fully
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NRTI resistance

i ‘ mutations
' ’ dTTP

RNase H
active site

Fig. 1. Schematic diagram showing the overall structure of HIV-1 reverse transcrip-
tase (RT). The protein chains are shown as ribbons and coils with the p66 subunit in
light gray and the p51 subunit in dark gray. The double-stranded deoxyribonucleic acid
in the structure of a catalytic complex (29) isdrawn as spiral ladder with T and P mark-
ing the template and the primer, respectively, whereas the bound thymidine triphos-
phate (dTTP) is drawn in ball-and-stick representation. The key residues of the
polymerase and ribonuclease H (RNase H) active sites are indicated as black spheres.
The gray spheres represent the sites of nucleoside analog RT inhibitor (NRTI)-resis-
tance mutations. The nevirapine molecule shown as a black space-filling model marks
the non-nucleoside RT inhibitor (NNRTI) site.

refined, high-resolution HIV-1 RT structure indicated enough differences in sec-
ondary structure assignments to indicate that a significant revision of the nomen-
clature was necessary (36); the revised nomenclature is used in this chapter.

Interactions Between RT and NRTIs
Nucleotide Binding in the RT Catalytic Complex

A significant step forward in understanding the binding of dNTP substrates
to HIV-1 RT was the structure determination of a catalytic complex of the
enzyme with bound dTTP and covalently linked, dsDNA (29). A modified
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-

Fig. 2. The polymerase active site of the HIV-1 reverse transcriptase (RT) catalytic
complex crystal structure (29). The protein main chains are shown as ribbons and cails.
The template and the primer strands are shown as a spiral ladder. The chain terminator
(ddGMP) and the substrate thymidine triphosphate (dTTP) are highlighted in dark
thicker bonds. The three active-site aspartic acids and residues that interact with the
dTTP are drawn in ball-and-stick representation. The larger gray and small black
spheres indicate the Ca positions of nucleoside analog RT inhibitor-resistant mutations
and two Mg?* ions, respectively.

guanosine base containing a sulfhydryl group was incorporated into the template
strand, allowing linkage to a cysteine introduced at position 258 in the thumb
domain of RT after rounds of dNTP incorporation and chain termination. Such
covalent trapping is necessary to observe the catalytic complex because thereis
alack of specific register between RT and the DNA substrate. The RT complex
with covalently linked dsSDNA has a dideoxyguanylate terminating the primer
strand (29). The next available base in the template is an adenine, alowing the
adjacent dNTP site to be occupied by dTTR, but without further reaction (Fig. 2).
This catalytic complex shows significant differences in conformation of the
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protein compared with the binary RT-DNA structure (37). Thereis a closure of
the fingers and thumb domains, resulting in a more-constricted central cleft
and closer protein contacts with the dNTP site. The template overhang is posi-
tioned outside the central cavity, rather than between the fingers and thumb
domain, as had been previously inferred from modeling studies with the non-
catalytic binary DNA complex (38). dTTP is located at the primer terminus,
with the thymine base stacked as if in a continuous DNA strand, whereas the
side chains of Lys65 and Arg72 interact with its outer surface. The closure of
the fingers domain allows side-chain interactions with the dTTP triphosphate
group (Lys65 with the a-phosphate and Arg72 with the y-phosphate).
Additional interactions are via the main chain NH— groups of residues, 113 and
114, and via two magnesium ions, one of which links to two of the key cat-
alytic aspartates, 110 and 185. The 3'-hydroxy! of dTTP projects into a pocket
that contains the side chains of Asp113, Tyr115, Phell6, and GIn151, as well
as the backbone of residues 113 to 115. This pocket has room to accommodate
the 3'-azido group of zidovudine and, thus, is important for an understanding
of the structure—activity relationships and mechanisms of resistance for this
NRTI (Fig. 2).

Other nucleotide-binding positions have been inferred from model-building
studies. These include lamivudine-triphosphate docked into an RT (Met184l1e)/
DNA complex (39).

Experimental and Modeling Studies Designed to Explain the Structural Basis
for Drug-Resistance Mechanisms for NRTIs

When the first structure of HIV-1 RT was determined, it was immediately
apparent that many of the NRTI-resistance mutations, particularly those for
zidovudine, mapped to positions distal to the putative dNTP site defined by the
three essential catalytic aspartates (2). A number of hypotheses were put for-
ward to explain the distal positioning of NRTI-resistance mutations, including
template rearrangement (38) and long-range conformational changes (40). A
notable exception to the distal positioning of NRTI mutations from the active
site is observed in the case of Met184Val, a mutation that confers a high-level
resistance to lamivudine (41,42). Residue 184 is part of the conserved Y MDD
active-site motif found in al immunodeficiency virus RTs. From model build-
ing and biochemical studies, it seemslikely that the unusual stereochemistry of
the sugar ring of lamivudine gives rise to a steric clash with a -branched side
chain, such as isoleucine or valine (39). The crystal structure of the RT
(Met184lle) binary DNA complex at a 3.5-A resolution also indicates that a
repositioning of the template overhang occurs, which has been suggested as a
contributing factor to the resistance mechanism (39). However, others consider
it not necessary to invoke such a template rearrangement, proposing that the
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steric clash of the mutated side chain with lamivudine triphosphate is sufficient
to explain resistance (43).

Significant progress in resolving certain aspects of NRTI-resistance mecha-
nisms resulted from the determination of the structure of a catalytic complex of
RT in which dsDNA was covalently linked to the enzyme (29). The presence of
achain terminator allowed adNTP (in this case, dTTP) to be bound in the accep-
tor site without reacting further. This structure revealed a closing down of the fin-
gers domain, such that certain residues moved nearer to the active site. Thus, the
site of the characteristic resistance mutation for didanosine at residue 74
(Leu74Vval), which is situated on the B-2 -3 loop, is within 3.5 A of the thymi-
dine ring of dTTP. The catalytic complex aso showed that Lys65, a resistance
mutation for multinucleoside resistance, and Arg72 form direct contacts with the
phosphates of dTTP. Thus, it could be inferred that the effect of the insertion
mutant at position 69 is to cause perturbation of neighboring residues, which, in
turn, alter interactions with the phosphate groups of the nucleotide. GIn151 shows
adirect contact with the nucleotide, again via a phosphate group in the catalytic
complex; thus, the GIn151Met change, a key multinucleotide-resistant mutation,
can be envisaged as causing a selective disruption of the binding of NRTIs com-
pared with the standard nucleotide triphosphates. Although elucidating the struc-
ture of the catalytic complex has been a major step forward in understanding
NRTI-resistance mechanisms, it does not provide al of the answers to zidovu-
dine resistance, because, in several cases (e.g., 215 and 219), mutations are till
positioned at some distance from the dNTP site in the catalytic complex (Fig. 2).

An important breakthrough in the understanding of the possible biochemical
mechanism of zidovudine resistance was the identification of a pyrophospho-
rolysis reaction that is capable of removing zidovudine monophosphate from
the terminated primer strand. Such pyrophosphorolysis can be catalyzed by
pyrophosphate or adenosine triphosphate (ATP). Both the affinity for the
zidovudine monophosphate-blocked primer (44) and the rate of the pyrophos-
phorolysis reaction are increased for the zidovudine-resistant RT containing
four mutations (Asp67Asn, Lys70Arg, Thr215Phe, Lys219GIn) (45,46). ATPis
considered the likely physiological ligand for this reaction because its cellular
concentration (2 mM) is much higher than the pyrophosphate concentration
(47). It has aso been shown that the pyrophosphorolysis reaction is increased
for anumber of RT mutants (48,49) and can release other NRTI chain termina-
tors, including stavudine (47,50).

To date, there have been no crystal structures of HIV-1 RT reported with
bound ATP, although modeling studies have been undertaken (51,52). Docking
ATP into RT by overlapping the phosphate groups in the opposite sense to
dTTP in the crystal structure of the catalytic complex of RT gives a plausible
binding mode. There are indications that the side chain of the key zidovudine-



Structural Studies of HIV RT 11

resistance mutation, Thr215Tyr/Phe, can form aromatic ring-stacking interac-
tions with the adenine ring of ATP, presumed to give tighter binding of the
nucleotide (51,52). However, it is more difficult to envisage a direct interaction
of ATP with residue 41 (Met41Leu in combination with Thr215Tyr gives high-
level zidovudine resistance), and a significant conformational change would be
required to allow contacts. Alternatively, an indirect mechanism might apply,
for example, it has been noted that the side chain of residue 41 interacts with
Phel16, and with the adjacent residue Tyr115, which in turn, forms hydrogen
bonds with the phosphates of dTTP (53).

It has long been recognized that there are interactions between different sets
of resistance mutations in HIV-1 RT. Therefore, the Met184Val mutation that
provides resistance to lamivudine (41,42) reverses the effect of the zidovudine-
resistance mutations, such as those at codons 41 and 215 (54). Similarly, the
nevirapine-resistance mutation, Tyr181Cys, can also restore sensitivity to
zidovudine in previously resistant HIV (55), indicating communication
between the NRTI- and NNRTI-binding sites, over relatively long distances.
Kinetic studies of the effects of the Met184Val mutation suggest that this muta-
tion attenuates the rate of the pyrophosphorolysis reaction, thus providing a
biochemical rationalization of the reversal effect on zidovudine resistance
(56,57). The structural basis for the reversal effect, however, remains unclear.

Clearly, anumber of crystal structures of mutant RTs with covalently linked
DNA in the presence of different NRTIs or ATP are required to provide further
understanding of the mechanism of drug resistance at the molecular level for
this class of anti-HIV drugs.

The NNRTI-Binding Site
Architecture of the NNRTI-Binding Site and the Two-Ring Binding Mode

The NNRTI-binding site is sandwiched between two three-stranded [3-sheets
(B4, B7, and B8; and p911) and is largely contained within the p66 subunit,
the one main exception being the side chain of Glul38 from the p51 subunit
(Fig. 3) (2,4). The NNRTI site represents the largest cavity in the RT molecule
(volume ~720 A3 for the complex with nevirapine). The internal surface of the
pocket is largely hydrophobic in nature, and the loss of accessible surface area
on binding inhibitors is variable but mainly involves shielding of Leul00,
Tyrl81, and Tyr188. Tyr181, Tyr188, and the invariant Trp229 form a sub-
pocket at the “top” of the NNRTI-binding site. Further important contacts that
various NNRTIs make with hydrophobic residues include Val106, Val179,
Phe227, and Tyr318. Some polar residues also form part of the site, including
Lys101, Lys103, and Glul38 (p51). These residues are all positioned at the
periphery of the pocket, in aregion that has access to bulk solvent. The alkyl
regions of the side chains of Lys101, Lys103, and the carboxy! group of Glu138
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Fig. 3. Stereo diagram showing the non-nucleoside reverse transcriptase inhibitor
(NNRTI)-binding pocket formed between two B-sheets, each containing three strands
(B4, B7, and 8; and p9{311). The protein backbone is shown as dark gray ribbons and
coils. The side chains of residues lining the NNRTI pocket are drawn as light gray
sticks. The nevirapine molecule is shown in black ball-and-stick representation. The
broken lines represent hydrogen bonds formed from two water molecules (black
spheres) to the nevirapine. The positions of the Co. atoms of the three polymerase
active-site aspartic acid residues are marked by black spheres (4).

are able to make contact with certain NNRTIs. The charged end groups of
Lys101 and Lys103 have not been observed to interact with NNRTIs in any of
the published structures. The bulky NNRTI, delavirdine (also known as bis(het-
eroaryl)piperazine [BHAP] or U-90152), is able to make a contact viaitsindole
ring with the side chain of Pro236 positioned at the edge of the inhibitor pocket
(Fig. 4), an interaction not accessible to smaller compounds (58). The methy!I-
sulfonamide group of delavirdine projects from the NNRTI pocket into the
bulk solvent, creating a channel between polypeptide segments 225/226 and
105/106. This has been suggested as a possible site of entry for inhibitors into
the pocket (58).

In addition to side-chain contacts, there are a number of hydrogen-bonding
interactions between NNRTIs and protein main-chain atoms. The most com-
monly observed of such hydrogen bonds is with the carbonyl of Lys101, but
hydrogen bonding with Lys103 and Pro236 main-chain atoms have aso been
reported (58,59). Overlap of a core region of the RT palm domain allows
detailed comparison of the binding modes for differing NNRTIs (4), revealing
a remarkable degree of inhibitor overlap between widely divergent chemical
series (Fig. 5) (4,58,60). The common theme is the presence of a “two-ring”
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Fig. 4. Stereo diagram showing the non-nucleoside reverse transcriptase (RT)
inhibitor-binding pocket for the RT/delavirdine (also known as bis(heteroaryl)piper-
azine [BHAP] or U-90152) complex (58). The Ca backbone of the protein is draw as
thinner, dark-gray bonds, the protein side chains surrounding the inhibitor are shown as
thicker, light-gray bonds. The BHAP molecule is shown as a dark ball-and-stick repre-
sentation. The inhibitor makes two hydrogen bonds (broken bonds) to the main-chain
amide nitrogen and carbonyl oxygen atoms of residue Lys103.

system, with an angle of approx 120° (105-148°) between them. The tricyclic
compound, CI-TIBO, does not obviously conform to this mode; however, mod-
eling studies predicted that the CI-TIBO dimethylallyl group overlapped with
one of the two ring moieties (61) and this was confirmed experimentally
(36,60). A further example of an acyclic group mimicking an aromatic ring has
been observed for UC-781. Although UC-781 contains two rings and the naive
assumption is that each should overlap with the NNRTI two-ring pharma-
cophore; in fact, crystallographic studies reveal that the 3-methylallyl group
mimics the second ring in a manner similar to CI-TIBO (60,62). Thus, model-
ing NNRTIs into HIV-1 RT is not straightforward, and, indeed, such studies
have had somewhat varying success. For example, one attempt at predicting
the binding mode of certain carboxanilides was unsuccessful (63) because they
were modeled assuming a trans conformation of the carboxanilide ring,
whereas crystal structures revealed that they bound with a cis conformation
(62). The docking attempts for related carboxanilides (64) were much closer to
the experimentally determined binding mode, however, the subtleties of the
dightly different binding modes of the first-and second-generation versions of
this compound series determined from the crystal structures were not predicted.
A study aimed at predicting the bound conformation of certain thiazolo-iso-
indolinone NNRTIs was performed by overlapping them with CI-TIBO and
nevirapine (61). A largely correct overlap with CI-TIBO was obtained, but the
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Fig. 5. The positions, orientations, and conformations adopted by the representative
non-nucleoside reverse transcriptase (RT) inhibitors (NNRTIs) of 10 different chemical
series in the crystal structures of RT/NNRTI complexes. The inhibitors shown are:
nevirapine (4); a-APA (4); 9-CI-TIBO (36); delavirdine (also known as bis(het-
eroaryl)piperazine [BHAP] or U-90152) (58); phenylethylthiazolylthiourea (PETT)-2
(17); MK C-442 (70); BM+21.1326 (65); UC-781 (62); efavirenz (also known as DM P-
266) (73); and capravirine (also known as S-1153 or AG1549) (59). Two orthogonal
views of the NNRTIs aone are shown in ball-and-stick representations with MK C-442,
efavirenz, and capravirine highlighted in broken black bonds, dark gray, and black,
respectively. The superimposition was performed using Ca atoms of the protein
residues around the NNRTI site (residues 94-118, 156215, and 225-243 from the
palm domain; residues 317-319 from the connection domain; and residues 137-139
from the fingers domain of p51). a-APA, a-anilinophenylacetamide; 9-CI-TIBO,
9-chloro-tetrahydroimidazo-benzodiazepin-2-one; MKC-442, UC-781, BM+21.1326,
DMP-266 are pharmaceutical company designations.

pseudo-chiral center of nevirapine led to an incorrect overlap, as was later
demonstrated by X-ray crystallography of the complex with HIV-1 RT (65).

Mechanism of Inhibition of RT by NNRTIs

After the first structure determination of RT as a complex with nevirapine, it
was suggested that the drug could be inhibiting by distorting the active-site
geometry or by attenuating the conformational flexibility necessary for the cor-
rect functioning of the polymerase, thereby inducing “molecular arthritis’ (2).
Comparison of structures of RT in the presence or absence of an NNRTI reveals
significant local differencesin protein conformation; in particular, the inhibitor
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Fig. 6. Comparison of the polymerase active site and the non-nucleoside reverse
transcriptase (RT) inhibitor (NNRTI)-binding site in the apo enzyme and in the
inhibitor-bound form (RT/1051U91); both structures are in the same crystal form. A
ball-and-stick representation is used for the 1051U91 molecule. Three segments of
protein chain are shown (residues 83—125 and 146-215 from the p66 subunit, and
residues 132-152 from the p51 subunit) with the apo structure drawn in darker gray.
Strands 9311, which lead into the thumb domain, have been omitted from the dia-
gram for clarity. The three aspartic acid residues contributing to the polymerase active
site (residues 110, 185, and 186) are indicated by small spheres marking their Ca
atoms. The three-stranded [3-sheet comprising 4, B7, and 8 moves as arigid body to
create the NNRTI pocket, the direction of movement isindicated by an arrow. The dis-
placement of Co. for Asp186is 1.9 A (31).

site is collapsed in the unliganded RT form (5,31,32). On binding an NNRTI,
the side chains of Tyr181 and Tyr188 undergo a switch from a “down” posi-
tion, which essentialy fills the space occupied by the NNRTI, to an “up” posi-
tion. The Tyrl81 and Tyr188 then form two faces capable of interaction with
inhibitors via aromatic ring stacking, a particularly feature of first-generation
NNRTIs. In addition, there is a significant distortion of the 3-sheet consisting of
strands B4, B7, and 38, which contains the key catalytic aspartate residues
(Asp110, Aspl85, and Aspl86) (Fig. 6). Because of the requirement for precise
alignment of enzyme catalytic groups with the substrate to achieve enhance-
ment of the rate of reaction, distortion of the active site by NNRTIs is likely to
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provide the mechanism of inhibition of RT by these compounds. Pre-steady
state kinetics of NNRTI binding to HIV-1 RT indicated that the inhibitor does
not significantly alter the rate or equilibrium constant for conformational
changes during the catalytic cycle, and these data indicate that there is direct
communication between the NNRTI and polymerase sites (66,67). The Kinetic
results are, therefore, entirely consistent with the structural mechanism of resis-
tance proposed by Esnouf et a. (31). Other structural proposals put forward to
explain NNRTI inhibition include the movement of the 9—311 sheet (68),
however, this region seems to be inherently flexible, because it is capable of
adopting different conformationsin arange of RT/NNRTI complexes and, thus,
isalesslikely candidate for such arole.

Structural Requirements for Tight-Binding NNRTIs

The structure determination of a series of HEPT analogs provided clues
regarding structurally important features that are required for tight-binding
NNRTIs. HEPT isaweak inhibitor of HIV-1 RT (I1Cg, of 17 uM), whereas MK C-
442, which has a bulkier isopropyl group at the 5-position in place of the methyl
group of HEPT, binds orders of magnitude more potently, with a1Cg, of 8 nM
(69). TNK-651 contains a larger substituent in the 1-position compared with
MKC-442, and binds with an IC, of 4 nM. Comparing the crystal structures of
RT complexes with these compounds showed variations in protein conformation
(70). In the case of HEPT, Tyr181 isin a“down” position and the phenyl ring of
the inhibitor is rotated compared with MK C-442 (Fig. 7). The complexes of both
RT/MKC-442 and RT/TNK-651 have Tyrl181 in the conventional “up” position,
and the residues in the 236 loop were in a more-extended conformation. The
observations can be rationalized by consideration of the effect of bulk at the 5-
position of the pyrimidine ring. If the substituent is ethyl or isopropyl, then it is
large enough to act as a “trigger” that correctly orients the side chain of Tyr181
in the “up” position, such that an energetically favorable aromatic ring stacking
interaction can be made with the phenyl ring of MK C-442. The rearrangement of
the 236 loop does not seem to contribute significantly to the binding energy of
this compound series, because this movement does not correlate with the values
of the dissociation constants. Structural studies of other NNRTI series show that
the bulky group orienting Tyr181 does not have to be in a directly analogous
position relative to the aromatic rings of the inhibitor. For example, with nevirap-
ine, the cyclopropyl group provides this bulk; wheress, in the case of a series of
2-amino-6-arylsulfonylbenzonitriles, the sulfonyl group that forms the link
between the two aromatic rings acts as the trigger that orients Tyr181 (71).

Structural Features of Second-Generation NNRTIs

Structural studies of a range of second-generation inhibitors have been
reported, including UC-781, HBY 093, S-1153, and efavirenz (59,62,72,73). Such
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Fig. 7. Stereo diagram showing the superposed non-nucleoside reverse transcriptase
(RT) inhibitor (NNRTI)-binding site for the RT complexes with hydroxy-
ethoxymethylphenylthiothymine (black), MKC-442 (dark gray), and TNK-651 (light
gray). The NNRTIs are shown as ball-and-stick representations, and the Ca backbones
and side chains of the surrounding protein residues as sticks of the same color.
Hydrogen bonds from inhibitors to the carbonyl oxygen of residue 101 are indicated as
broken bonds (70).

studies have suggested a number of factors that might contribute to the resilience
of some of these second-generation compounds when challenged by mutationsin
HIV-1 RT that give high-level resistance to first-generation compounds. Crystal
structures of a series of four carboxanilide NNRTIs with examples of both first-
and second-generation properties allowed a direct comparison between struc-
turally related compounds and provided some clues regarding factors contribut-
ing to the differing resistance profiles (Fig. 8) (62). The four compounds all bind
in an overall similar position and with similar bound conformations; however,
there are some subtle differences that correlate with whether the inhibitor has
first- or second-generation characteristics. It seems that the longer substituents of
the two compounds with second-generation properties (UC-10 and UC-781)
mean that these inhibitors have fewer contacts with Tyr181 and Tyr188 side
chains than do the first-generation compounds (UC-38 and UC-84).

The crystal structure of the clinically approved drug, efavirenz, in complex
with HIV-1 RT reveals that the compound does not form ring-stacking interac-
tions with Tyr181 and Tyr188 (73). In fact, contacts for efavirenz are more lim-
ited than in the case of nevirapine, and are formed viathe propynyl-cyclopropy!
group (particularly with Tyr188) (Fig. 9).

S-1153 is an experimental second-generation NNRTI currently undergoing
clinical trials that has activity against a wide range of mutant RTs, including
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Fig. 8. Stereo diagram comparing the non-nucleoside reverse transcriptase (RT)
inhibitor sites of RT/UC-781 and RT/UC-84 complexes (62). The Ca. backbones (thinner
bonds), side chains (thicker bonds), and the inhibitors (ball-and-stick representations) are
shown in darker gray and light gray for RT/UC-781 and RT/UC-84, respectively.

Fig. 9. Stereo diagram showing the non-nucleoside reverse transcriptase (RT)
inhibitor-binding pocket for the RT/efavirenz (also known as DM P-266) complex
(73). The Ca backbone of the protein is draw as thinner, dark-gray bonds, the protein
side chains surrounding the inhibitor are shown as thicker, light-gray bonds. The
efavirenz molecule is shown as a dark ball-and-stick representation. The inhibitor
makes a single hydrogen bond (broken bonds) to the main-chain amide nitrogen atom
of residue Lys103.
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Fig. 10. Stereo diagram showing the non-nucleoside reverse transcriptase (RT)
inhibitor-binding pocket for the RT/capravirine (also known as S-1153) complex (59).
The Ca backbone of the protein is draw as thinner, dark-gray bonds, the protein side
chains surrounding the inhibitor are shown as thicker, light-gray bonds. The capravirine
molecule is shown as a dark ball-and-stick representation. There are three hydrogen
bonds from the inhibitor to protein main-chain atoms: amide nitrogen of Lys103, car-
bonyl oxygen of Pro236, and carbonyl oxygen of Lys101 via a water molecule.

some double mutants (20). S-1153 shows some novel structural featuresin its
interactions with HIV-1 RT that may help explain the favorable resistance pro-
file (59). The crystal structure reveals a series of three hydrogen bonds from
the protein main chain to the compound (Fig. 10). For many other NNRTISs,
there are either one or no such hydrogen-bonding interactions. Inhibitor inter-
actions with the main chain are likely to be inherently less susceptible to the
effects of side-chain mutation than compounds that interact with side chains.
Interestingly, the structure of the RT/S-1153 complex shows that the phenyl
ring of the inhibitor is positioned in the Tyr181, Tyr188, and Trp229 subpocket,
which might be considered to be more characteristic of a first-generation
NNRTI. However, for S-1153, the presence of the 3,5-dichloro substituents on
the phenyl ring alows a closer interaction with the highly conserved Trp229 at
the top of the pocket (Fig. 10) and less dependence on contacts with Tyr181
and Tyr188. A similar effect has also been demonstrated for GCA-186, which
has 3,5-dimethyl substituents on the phenyl ring compared with the parent
compound, MKC-442. GCA-186 has a 30-fold improved potency against RT
(Tyr181Cys) compared with MK C-442,

From crystallographic studies of HBY 093 binding to wild-type and mutant
HIV-1 RT, it has been shown that there is some adjustment of the compound
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Fig. 11. Stereo diagram comparing non-nucleoside reverse transcriptase (RT) inhibitor
sites of wild-type, Tyr181Cys mutant, and Tyr188Cys mutant RT/nevirapine complexes.
The Ca backbone, side chains, and inhibitor in each structure are shown as thinner sticks,
thicker sticks, and a ball-and-stick representation, respectively, with the wild type in
black, the Tyr181Cys mutant in dark gray, and the Tyr188Cys mutant in light gray (74).

conformation in response to the modified binding site and it has been sug-
gested that flexibility might be a useful design criterion for second-generation
inhibitors (72). Comparison of crystal structures of efavirenz and nevirapine
with wild-type RT and with a mutant RT form (Lys103Asn) led to the identifi-
cation of three factors, which together may contribute to the second-generation
properties of efavirenz (73). The factors included main-chain hydrogen bond-
ing, the ability to rearrange within the NNRTI-binding site, and the previously
identified attenuated interactions with the key Tyr181 and Tyr188 residues.
Further structural studies of NNRTIs in complex with drug-resistant mutant
RTs are described in more detail next.

Structural Basis of Drug-Resistance Mechanisms for NNRTIs

Because of the proximal location of resistance mutations for NNRTIs, the
mechanisms involved are generally more straightforward to rationalize than is
the case for NRTIs. The aromatic residues Tyr181 and Tyr188 were among the
first sites for NNRTI-selected resistance mutations to be reported and were the
first studied crystallographically (68,72,74). Structural studies revealed that there
was indeed a loss of ring-stacking interactions with the first-generation com-
pounds such as nevirapine (Fig. 11), resulting in a shift in the position of the drug
molecule for the Tyr188Cys mutant. In contrast, the positioning of the second-
generation inhibitors, such as UC-781 and efavirenz, were largely unperturbed
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Fig. 12. Stereo diagram showing the non-nucleoside reverse transcriptase (RT)
inhibitor site of Lys103Asn mutant RT. The Ca backbone and side chains are shown as
thinner and thicker bonds, respectively. The broken bond indicates the hydrogen bond
formed between Tyr188 and the mutated Asn103 (75).

because of their much-attenuated contacts with the side chains of Tyr181 and
Tyrl88 (74). In the case of complexes of RT (Tyr181Cys) with CI-TIBO and RT
(Tyr188Leu) with HBY 093, the mutated side chains seemed disordered in each
case (68,72). In contrast, for seven structures of RT Tyr181Cys or Tyr188Cys as
NNRTI complexes or an unliganded form, the mutated side chains were visible
in every case (74). Thus, the disordering of these side chains does not seem to
provide a general mechanism for inducing resistance by these mutations.

The most commonly encountered resistance mutation identified from the
clinical use of NNRTIsis Lys103Asn, which, therefore, has been the subject of
a number of crystallographic reports. An early suggestion based on modeling
the Lys103Asn mutation into the unliganded RT structure was that Asn103
could form a hydrogen bond to the hydroxyl group of the Tyr188 side chain,
thereby acting to stabilize the apo-enzyme structure (31). Experimental evi-
dence for this proposal was obtained from the crystal structure of unliganded
Lys103Asn RT, which revealed that the hydrogen bond was present as
predicted, although the length at 3.1 A indicated that it was a relatively weak
interaction (Fig. 12) (75).

From studies comparing the structures of complexes of efavirenz with wild-
type and Lys103Asn RT, it was shown that the compound shifted position in
the mutant RT and the pocket itself was rearranged such that the Tyr181 flipped
to a“down” position resembling the conformation of the protein in the com-
plex with HEPT (Fig. 13) (73). A second report of a crystal structure of
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Fig. 13. Stereo diagram comparing non-nucleoside reverse transcriptase (RT)
inhibitor sites of wild-type and Lys103Asn mutant RT/efavirenz complexes. The Ca
backbone, side chains, and inhibitor in each structure are shown as thinner sticks,
thicker sticks, and a ball-and-stick representation, respectively, with the wild type in
black and the Lys103Asn mutant in gray (73).

efavirenz with RT Lys103Asn showed that the mutant RT had the Tyr181 as
well as the drug molecule itself in a wild-type conformation (76). This ability
of efavirenz to bind to different conformational states of mutant RT could be a
further contributing factor to its resilience to certain mutations.

STRUCTURE-BASED DRUG DESIGN WITH HIV RT

Structure-based approaches have made a very significant contribution to the
development of many of the currently approved drugs against HIV protease,
including ritonavir, nelfinavir, amprenavir, and indinavir (77). In contrast, struc-
ture-based design, to date, has not been nearly as successful for drugs against
HIV RT. The reasons for this are many fold. NRTIs require activation by cellu-
lar kinases, thus, structure—activity relationships of the nucleoside/nucleotides
are complex, involving a requirement for the active drug and various interme-
diates to bind at potentially four different enzyme active sites. Thus, an
approach based on the HIV-1 RT active site alone, without taking into account
cellular kinases, would be unlikely to be successful. In the case of NNRTIs, the
structural requirements for binding are relatively loose, therefore, the identifi-
cation of hits from screening is facile; hence, many different chemical series
are readily available for optimization. Two further factors also suggest that
structure-based approaches are not straightforward with RT. First, there is sig-
nificant flexibility within the enzyme, as shown by domain movements, as well
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as significant conformational variations within the NNRTI pocket. Both side-
chain movements and main-chain rearrangements between different RT/NNRTI
complexes are observed, making the prediction of binding modes using drug-
design software problematic. The second factor relates to the difficulties asso-
ciated with obtaining good crystals of HIV RT for structure determination.
Validation of the predicted mode of binding for a newly synthesized inhibitor
isrequired as one part of the drug-design cycle. Turnaround times in obtaining
crystal structures are longer for RT than for HIV protease; potentially making
less impact on the drug-design process. A number of studies have been pub-
lished using known crystal structures of HIV-1 RT inhibitor complexes for
docking in new NNRTIs (63,64,78). Such hypothetical binding modes are,
however, likely to have errors because of the difficulty in predicting movement
of the protein and, thus, it is advisable to verify the predictions by experimen-
tation using crystallography. In the case of a member of the PETT series, the
intramolecular hydrogen bond and the overall binding mode of the compound
were predicted (79) and later confirmed by crystal-structure determination (17).

The use of the structure of HIV RT for compound design, followed by crys-
tallographic studies to test the predicted binding modes has rarely been
reported. An example of this has been in the case of two analogs of MK C-442,
GCA-186 and TNK-6123, which were designed from the HIV RT structure to
be more active against RT (Tyr181Cys). The binding modes of both compounds
in complexes with RT were determined by X-ray crystallography and shown to
be as predicted (80).

CRYSTAL STRUCTURE OF HIV-2 RT

Until recently, there were no reports of a crystal structure of HIV-2 RT. HIV-2
is aless-widespread serotype than HIV-1 and is found most commonly in West
Africa, athough thereis some evidence of the spread of the virusto other areas,
including Europe and Asia. HIV-2 is considered less pathogenic than HIV-1
(81). HIV-2 RT forms a heterodimer that has different apparent molecular
weights than HIV-1, reported as either p68/p55 or p68/p58 for HIV-2, com-
pared with p66/p51 for HIV-1 (82). Although HIV-2 RT shows approx 60%
sequence identity to HIV-1 RT, it has inherent resistance to most NNRTIs.
There are some exceptions, however, such as PETT-2, which inhibits HIV-2 RT
with an IC, of 2 uM (17). The key aromatic residues of Tyr181 and Tyr188
involved in aromatic ring stacking with many inhibitors are changed to aliphatic
side chainsin HIV-2 RT (11e181 and Leul88). HIV-2 RT has been purified and
crystallized (83) and the structure determined to 2.35-A resolution (84). The
overal fold of the unliganded HIV-2 RT is similar to that of the HIV-1 RT, with
the thumb domain in afolded-down conformation. Comparison of the apo struc-
tures of HIV-1 and HIV-2 RT in the region of the NNRTI site shows differences
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Fig. 14. Stereo diagram comparing the non-nucleoside reverse transcriptase (RT)
inhibitor-binding region of apo HIV-1 RT with the corresponding region of HIV-2 RT.
The protein backbones are shown as ribbons and coils and the side chains are shown as
ball-and-stick representations, with HIV-1 RT in light gray and HIV-2 RT in darker
gray. The first letters in the labels are the single letter code and always indicate the
residue type of HIV-1 RT; a letter is added to the end of a label showing the residue
type of HIV-2 RT if thisis different between the two proteins (84).

in position for both conserved and unconserved residues (Fig. 14) that could
give rise to unfavorable inhibitor contacts or destabilization of the pocket. The
conformation of 11e181 compared with Tyr181 in HIV-1 RT seems to be an
important contribution to the inherent drug resistance of HIV-2 RT to NNRTIs.
The less bulky side chains at residues 101 and 138 in HIV-2 RT compared with
HIV-1 RT create a pocket that is occupied by glyceral in the crystal structure.
It is possible that drug-like molecules can be designed for this pocket, which,
although not causing distortion of the catalytic aspartates, could inhibit HIV-2
RT by interfering with relative domain movements of the protein.

STRUCTURE OF HIV RT AND DRUG DISCOVERY—THE FUTURE?

Because RT was the first anti-HIV target to be exploited for the develop-
ment of drugs, the question arises regarding whether, in view of the widespread
selection of drug resistance, it isworthwhile or possible to develop further anti-
RT drugs. The fact that drug discovery programs aimed at developing follow-
up NRTIs and NNRTIs with improved potency and resistance/cross-resistance
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profiles are still underway indicates that many researchers believe this is still
viable. However, because of the multifunctional nature of RT, there are poten-
tially further target sites that might be exploited.

One avenue that has not been widely explored is the design of ligands that
occupy the dNTP site that are not nuclectides. Such active site-directed NNRTIs
would have the advantage over NRTIs of not requiring phosphorylation and,
because they are more structurally divergent from nucleosides, they might have
less affinity for host polymerases and, therefore, have lower toxicity. An attempt
to discover such inhibitors has been made by fitting compounds into the active
site using the earlier open-form structure of the RT/DNA complex (85).
Compounds identified from the study were biaryl acids, which were found to
inhibit both HIV-1 and HIV-2 RTs. Crystal-soaking experiments indicated that
the biaryl acids did not bind at the NNRTI site, consistent with the inhibitors
interacting at a conserved site on HIV-1 and HIV-2 RT, such as the polymerase
active site. Given that the more relevant structure of a catalytic form of RT is
now available (29), such an approach is worthy of re-examination.

One potential target that has been explored but, as yet, has not yielded drugs,
is RNase H, the C-terminal domain of the p66 subunit of HIV-1 RT. RNase H
has been shown to be essentia for viral replication and, thus, avalid chemother-
apeutic target (86). Assays are available to screen enzyme inhibitors, and a num-
ber of RNase H inhibitors have been identified; however, only weak antiviral
activity has been observed and, thus, these RNase H inhibitors have for the most
part not progressed into the drug-devel opment pipeline (87). Other potential tar-
get sites include tRNAYS3 binding, which is essential for the natural priming
reaction of the reverse transcription of the HIVV genome. Cordycepin analogs
have been identified as RT inhibitors and have been proposed to act as tRNAYS3
antagonists (88). Biochemical studies of the site of binding for tRNAYS3 have
shown that it involves both the p66 and p51 subunits (10); however, there are no
crystal structures available of this complex to stimulate a structure-based ligand
design approach. The many strand-transfer steps during reverse transcription are
also potential targets for drug action (89), however, assay methods are less
straightforward than the measurement of DNA polymerase activity.

A further category of RT inhibitors acting at novel sitesis based on mole-
cules that disrupt the RT heterodimer. Peptides of up to 10 amino acids in
length corresponding to the sequence of RT residues 395404 have been shown
to block dimerization of RT in vitro and to have antiviral activity in HIV-
infected cells (90). However, problems of uptake and peptide stability in the
gastrointestinal tract remain to be overcome before such inhibitors could be
used as orally active drugs against HIV. The NNRTI compound, TSAO,
or [2',5'-bis-O-(tert-butyldimethylsilyl)-B-b-ribofuranosyl]-3'-spiro-5"-(4"'-
amino-1",2"-oxathiole-2"",2""-dioxide), has been shown to be capable of
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disrupting the RT dimer (91). TSAO has been modeled into the interface region
of the RT heterodimer, and this may stimulate ideas for new compounds that
could have potential for the development as anti-RT drugs (92). To date, acrys-
tal structure of TSAO bound to HIV-1 RT is not available.

It is frequently pointed out that it would have been impossible to design
NNRTIs de novo from any of the unliganded or DNA-bound HIV-1 RT struc-
tures that have been determined, because a large conformational change is
involved in the inhibitor site formation, which only occurs once the ligand has
bound. The current state of the art with ligand-docking software is such that,
although some limited movement of the protein can be allowed, it is not possi-
ble to accurately predict extensive conformational changes resulting from lig-
and binding (93). It is clear that structural studies of HIV RT do not provide an
easy answer to the design of novel anti-AIDS drugs to target virus resistant to
current therapies. Nevertheless, the combination of compound screening, virol-
ogy, and medicinal chemistry together with structure-based design and protein
crystallography to test predicted ligand-binding modes brings together a pow-
erful set of tools for developing new HIV RT inhibitors. Such multifaceted
approaches are likely to provide the greatest hope of discovering novel anti-RT
drugs that will be useful in combating the ever-present threat of drug-resistant
HIV. Such drugs are of vital importance in the continuing fight against HIV
and AIDS.
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Zidovudine, Lamivudine, and Abacavir

Monica Carten and Harold Kessler

ZIDOVUDINE
Introduction

The history of the discovery and development of zidovudine (ZDV; or 3'-
azido-3'-deoxythymidine, AZT, or Retrovir™, formerly BW A509U) is fascinat-
ing not only because it was the first Food and Drug Administration
(FDA)-approved agent for the treatment of HIV, but for the unprecedented speed
with which this drug moved through the new-drug approval process (Table 1).
In March 1987, ZDV was approved by the FDA for use in HIV-infected individ-
uals with a previous episode of Pneumocystis carinii pneumonia (PCP) and/or a
CD4 cell count of less than 200 cellsymm?. The use of ZDV in asymptomatic or
symptomatic patients with CD4 cell counts greater than 500 cellsymm?3 was
approved in March 1990. ZDV was initially approved as a monotherapy.
Subsequently, ZDV was approved for use in combination regimens with zal-
citabine and lamivudine (3TC, Epivir®). Although early studies demonstrated
clinical and survival benefits of ZDV aone or in combination with other nucleo-
side analogs, these benefits were of limited durability because of incomplete
virological suppression and the emergence of resistant HIV strains. ZDV is cur-
rently approved for the treatment of HIV infection in combination regimens
with potent antiretroviral agents, including HIV protease inhibitors (PIs); non-
nucleoside reverse transcriptase inhibitors (NNRTIs); and potent nucleoside
reverse transcriptase inhibitors (NRTIs), such as abacavir (ABC).

Preclinical Development

ZDV was initially synthesized as a potential antineoplastic agent by
Horwitz and colleagues in 1964 (1). However, it was never approved for use
in humans as a cancer chemotherapy. In 1974, Ostertag et al. were the first to
describe the antiretroviral activity of ZDV by demonstrating inhibition of the
spleen focus-forming virus, a murine type C retrovirus (2). In 1985, Mitsuya
and collaborators showed that ZDV was a potent inhibitor of the in vitro
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Table 1

AZT Timeline

1964 Compound synthesized for its antineoplastic activity

1974 AZT found to have activity against retroviruses

1985 AZT demonstrated to have activity against HIV

June 14, 1985 Burroughs-Wellcome files for IND1

June 21, 1985 IND granted by FDA2

July 3, 1985 First patient treated with AZT in phase | trial

February 1986 Phase Il studies begun

September 1986 Decreased mortality seen with AZT, placebo arm discontinued

October—March 1987 Compassionate Use program for AZT

March 1987 FDA approves AZT for patients with previous PCP3 or CD4
cell count <200 cells/mm3

March 1990 FDA approves AZT for asymptomatic and symptomatic patentis

with CD4 cell count <500 cells/mm?3

IND, investigational new drug; FDA, Food and Drug Administration; PCP, Pneumocystis
carinii pneumonia

replication and cytopathic effect of HIV (then known as HTLV-11I/LAV
[human T-lymphotrophic virus type I11/lymphadenopathy-associated virus)
and suggested the development of ZDV as a potential treatment for HIV infec-
tion in humans (3).

Mechanism of Action

ZDV is athymidine-analog NRTI in which the 3'-hydroxy (-OH) group is
replaced by an azido (-N) group (Fig. 1). It is converted intracellularly to its
active triphosphate form by anabolic phosphorylation. ZDV triphosphate (ZDV-
TP) acts by competitively inhibiting the use of deoxythymidine triphosphate,
an essential substrate for the formation of provira DNA by the HIV DNA poly-
merase (reverse transcriptase). In addition, ZDV-TP serves asa DNA chain ter-
minator when incorporated into the proviral DNA chain because the 3' N
substitution impedes the 5’-3" phosphodiester linkages necessary for chain
growth. Human cellular DNA polymerase-a. and -p are 100 times less suscep-
tible to inhibition by ZDV-TP than is retroviral reverse transcriptase. In con-
trast, human polymerase-y, responsible for mitochondrial DNA synthesis, is
inhibited by concentrations of ZDV as low as 1 uM, concentrations that are
achieved in vivo. In addition, ZDV inhibits adenine nucleoside transl ocator-1
and this may also contribute to the mitochondrial toxicity seen with ZDV (4).
In cell culture drug-combination studies, ZDV demonstrated synergistic to
additive inhibitor activity with other NRTIs (zalcitabine, didanosine, 3TC, and
ABC), NNRTIs (efavirenz [EFV], delavirdine, and nevirapine) and Pls
(saquinavir [SQV], ritonavir [RTV], indinavir [IDV], nelfinavir [NFV],
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Fig. 1. Chemical structures of the drugs discussed in this chapter.

amprenavir, and lopinavir), and interferon-a (5-11). The combination of ZDV
and stavudine (d4T) shows antagonistic activity in vitro against several isolates
of HIV (12). Ribavirin antagonizes the antiviral activity of ZDV in vitro by
inhibiting ZDV phosphorylation (13).

ZDV Pharmacokinetics

ZDV crosses the blood-brain barrier and has a cerebrospinal fluid (CSF)-
to-plasma ratio of 0.25 (14). The compound is metabolized by the liver, pri-
marily by glucuronidation, and then excreted by the kidneys (15). It is
well-absorbed in the gut, with an average bioavailability of approx 60%, and
is approx 35% protein bound. After oral dosing, the peak serum concentration
is achieved in 0.5 to 1.5 h. Food decreases peak plasma concentrations by
more than 59%. However, total exposure, as reflected by the area under the
concentration curve (AUC), is unchanged. The mean serum half-lifeis 1.1 h
and the intracellular half-life is 3 h. ZDV 5'-triphosphate, however, has an
intracellular half-life of approx 3to 4 h, and, in treated patients, it is stable for
6 h after dosing. ZDV is present in breast milk and crosses the placenta (16).
ZDV is aso detected in the semen, with a semen-to-serum ratio ranging from
1.31t0 20.0 (17). No dose adjustment is required for patients with severe renal
dysfunction. Hemodialysis and peritoneal dialysis seem to have a negligible
effect on the removal of ZDV (18). The pharmacokinetics of ZDV seem
unchanged during pregnancy (19). ZDV concentrations in newborns are equiv-
alent to maternal levels.
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Phase I/11 Studies

On June 14, 1985, the Burroughs-Wellcome Company submitted an
application for an investigational new drug (IND) exemption for the use of
ZDV in humans. Seven days later, the FDA approved the exemption, and,
on July 3, 1985, the first patient was treated with ZDV. The phase | study
was a 6-wk trial of four ZDV dose regimens involving 19 patients with
AIDS or AIDS-related complex (ARC) and was conducted at the National
Cancer Institute and Duke University Medical Center (20). ZDV was
administered intravenously for 2 wk, then orally for 4 wk at twice the intra-
venous dose. ZDV was well-absorbed from the gut and crossed the blood-
brain barrier. Therapeutic levels were maintained with either 5 mg/kg of
ZDV administered intravenously or 10 mg/kg of ZDV administered orally,
every 4 h. There were no treatment-limiting side effects. The most common
side effects were headaches and depressed white blood cell
counts, which were not dose related. Fifteen of the 19 patients had increases
in their CD4 cell counts during therapy, 6 previously anergic patients
showed restoration of delayed-type hypersensitivity skin test reactions,
2 patients had resolution of chronic fungal nailbed infections without
specific anti-fungal therapy, and the entire cohort had an average weight
gain of 2.2 kg.

ZDV Monotherapy
Advanced HIV Disease

In February 1986, a multicenter, double-blind, placebo-controlled trial of
ZDV involving 282 patients was begun (Table 2) (21). Patients were enrolled
who were within 4 mo of diagnosis of PCP or had ARC. Patients were random-
ized to receive either 250 mg ZDV or placebo, every 4 h for a total of 24 wk.
By September 1986, 19 patients taking placebo but only 1 patient taking ZDV
had died. The placebo arm of the trial was discontinued and all patients pre-
viously administered placebo were offered open-label ZDV. Other findings of
the study included a decreased incidence of opportunistic infections, increased
CD4 cédll counts, and weight gain in the ZDV group.

At that time, it was recognized that a mechanism was needed to provide
ZDV to seriously ill HIV-infected patients while awaiting clinical trial data
analysis and regulatory review. A compassionate plea program (Treatment
IND) was established to provide ZDV to patients with a previous episode of
PCP. The Treatment IND was in place from October 11, 1986 through March
24, 1987, during which time, 4805 patients received ZDV therapy. In late
March 1987, ZDV was approved for patients with a previous episode of PCP or
whose CD4 cell count was below 200 cells/mm3.
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Mildly Symptomatic HIV Disease

In a double-blind, placebo-controlled trial conducted by the newly formed
AIDS Clinical Trials Group (ACTG) 016, 711 people with mildly symptomatic
HIV disease were stratified by pretreatment CD4 cell counts of between 200
and 500 cells/mm3, or at least 500 but fewer than 799 cells'mm3(22). Three
hundred fifty-one subjects were assigned to placebo and 360 subjects were
assigned to 200 mg ZDV every 4 h for a median duration of follow-up of
11 mo. Clinical endpoints were the development of AIDS, development of
ARC, or death. In the subgroup of patients with CD4 cell counts between 200
and 500 cellsymm?3, 34 endpoints occurred in the placebo group and 12 in the
ZDV-treated group. The ZDV-treated group had significant increases in CD4
cell counts and weight gain. No benefit in time to progression to a clinical end-
point was found in the subgroup with CD4 cell counts greater than 500
cellsmms3; however, this group did have significant increases in the number of
CDA4 cells that persisted for 8 wk.

The Veteran Affairs Cooperative Study compared early vs late initiation of
ZDV therapy in 338 patients with CD4 cell counts between 200 and 500
cellsfmm? (23). Early therapy consisted of 250 mg ZDV every 4 h, whereas
late therapy was placebo until the CD4 cell count dropped below 200 cells/mm3
or until an AIDS-defining event occurred, at which time the same 1500 mg
daily dose of ZDV was initiated. During a mean follow-up of more than 2 yr,
there were 23 deaths in the early therapy group and 20 deaths in the late-ther-
apy group. Twenty-eight patients in the early therapy group and 48 patients in
the late-therapy group progressed to AIDS. There was an increased time to
reach a CD4 cell count of fewer than 200 cells'mm3and an increased incidence
of side effects in the early treatment group.

Asymptomatic HIV Disease

The first large study of the efficacy of ZDV in asymptomatic HIV-infected
patients was ACTG 019. This was a three-arm study to determine the safety
and efficacy of ZDV at two different daily doses (100 mg or 300 mg every 4 h,
5 doses/d) compared with placebo in patients with CD4 cell counts either above
or below 500 cells/mm?. Volberding et al. reported the initial results in asymp-
tomatic patients with CD4 cell counts fewer than 500 cellsymm3, after a mean
follow-up of 55 wk (24). Thirty-three of 428 patients in the placebo group pro-
gressed to AIDS, as compared with 11 of 453 patients in the 500 mg ZDV daily
group and 14 of 457 patientsin the 1500 mg ZDV daily group. The ZDV tresat-
ment groups had significant increases in their CD4 cell counts and significant
declines in their HIV p24 antigen levels compared with placebo recipients.
Higher-dose therapy recipients had more adverse effects than those in the
lower-dose group. In August 1989, on the basis of evidence that treatment at
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Table 2

Major Studies of Zidovudine Monotherapy”?

No. of Entry CD4 cell
Trial (ref.) Design Dosage subjects Entry criteria count (cells/mmd)
BW 002 Placebo-controlled, 250 mg ZDV g4 h 282 AIDS or ARC; 49 and 54 (median);
(21) randomized, double-blind CD4 < 100 cells/mm?, 128 and 190
CD4 101499 cells'mm3 (median)
ACTG Placebo-controlled, 200 mg ZDV g4 h 711 Mildly symptomatic; 225 (median)
016 (22) randomized, double-blind CD4 200-800 cells/mm3
ACTG Placebo-controlled, 300 mg or 100 mg 1338 Asymptomatic; CD4 350 (median)
019 (24) randomized, double-blind ZDV 5 times daily < 500
VA Study  Placebo-controlled, 250 mg ZDV g4 h 338 Mildly symptomatic; 355 (mean)
(23) randomized, double-blind Open label ZDV CD4 200-500 cells/mm?
when CD4 < 200
Concorde  Placebo-controlled, 250 mg ZDV QD 1749 Asymptomatic <200, 6%;
(26) randomized, double-blind 201-500, 52%;
>500, 42%
ACTG 019 Placebo-controlled, 300 mg or 100 mg 1637 Asymptomatic 655 (median)
27) randomized, double-blind ZDV 5 times daily; CD4 > 500 cells/mm3

Open label after
1989 for CD4
< 500 cells/mm?3
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Table 2 (Continued)

CD4 cell count response
(cells/mm3)

Antiviral response

Clinical outcome

Comments

Increased CD4 count in ZDV
group

Increased +44 in patients
with entry counts
200-500 cells/mm?,
no significant changes for
those with entry counts
>500 cells/mm?3

Median change +39 in 500 mg
ZDV; +26 in 1500 mg ZDV;
and —16 in placebo group

At 20 mo, mean changes
=-35.5 early therapy;
—83.6 late therapy

Increase of 20 in immediate
therapy group c/w decrease
of 9 in deferred therapy
group at 3 mo

Median interval to decline

of CD4 to <500 significantly

longer in immediate therapy
group c/w deferred group

P24 antigenemia decreased
in ZDV group

Serum p24 antigen levels
decreased significantly
for ZDV group

Significant improvements
in p24 antigenemia
in both ZDV groups
Conversion to p24 antigen
seronegative: 79% early
therapy; 35% late therapy
Not reported

Not reported

ZDV improved survival and decreased
number of opportunistic infections
in 24-wk period

At CD4 200-500 cells'mm3, ZDV
delays progression to AIDS but
no delay with CD4 > 500 cells/mm?,
no survival benefit seen

Lower rate of progression to AIDS
in ZDV groups; no survival
benefit of ZDV

ZDV dlowed progression; no
survival benefit

No significant benefit in progression
or mortality with early ZDV

No difference in duration of overall
or AIDS-free survival between early
and deferred-therapy groups

Little toxicity in
these mildly
symptomatic
subjects

Higher dose ZDV
had more severe
hematological toxicity
More side effectsin
early therapy group

Time-limited benefit
of ZDV monotherapy
shown

Toxicity greater with
higher dose ZDV

494 h, every 4 hours; QD, once daily; c/w, compared with
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the lower dosage delayed the progression of disease in patients with initial CD4
cell counts below 500 cells/mm?, the placebo arm of the substudy was termi-
nated and all subject were offered open-label ZDV at 500 mg/d. In a subsequent
evaluation of the cohort with CD4 cell counts of fewer than 500 cells/mm?, after
a mean follow-up of 2.6 yr, ZDV at 500 mg daily was still found to result in
a significant delay in progression to AIDS or death, but there was no survival
benefit associated with earlier use compared with delayed ZDV initiation (25).

The Concorde Study conducted by the European Collaborative Group was
the second large-scale clinical trial to address the efficacy of early ZDV ther-
apy for HIV infection (26). One thousand seven hundred forty-nine asympto-
matic patients were randomized to either ZDV (immediate-treatment group) or
placebo (delayed-treatment group) and followed for a mean of 3.3 yr. There
was no significant benefit in the immediate-treatment group regarding mortal-
ity or progression to AIDS or ARC, with 29% of patients in the immediate-
treatment group vs 32% of patients in the delayed-treatment group reaching
one of these endpoints. However, there were differences in the CD4 cell counts
between the two groups over time, with median CD4 cell count changes from
baseline to 3 mo of +20 cells for the immediate-treatment group and —9 cells
for the delayed-treatment group.

Finally, the second substudy of ACTG 019, in the cohort of patients with
CD4 cell counts greater than 500 cellsmm?3 was reported in 1995 (27).
Volberding et al. described no difference in duration of overall or AIDS-free
survival between early and deferred-treatment groups. The results of these ZDV
monotherapy studies suggested that the efficacy of ZDV used alonein the treat-
ment of patients with either mildly symptomatic or asymptomatic HIV infec-
tion was of time-limited benefit and provided minimal survival advantage.

ZDV for Prevention of Mother-to-Child Transmission

ZDV is approved for use in HIV-infected women and their infants for the
prevention of perinatal transmission of HIV. In the landmark study, Pediatric
AIDS Clinical Trials Group (PACTG) 076, ZDV was administered to pregnant
women antepartum starting at 14 to 34 wk, intrapartum at 2 mg/kg during 1 h,
then at 1 mg/kg/hr infusion; and administered to the newborn at 2 mg/kg orally,
four times daily, for 6 wk. There was an 8.3% risk of HIV infection in the
ZDV-treated group compared with a 25.5% risk in the placebo group, a 67.5%
reduction in relative risk of HIV transmission (28). A detailed discussion of
prevention of vertical transmission may be found in Chapter 15.

ZDV Nucleoside Combination Therapy

Several large studies have demonstrated that ZDV combined with other
nucleoside agents provide improved and more durable clinical and survival
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benefits compared with ZDV alone (Table 3). The Delta trial evaluated ZDV
monotherapy vs combination therapies of ZDV plus zalcitabine or ZDV plus
didanosine in both ZDV-naive and ZDV-experienced patients (29). At a median
follow-up of 30 mo, ZDV-naive patients had a 42% relative reduction in mortal-
ity with the ZDV plus didanosine combination and a 32% relative reduction in
mortality with the ZDV plus zalcitabine combination compared with ZDV
monotherapy. In ZDV-experienced patients, the addition of didanosineimproved
survival, with a relative reduction in mortality of 23%, but there was no direct
evidence of benefit with the addition of zalcitabine (relative reduction, 9%).

Similarly, ACTG 175 evaluated treatment with ZDV alone, didanosine alone,
ZDV plus didanosine, or ZDV plus zalcitabine in ZDV-naive and ZDV-experi-
enced patients (30). The progression to a primary endpoint of either at least a
50% decline in CD4 cell count, development of AIDS, or death was more fre-
quent with ZDV alone (32%) than with ZDV plus didanosine (18%), ZDV plus
zalcitabine (20%), or didanosine alone (22%) in both ZDV-naive and ZDV-
experienced patients. For ZDV plus zalcitabine, the benefits were limited to
patients without previous ZDV treatment. The combination of ZDV and 3TC
has aso proven to be a potent nucleoside combination (see “Lamivudineg” sec-
tion). In several large trials, benefits were demonstrated in CD4 and HIV RNA
responses, disease-free survival, and overall survival.

ZDV in Triple-Combination Therapy

It soon became apparent that dual nucleoside analog combination therapy
aso had limited durability, attributed in part to the same factors that made ZDV
monotherapy of limited use, incomplete suppression of viral replication and
development of resistant virus. Focus turned toward development of agents
with different mechanisms of action than the NRTIs. With the discovery and
development of NNRTIs and Pl's came knowledge that potent combination reg-
imens, particularly three-drug regimens containing these new agents, provided
greater virological and immunological benefits than were seen with nucleoside
analogs alone.

The Italy, the Netherlands, Canada, and Australia Study (INCAS) compared
the virological effects of ZDV plus nevirapine, ZDV plus didanosine, and ZDV
plus didanosine plus nevirapine in antiretroviral-naive patients (31). Thetriple-
therapy group had the greatest virological effect. ACTG 229 evaluated ZDV in
combination with the Pl, SQV; ZDV plus SQV plus 2',3'-dideoxycytidine
(ddC); and ZDV plus ddC in patients with 4 mo of previous ZDV use (32).
Studies combining ZDV and 3TC with IDV, NFV, or EFV a so showed improved
virological and immunological benefits and are detailed in the “Lamivudine”
section of this chapter. The results of these triple-combination studies provided
data to support the use of ZDV and a second NRTI in combination with athird
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Table 3

Clinical Trials of Zidovudine Combination Therapy”

CD4 cell
count
at entry
Tria (ref.) Design Dosage No. of subjects Entry criteria (cellsmmd)
Delta (29) Randomized, ZDV 600 mg QD; 3207 AIDS and CD4 >50 cellsmm?; 205 (mean)
double-blind; ddl 400 mg QD; ZDV naive, no or minimal symptoms
ZDV vs ZDV ddC 2.25 mg QD n= 2124, and CD4 <350 cells/mms3;
+ddC vs ZDV Previous ZDV, Delta 1: ZDV-naive; Delta 2:
+ddl n=1083 ZDV experienced
ACTG Randomized, Samedosesas Delta 2467 ZDV naive, No AIDS-defining illness; 352 (mean)
175(30)  double-blind; n = 1060 CD4 200-500 cells/mm3;
ddl vs ZDV Previous ZDV, antiretroviral naive
vs ddI+ZDV n = 1407 or experienced
vs ddC+zDV
INCAS Randomized, double-  ZDV 200 mg TID; Treatment naive  Antiretroviral naive; CD4 346-387
(3D blind placebo- ddl 1250r 200mgBID  n=151 200-600 cells/mm3 (mean)
controlled; based on weight;
ZDV+NVP NVP 200 mg QD for
vs ZDV+ddl 2 wk, then 200 mg
vs ZDV+ddI+NVP BID
ACTG Randomized, SQV 600 mg TID; Previous ZDV CD4 50-300 cells/mm? SQV+ddC
229 (32) double-blind ddC 0.75 mg TID; n= 302 +ZDV 145;
placebo-controlled; ZDV 200 mg TID SQV+ZDV
SQV+HGC 156; ddC
+ddC+ZDV vs +ZDV 171
SQV+HGC+ZDV

vs ZDV+ddC
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Table 3 (Continued)

CD4 response Antiviral response Clinical outcome Comments
Improved with Not stated Decrease in mortality, 33% For ZDV-naive pts either
both combinations for ddi+ZDV and 21% combination had significant
c/w ZDV aone for ddC+ZDV; Decrease decrease in progression or
in disease progression, 36% death; for ZDV-experienced pts,
for ddI+ZDV and 17% no significant increase in CD4
for ddC+zDV (for Delta 1 count or clinical benefit with
and 2 c/w ZDV alone) combination
Significant improvement Not stated Progression of AIDS-defining Survival benefit for al combinations

in combination or ddl
alone groups for both
ZDV naive and
experienced

Triple therapy group
with sustained
increases at week 52

Significant improvements
over baseline for triple
therapy group at 24 wk

HIV RNA <20 for
triple therapy
51%, ZDV+ddl
21%, ZDV+NVP
0% at wk 52

Mean HIV RNA
decrease 0.4 log,
copies/mL for triple
therapy; 0.1 log,,
copies/mL for SQV
+ZDV and ZDV+ddC
groups over 24 wk

event or death or >50%
decline in CD4 count: ZDV
32%, ZDV+ddl 18%, ZDV
+ddC 20%, ddI alone 22%

Rates of disease progression or
death: ZDV+NVP 23%,
ZDV+ddl 25%, triple
therapy 12%

Not stated

and ddI aone c/w ZDV
monotherapy; ZDV+ddC benefits
limited to ZDV-naive pts

Triple drug therapy with greater and
sustained decrease in HIV viral
load

Support for triple therapy
to achieve CD4 cell count and
viral load improvements

2QD, once daily; BID, twice daily; TID, three times daily; c/w, compared with; pts, patients
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agent from either the NNRTI or Pl class to create a potent and durable
combination regimen.

ZDV in the Pediatric Population

ZDV was approved for use in HIV-infected children aged 3 mo to 12 yr in
May 1990. It has good central nervous system penetration and is the NRTI of
choice when treating children with HIV-related central nervous system disease.
Pizzo et al. reported the results of continuousiv ZDV administration in 21 chil-
dren (33). Thirteen children had neurodevel opmental abnormalities and 11
children had CD4 cell counts fewer than 200 cellsmm3. ZDV was adminis-
tered at four dose levels: 0.5, 0.9, 1.4, and 1.8 mg/kg/h. Improvement in neuro-
developmental abnormalities occurred in all 13 children who had presented
with encephal opathy before treatment. |Q scores increased in these 13 children
and in 5 other children who had no detectable evidence of encephal opathy
before treatment. Most patients also had increased appetite and weight,
decreased lymphadenopathy and hepatosplenomegaly, and increased numbers
of CD4 cells. Bone marrow suppression was the only evident toxicity, with
dose-limiting neutropenia occurring in most patients who received doses of 1.4
mg/kg/h or more.

ZDV Monotherapy

Eighty-eight children with advanced HIV disease and a mean age of 3.9 yr
received oral 180 mg/m? ZDV four times daily for 24 wk (34). After a median
follow-up of 56 wk, one or more episodes of hematological toxicity occurred
in 61% of children. Kaplan-Meier analysis demonstrated that the probability of
survival was 0.89 after 24 wk and 0.79 after 52 wk. There was marked improve-
ment in weight, cognitive function, and serum and CSF concentrations of HIV-1
p24 antigen. The authors concluded that this dose of ZDV can be safely admin-
istered to children with advanced HIV disease and that the immunological and
virological improvementsin children are similar to those seen in adults.

2DV Combination Therapy

The PACTG Study 152 was a multicenter, double-blind study of 831 symp-
tomatic HIV-infected children ages 3 mo through 18 yr. Ninety-two percent of
children were antiretroviral-naive (35). Patients were randomized to receive
either 180 mg/m? ZDV four times daily, 120 mg/m? 2',3'-dideoxyinosine (ddl)
twice daily, or ZDV plus ddl. The primary endpoint was length of time to death
or to progression of HIV disease. An interim analysis at a median follow-up of
23 mo showed a significantly higher risk of HIV-disease progression or death in
patients receiving ZDV alone than in those receiving combination therapy. The
study arm with ZDV aone was stopped and unblinded. At the end of the study,
ddI alone had an efficacy similar to ZDV plus ddI. The authors concluded that
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in symptomatic children with HIV, treatment with either ddl aone or ZDV and
ddl was more effective than treastment with ZDV alone.

ZDYV Resistance

HIV resistance to ZDV is associated with the accumulation of specific
mutations sites on the HIV pol gene that encode for the reverse transcriptase.
The mutations associated with decreased ZDV susceptibility occur at amino
acid sites 41, 67, 70, 215, and 219; sites 41, 70, and 215 are the most impor-
tant sites of mutation (36,37). Cross-resistance to multiple nucleoside analogs,
including ZDV, didanosine, zalcitabine, and d4T, has been demonstrated with
mutations at sites 62, 75, 77, 116, and, most notably, 151. The presence of the
M184V mutation, induced by 3TC and ABC, has been shown to induce ZDV
hypersusceptibility of the virus and a resensitization of ZDV-resistant virus to
ZDV (38,39).

Drug Interactions

Coadministration of ZDV with phenytoin may result in decreased levels of
phenytoin. However, a pharmacokinetic study of a single 300-mg dose of
phenytoin during steady-state ZDV administration showed no change in pheny-
toin kinetics (40). ZDV administration seems to have a negligible effect on
methadone kinetics (41). Probenicid may increase ZDV levels through inhibi-
tion of glucuronidation and reduced renal excretion of ZDV (42). Rifampin
coadministration resulted in an increase in ZDV clearance and a decrease in
AUC; however, an increase in AUC and peak plasma concentrations were seen
for the active metabolite, zidovudine triphosphate (ZDV-TP). Fluconazole
dosed with ZDV showed a 74% increase in the AUC of ZDV and a 128%
increase in its half-life. Atovaquone coadministration resulted in a 24%
decrease in ZDV oral clearance and a 35% increase in AUC.

Current Clinical Use
ZDV Dosing and Formulations

The recommended daily dose of ZDV in adults is 600 mg daily, in two or
three divided doses. This recommendation is based on studies of early and
advanced HIV disease, which compared theinitial 1200 mg/d dose with 100 mg
five or six times daily and demonstrated equivalent efficacy and less hemato-
logical toxicity (43). In addition, in one study, ZDV administered for 48 wk at
100 mg every 4 h or at 300 mg every 12 h showed no significant differencein
adverse events (44). ZDV dosing for pediatric patients 3 mo to 12 yr of ageis
180 mg/m? every 6 h, not to exceed 200 mg every 6 h. ZDV is availablein four
formulations. a 300 mg tablet, a 100 mg capsule, a 50 mg/5 mL syrup, and a
10 mg/mL infusate.
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Toxicity

Toxicities associated with ZDV include headache, myalgias, malaise,
fatigue, nausea, anorexia, anemia, and neutropenia (45). Constitutional symp-
toms occurring with initiation of therapy can generally be managed sympto-
matically. Anemiaand neutropeniaare more common in patients with advanced
HIV disease and, if severe, may necessitate discontinuation of ZDV, with sub-
gtitution with a different antiretroviral agent. Use of other agents for treatment
or prophylaxis of HIV-associated infections, such as trimethoprim/sul-
famethoxazole and ganciclovir, may exacerbate the hematological perturba-
tions. Long-term use of ZDV may be associated with muscle toxicity, hepatic
toxicity, and nail hyperpigmentation.

Current Uses

Current clinical indications for the use of ZDV include HIV infection in
which treatment is indicated, prevention of maternal—fetal transmission, and
occupational postexposure prophylaxis. ZDV is currently recommended as part
of aninitial treatment regimen that includes a second NRTI plus an NNRTI or
one or two PIs. The use of ZDV combined with a second NRTI and ABC as an
initial therapy is recommended only in patients who cannot take aNNRT! or PI.

LAMIVUDINE
Introduction

3TC is the negative or cis enantiomer of 2'-dideoxy-3'-thiacytidine and has
activity against HIV-1, HIV-2, and hepatitis B. This agent is a pyrimidine
nucleoside analog in which the 3' carbon of the ribose ring of 2'-deoxycytidine
has been replaced by a sulfur atom (Fig. 1). The drug was approved for use in
adults in February 1995 and for children at least 3 mo of age in November
1996. 3TC isindicated for treatment of HIV infection only in combination
with other antiretroviral agents.

Mechanism of Action and In Vitro Studies

3TC requiresintracellular phosphorylation to become active and is preferen-
tially active in resting cells. The active compound, 3T C-triphosphate, is a
reverse transcriptase inhibitor that competes with deoxycytidine triphosphate,
an endogenous nucleotide, for binding in the HIV reverse transcriptase-binding
site. Insertion of 3TC-triphosphate into the proviral DNA leads to chain termi-
nation because 3TC lacks the 3' hydroxyl group necessary for the 5" to 3’ link-
age required for DNA synthesis (47). The compound was initially synthesized
as a racemic mixture (BCH-189), and this mixture has potent activity in vitro
against HIV-1, with amean 50% inhibitory dose (ICy;) of 0.73 uM in an MT4
cell line assay (46). BCH-189 was also shown to have activity against



Zidovudine, Lamivudine, and Abacavir 47

ZDV-resistant isolates and caused less cytotoxicity than ZDV (48). Subsequent
analysis revealed that both the positive and negative enantiomers of BCH-189
had in vitro activity against HIV (49,50). The negative enantiomer (3TC)
demonstrated greater anti-HIV activity, which is attributed to the compound o
relative resistance to deoxycytidine deaminase, thus, preventing cleavage of the
compound from the HIV RNA/DNA complex. In addition, the negative enan-
tiomer has less in vitro bone marrow toxicity, relatively little activity against
mammalian DNA polymerase-y and, thus, little host mitochondrial toxicity in
vitro (51,52). 3TC is highly active against HIV-1 in lymphoid cell assays and
peripheral mononuclear cell lines, with an ICg, from 4 to 670 nM and 2.5 to
90 nM, respectively (51). 3TC has been shown to be synergistic or additive in
vitro with NRTIs (ZDV, d4T, and didanosine), NNRTIs (nevirapine and delavir-
dine), and PIs (SQV and IDV) (53,54). 3TC interferes with the phosphoryla-
tion of zalcitabine, and the combination of these two agents may be antagonistic
against HIV replication (55).

3TC Pharmacokinetics

3TC israpidly absorbed after oral administration, with an absolute bioavail-
ability of approx 86% in adults and 66% in children. Food has no significant
effect on absorption. After oral administration of 2 mg/kg twice daily to nine
adults with HIV, the peak serum 3TC concentration was 1.5 + 0.5 (mean + SD)
and well above the in vitro ICy, of HIV-1 (56). The CSF-to-plasma ratio of
3TC is 0.11. The serum half-life of 3TC is 2 h and its intracellular half-lifeis
10 to 15 h, allowing for twice-daily or once-daily dosing. Binding of 3TC to
human plasma proteinsis low, and 3TC freely crosses the placenta and crosses
into breast milk (57). 3TC shows marked concentration in the male genital
tract and the semen-to-blood concentration ratios for 3TC are higher than for
other NRTIs, NNRTIs, or single PIs (58). The majority of the drug is elimi-
nated unchanged in the urine (59). Dose adjustment is required if there is sig-
nificant renal impairment. 3TC is cleared by hemodialysis but no dose
adjustments are necessary because of its large volume of distribution (60).

Clinical Development-Phase 1/1I Studies

Early studies of 3TC as monotherapy were primarily small trials designed to
study the drug’'s safety and pharmacokinetic parameters. In a multicenter, open-
label, dose-escalating study, 97 patients with AIDS or ARC, and a CD4 cell
count of fewer than 300 cells'mm?3 were administered doses of 3TC ranging
from 0.5 to 20 mg/kg/d for 24 wk (56). At the higher doses of 8 mg/kg/d and
12 mg/kg/d, transient decreases in p24 antigen and increasesin CD4 cell counts
were seen, but the CD4 counts subsequently decreased to baseline after 20 wk.
Neutropenia was observed only at the 20 mg/kg/d dose. In a second dose-esca-
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lating study, 104 asymptomatic or mildly symptomatic HIV-infected patients
with CD4 cell counts of at most 400 cells/mm?3 were also administered doses of
3TC ranging from 0.5 to 20 mg/kg/d (61). Sustained decreases in p24 antigene-
mia independent of dose were seen over the 52-wk study. Small and transient
increasesin CD4 cdll counts were detected during the first 4 wk of treatment. No
dose-limiting toxicities were observed. Schuurman et al. demonstrated an initial
decline in HIV-1 p24 antigenemia and RNA viral load in the first 2 wk of 3TC
monotherapy, followed by arise in both values that coincided with the appear-
ance of 3TC-resistant viruses in plasma (62). This study was one of the initial
trials that demonstrated emergence of resistant virus with 3TC monotherapy.

Double-Combination Therapy

Protocol NUCA 3001 was a North American, randomized, double-blind trial
comparing the safety and efficacy of 200 mg ZDV three times daily, 300 mg
3TC twice daily, 150 mg 3TC twice daily plus ZDV (low-dose combination),
and 300 mg 3TC twice daily plus ZDV (high-dose combination) (Table 4) (63).
Three hundred sixty-six patients were enrolled, of which 87% were men and
61% were white, with a median age of 34 yr. Eligible patients had received
ZDV for 4 wk or less and had CD4 cell counts of 200 to 500 cells'mm3. The
median CD4 cell count was 352 cells'mm?3 and the mean baseline plasma HIV
RNA level was 4.47 log,, copies/mL. At 24 wk, the median change in log,
HIV RNA was -0.31, —-0.60, —1.20, and —1.10 for the ZDV only, 3TC only,
low-dose combination therapy, and high-dose combination therapy groups,
respectively. There was no difference in CD4 cell count or viral load changes
within monotherapy or combination therapy groups. Protocol NUCB 3001 was
a randomized, double-blind trial in Europe comparing ZDV monotherapy at
200 mg three times daily and 300 mg 3TC twice daily plus ZDV in 129 anti-
retroviral-naive adult patients with CD4 cell counts of 100 to 400 cells/mm3
(64). Seventy-four percent of the patients were men, 82% were white, the
median age was 33 yr, and the median baseline CD4 cell count was 260
cellssmm3. CD4 cell count changes at 24 wk were —9 cells/mm3 for ZDV
monotherapy and +78 cellsmm?3for the ZDV plus 3TC combination. Viral load
decreases at 24 wk were 0.3 log,, copies/mL for the ZDV group and —1.2
log,, copies/mL for the ZDV plus 3TC group.

In protocol NUCA 3002, conducted in North America, 254 patients with
previous ZDV monotherapy for at least 24 wk (83% men, 63% white; median
age, 37 yr) were randomized to one of three treatment arms: 300 mg 3TC twice
daily plus 200 mg ZDV three times daily, 150 mg 3TC twice daily plus 200 mg
ZDV three times daily, or 200 mg ZDV three times daily plus 0.75 mg ddC
three times daily (65). The use of ZDV was open label, whereas ddC and 3TC
were double blind. Eligible patients had CD4 cell counts between 100 and 300
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cells'mm?3 and had been on ZDV monotherapy at least 24 wk. The baseline
median CD4 cell count was 211 cells/mm?3 and the mean baseline plasma HIV
RNA was 4.60 log,, copies/mL. At 24 wk, the CD4 cell count change was —16
cells'/mm3 for the ZDV plus ddC group, and +31 cells/mm3 and +15 cells/mm?3
for the low- and high-dose 3TC plus ZDV combination groups, respectively.
Significant decreases in HIV RNA were found in the ZDV plus 3TC groups
compared with the ZDV plus ddC group. There was no clear benefit of the
higher 3TC dose. Protocol NUCB 3002 was a randomized, controlled trial per-
formed in Europe, comparing ZDV monotherapy and 3TC plusZDV in patients
with CD4 cell counts between 100 and 400 cells/mm? and at least 24 wk of
ZDV (66). Two hundred twenty-three patients (83% men; 96% white; median
age, 36 yr) were randomized to receive one of three regimens: 200 mg ZDV
three times daily, 200 mg ZDV three times daily plus 150 mg 3TC twice daily,
or 200 mg ZDV three times daily plus 300 mg 3TC twice daily. The absolute
change in CD4 cell counts at 24 wk favored either combination therapy, with
no difference noted between the two 3TC dose-containing regimens. Median
reduction of HIV RNA at 24 wk was 0.9 log,, copiessmL and -0.7 log,,
copies/mL for low- and high-dose 3TC plus ZDV combinations, respectively,
whereas patients receiving ZDV monotherapy had an increase in HIV RNA of
0.2 log,, copies/mL.

3TC in Triple-Combination Therapy

Multiple trials have investigated the combination of 3TC with ZDV or d4T
and a Pl or an NNRTI and demonstrated the potency of these combinations
(Table 4). AVANTI 2 was atrial of antiretroviral-naive patients to evaluate the
efficacy of ZDV plus 3TC combination therapy compared with ZDV plus 3TC
plus IDV (67). At week 52, the proportions of patients with a plasma HIV-1
RNA level less than 500 copies/mL were 75% and 23% in the triple- and dou-
ble-therapy groups, respectively. The median CD4 cell count increase at week
52 was 177 cellssmm3 in the triple-therapy group and 91 cells'/mm?3 in the
ZDV plus 3TC group. Similarly, ACTG 320 evaluated the combination of
ZDV plus 3TC vs ZDV plus 3TC plus IDV in patients with at least 3 mo of
previous ZDV therapy (68). Clinical endpoints were progression of disease,
survival, CD4 cell count change, and plasma HIV-1 RNA change. Patients
were followed for amedian of 38 wk. Six percent of patientsin the triple-ther-
apy group had AIDS-defining events or died, compared with 11% in the dou-
ble-therapy group. At week 24, the proportions of patients with plasma HIV-1
RNA levels less than 400 copies/mL were 60% and 9% for the triple- and
double-therapy groups, respectively. The mean CD4 cell count increases were
121 cells'mm3 in the triple-therapy group compared with 40 cellsmm?3in the
double-therapy group.
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Table 4

Clinical Trials of 3TC Combination Therapy

Tria No. of Entry CD4 cell Trid
(ref.) Design Dosage subjects Entry criteria counts (cells/mm3)
NUCA Randomized, double-blind; ZDV 200 mg TID; 3TC 150 mg 366 ZDV <4 wk; 352
3001 (63) 3TCvsZDV vs ZDV+3TC BID (low dose); 300 mg CD4 200-500
(low dose) vs ZDV + 3TC BID (alone and high dose) cells/mm3
(high dose)
NUCB Randomized, double-blind; ZDV ZDV 200 mg TID; 129 ZDV <4 wk; ZDV, 250; ZDV
3001 (64) vs 3TC+ZDV 3TC 300 mg BID CD4 100400 +3TC, 260
cells/mm?3 (median)
NUCA Randomized, double-blind; ZDV 200 mg TID; 254 ZDV >24 wk; 211 (median)
3002 (65) ZDV+ddC vs ZDV+3TC 3TC 150 mg BID or 300 mg BID; CD4 100-300
(2 doses) ddC 0.75mg TID cells/mm3
NUCB Randomized, double-blind ZDV ZDV 200 mg TID; 223 ZDV >24 wk; ZDV, 250;
3002 (66) vs ZDV 3TC (low dose or 3TC 150 mg BID or 300 mg BID CD4 100400  ZDV+3TC low
high dose) cells/mm?3 dose, 250;
ZDV+3TC high
dose, 230

(medians)
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AVANTI
2(67)

ACTG
320 (68)

AVANTI
3(69)

Murphy,
etal. (70)

Staszewski,
etal. (71)

Randomized, double-blind, ZDV
+3TC vs ZDV+3TC+IDV

Randomized, double-blind; ZDV
+3TC vs ZDV+3TC+IDV

Randomized, double-blind; ZDV
+3TC vs ZDV+3TC+NFV

Randomized, comparison of doses
of lopinavir (LPV) and ritonavir
(RTV) with d4T and 3TC added
at 3wk (group 1) or at day O
(group 2)

Open label; ZDV+3TC+EFV;
ZDV+3TC+IDV; EFV+IDV
(low dose)

ZDV 200 mg TID;

3TC 150 mg BID;

IDV 800 mg TID

ZDV 200 mg TID, 3TC 150 mg BID,
IDV 800 mg TID

ZDV 200 mg TID;

3TC 150 mg BID;

NFV 750 mg TID

LPV plus RTV (400 mg/100 mg or
200 mg/100 mg);

ZDV 300 mg BID;

d4T 40 mg BID

ZDV 300 mg BID;
3TC 150 mg BID;

EFV 600 mg QD; IDV 800 mg TID or

100 mg TID

103

1156

102

100

450

Treatment
naive

ZDV =3 mo

Treatment naive

Treatment naive

No previous 3TC,
NNRTI, or Pl

2-Drug group, 270;

3-drug group, 280
(median)

87

2-Drug group, 279;

3-drug group, 287
(median)

Group 1, 398

Group 2, 310

(median)

345 (median)

(Continued)
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Table 4 (Continued)

Duration
of follow-up

CD4 response (cell'mmd)

Antiviral response

Comment

24 wk (28-wk
extension
phase)

24 wk (24-wk
extension
phase)

24 wk

24 wk

ZDV, +17; 3TC, +24; low-dose
3TC+ZDV, +55; high-dose
3TC+ZDV, +45

ZDV -9; ZDV+3TC, +78

ZDV+ddC -16; ZDV+3TC
(low dose) +31;ZDV+3TC
(high dose) +15

ZDV, -28; 3TC (low dose), +40;
3TC (high dose), +35

ZDV, -0.31 log,, copies/mL; 3TC,
-0.60 log,, copies/mL; Low dose
3TC, -1.20 log,, copies/mL;
high dose 3TC, -1.10l0g,,
copies/mL

ZDV, -0.3 log,, copies/mL ; ZDV
+3TC, -1.2 log,, copies/mL

Significant decreases for ZDV+3TC
vs ZDV+ddC

ZDV, +0.7 log,, copies/mL; 3TC,
-0.9-0.65 log,, copies/mL

No difference in CD4 cell count or
viral load changes within
monotherapy or combination

therapy groups

Combination ZDV plus 3TC with
larger CD4 and viral load changes
than ZDV alone

No clear benefit of higher dose 3TC

Combination ZDV +3TC with larger
CD4 and vira load changes than
ZDV done
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52 wk

38 wk
(median)
52 wk

48 wk

48 wk

Dual therapy, +91; triple therapy,
+177

Dual therapy, +40; triple therapy,
+121 (24 wk)

At week 28, triple therapy,
+101.5; dual therapy, +47

Group | +244; Group 11 +213
(mean)

Range increase, 180-200

Proportion with HIV-RNA <500: 75%
for triple therapy vs 23% for dual

therapy

Proportion with HIV-RNA < 400: 60%
for triple therapy vs 9% for dual
therapy (24 wk)

Proportion with HIV-RNA <500: 83%
for triple therapy vs 18% for
dual therapy

75-79% with HIV RNA
<50 copies/mL

HIV RNA <400: ZDV+3TC+EFV,
70%;ZDV+3TC+IDV, 48%;
EFV+IDV, 53%

Triple combination with larger VL
and CD4 changes than dual
therapy but VL < 20 seen in only
46% of patients with IDV

6% in triple therapy vs 11% in dual
therapy developed AIDS defining
event or died

Demonstrated virological superiority
of combination ART regimens
including Pl's

Lpt plus rtv mean trough plasma
concentrations 50-100 fold higher
than protein-binding corrected
EC50 for wild type HIV-1

More treatment discontinuation
in IDV groups

aQD, once daily; BID, twice daily; TID, three times daily
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AVANTI 3 evaluated the use of ZDV plus 3TC and ZDV plus 3TC plus NFV
in antiretroviral-naive patients (69). At week 28, the proportions of patients with
HIV-1 RNA levels less than 500 copies/mL were 83% and 18% for the triple-
and double-therapy groups, respectively. Murphy et al. reported the results of a
randomized, double-blind, multicenter trial of the combination of 3TC plus d4T
plusthe Pl lopinavir (also known as ABT-378) combined with low-dose RTV in
antiretroviral-naive patients (70). Patients either began lopinavir/RTV aone
with addition of 3TC plusd4T at week 3 (group 1) or received al agents together
a day O (group 2). In an intent-to-treat analysis at 48 wk, HIV-1 RNA was less
than 400 copies/mL for 91% (<50 copies/mL, 75%) and 82% (<50 copies/mL,
79%) of patients in groups 1 and 2, respectively. Staszewski et al. investigated
the combination of 3TC paired with ZDV and combined with the NNRTI, EFV.
In this study, the EFV group demonstrated greater virological suppression com-
pared with an IDV-based regimen (71). At 48 wk, a significantly larger propor-
tion of patients treated with 3TC plus ZDV plus EFV had HIV-1 RNA levels
below 400 copies/mL than those treated with 3TC plus ZDV plus IDV or with
IDV plus EFV (70% vs 48% vs 53%, respectively).

Pediatric Trials—3TC Monotherapy

In aphase I/l study, 90 children ages 3 mo to 17 yr were stratified into two
arms based on previous antiretroviral use. Subjects received dosages of 3TC
ranging from 1 to 20 mg/kg daily (72). CD4 and CD8 cell counts remained sta-
ble during 24 wk in therapy-naive children and decreased dightly in previously
treated children. Viral burden decreased by 0.43 log,, copies/mL in both groups
combined and by 0.68 log,, copies/mL in the naive group after 24 wk.
Grouping patients into subsets of the lower (1 and 2 mg/kg/d), middle (4 and 8
mg/kg/d), and higher (12 and 20 mg/kg/d) dosage levels revealed significantly
lower HIV RNA in children receiving at least 4 mg/kg/d 3TC. In vitro resis-
tance to 3TC (M184V) was documented in sequential virus isolates from 20 of
26 patients after 8 to 48 wk of therapy. Increases in hepatic transaminases and
development of pancreatitis were the most serious side effects.

Pediatric Combination Therapy—3TC and ZDV vs Didanosine

PACTG 300 was a multicenter, randomized, double-blind study that com-
pared 4 mg/kg 3TC twice daily plus 160 mg/m2 ZDV three times daily with
120 mg/m? didanosine monotherapy twice daily or a combination of ZDV plus
90 mg/m? ddI twice daily (73). A total of 471 symptomatic, antiretroviral ther-
apy-naive pediatric patients were enrolled. The median age was 2.7 yr, 58%
were girls, and 86% were nonwhite. The mean baseline CD4 cell count was
868 cellssmm?® and the mean baseline plasma HIV RNA was 5.0 log,,
copies/mL. The median duration of follow-up was 10.1 mo for the ZDV plus
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3TC arm and 9.2 mo for the ddl arm. Primary clinical endpoints were disease
progression, including physical growth failure, central nervous system deterio-
ration and Centers for Disease Control Clinical Category C, and death. In the
3TC plus ZDV arm, 6.4% of patients reached a clinical endpoint, as did 15.7%
patients in the ddl arm. Both ZDV plus 3TC and ZDV plus ddI recipients had
alower risk of HIV disease progression than patients who received ddl alone
(p=0.0026 and p = 0.0045, respectively).

Pediatric Double Combination Therapy—Addition of 3TC
to Current NRTI

The Pediatric European Network for Treatment of AIDS (PENTA)-4 study
was a double-blind randomized trial of the addition of 3TC (4 mg/kg twice
daily) or placebo to stable NRTI therapy in 162 pediatric patients with amedian
age of 6.5 yr, amedian CD4 cell count of 328 cells/mm?3, and a median HIV
viral load of 4.9 log,, copiessmL (74). Background therapy included ZDV in
52 patients, ddl in 39 patients, ZDV and ddl in 54 patients, and ZDV and ddC
in 17 patients. At week 24, the addition of 3TC resulted in a median change in
CD4 cell count of +47 cellsmm3 and an HIV viral load change of -0.3 log, ,
copies/mL compared with placebo. The decrease in viral load was 0.38 log,,
copies/mL greater in the ZDV vs the ddI background therapy groups.

Pediatric Combination Therapy—3TC, ZDV, and RTV

As demonstrated in adults, the combination of 3TC with a second nucleo-
side analog and a Pl seems to have an enhanced antiviral effect. In PACTG
338, an interim analysis demonstrated that children receiving RTV and one or
two NRTIs had a mean decrease of greater than 1.5 log,, copiess/mL in viral
RNA levels after 12 wk of therapy (75). After 48 wk, 42% of children receiv-
ing the triple combination of ZDV plus 3TC plus RTV had an undetectable
viral load, as compared with 27% receiving asingle NRTI plus RTV.

3TC Resistance

3TC monotherapy resultsin high-level HIV resistance, which is caused by a
single mutation in codon 184 of the HIV-1 reverse transcriptase gene, in which
methionine is replaced by either isoleucine or valine. In vitro experiments with
3TC demonstrated the ICg,, of these variantsto 3TC is 500- to 1000-fold greater
than that of wild-type virus (76). In vivo studies demonstrated an initial decline
in HIV-1 p24 antigenemia and RNA viral load in the first 2 wk of 3TC therapy,
followed by arise in both values that coincided with the appearance of 3TC-
resistant viruses in plasma (77). ZDV-resistant HIV isolates that acquire the
M184V mutation have been found to regain their antiretroviral activity (78).
The M184V mutation reverses the selective advantage ZDV-resistant strains
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attain in continuation of HIV DNA chain elongation and, thus, leads to
increased ZDV phenotypic susceptibility in the setting of genotypic resistance
(79,80). In addition, HIV with the M184V mutation induced by either 3TC or
ABC treatment results in increased tenofovir susceptibility for HIV in the pre-
sence or absence of ZDV-associated reverse transcriptase mutations. Other
important mutations that confer 3TC resistance include groups of mutations
based at codons 69 or 151.

Drug Interactions

Very few drug interactions between 3TC and other antiretroviral agents or
other medications exist. 3TC coadministration with trimethoprim/sulfamethox-
azole resulted in a43% increase in AUC and a 35% decrease in renal clearance
of 3TC (81). No changesin the pharmacokinetics of trimethoprim/sulfamethox-
azole were seen.

Current Clinical Uses
Dosing and Formulations

The recommended daily dose of 3TC for adultsisoral administration of either
150 mg twice daily or 300 mg daily, and for pediatric patients, 3 mo to 16 yr of
age, is 4 mg/kg daily (up to a maximum daily dose of 300 mg). Dosage adjust-
ment is recommended for creatinine clearance less than 50 mL/min. The drug is
supplied in 150 mg and 300 mg tablets and as an oral solution of 10 mg/mL.

3TC dosed as a 300 mg tablet once daily was approved for use in June 2002.
In anonblind, sequential, pharmacokinetic study, 13 patients with HIV-1 infec-
tion received 150 mg 3TC twice daily and then switched to 300 mg once daily
in randomized order (82). The plasma pharmacokinetic profile of 3TC was
determined over a 12-h period on day 7 after twice-daily dosing and over 24 h
on day 7 after once-daily dosing. Statistical analysis did not show a significant
difference regarding the mean values of half-life, average steady-state concen-
tration, or AUC between the two dosing regimens.

COLA4005 was a prospective, randomized, multicenter trial comparing the
efficacy and safety of a switch to 3TC once-daily dosing vs continued standard
dosing of 150 mg 3TC twice daily in subjects on a stable regimen with an HIV
RNA level less than 400 copies/mL and CD4 cell counts greater than 50
cells/mm3 (83). At week 24, 82% of subjects on the once-daily regimen had
HIV viral loads less than 50 copies/mL vs 81% on the twice-daily regimen.
Both dosing regimens were well-tolerated with comparable safety profiles.

3TC isaso available combined with ZDV alone and with ZDV plusABC in
a fixed-dose combination (FDC) tablet. The first coformulation of antiretro-
viral therapy, Combivir™ (COM) tablets contain 150 mg of 3TC and 300 mg
of ZDV. COM was approved by the FDA in September 1997 for use in
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HIV-infected adults and children greater than 12 yr of age. This drug is indi-
cated for treatment of HIV infection in combination with other antiretroviral
agents. Pharmacokinetic studies in adults revealed COM to be bioequivalent to
one 150-mg 3TC tablet and one 300-mg ZDV tablet after single-dose adminis-
tration to fasting healthy subjects (84). A randomized, open-label study in anti-
retroviral-experienced patients was performed to establish the clinical
equivalence of COM plus a marketed PI, compared with a conventional regi-
men of 150 mg 3TC twice daily plus 300 mg ZDV twice daily plus a Pl (85).
In the 223 patients that were followed for 16 wk, the two regimens were shown
to have equal efficacy. The FDC, 3TC plus ZDV plus ABC, known as Trizivir,
isalso available for treatment of HIV infection. A detailed discussion of Trizivir
is presented in the “Abacavir” section of this chapter.
Toxicity

Significant toxicity related to 3TC is uncommon. The most common adverse
effects described are headache, nausea, and neutropenia. The relative lack of
neutropenia associated with 3TC use as compared with ZDV islikely related to
decreased affinity of 3TC to human DNA polymerase. Pancreatitis has been
reported in pediatric patients receiving 3TC, however, advanced HIV disease
and concomitant medications may have contributed to these episodes (86). In
adult clinical trials of 3TC, increased incidence of pancreatitis has not been
demonstrated.

Current Use

Current indications for 3TC include HIV infection in which treatment is indi-
cated, prevention of vertical transmission of HIV, occupational postexposure pro-
phylaxis for HIV, and treatment of chronic Hepatitis B. 3TC is currently
recommended as the nucleoside anal og of choice combined with a second nucleo-
side anadlog (ZDV or d4T) or the nucleotide analog, tenofovir, to form the back-
bone of combination antiretroviral therapy in antiretroviral-naive patients (87).

ABACAVIR

ABC (also known as Ziagen™, formerly 1592U809) is a synthetic carbocyclic
nucleoside analog with potent and selective inhibitory activity against HIV-1.
This agent was approved by the FDA for use in combination therapy of HIV-1
infection in adults and children age 3 mo or older in December 1998. ABC is
currently recommended as an alternative agent to Pls or EFV in combination
with two other NRTIs for initial trestment of established HIV infection (87).

Mechanism of Action and In Vitro Studies

Vince et a. reported the antiretroviral effects of the carbocyclic analog of
2',3'-dehydro-2',3'-dideoxyguanosine, a compound known as carbovir (Fig. 1)
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(88). Initial data were based on analysis of the racemic mixture. Subsequent
investigation reveal ed the negative enantiomer to be the biologically active iso-
mer, and this compound became known as 1592U89 (89). ABC is anabolized
intracellularly to its active triphosphate form via a unigue metabolic pathway
using enzymes that do not phosphorylate other NRTIs (90). Carbovir triphos-
phate is an analog of deoxy-guanosine-5'-triphosphate and inhibits the activity
of HIV-1 reverse transcriptase by competing with the natural substrate, deoxy-
guanosine-5'-triphosphate, and by incorporation into viral DNA. The lack of a
3'-OH group in the incorporated nucleoside analog prevents the formation of
the 5’ to 3’ phosphodiester linkage essential for DNA chain elongation, and
therefore, the viral DNA growth is terminated.

The in vitro anti-HIV activity of ABC was demonstrated in a HIV-1 [11B
strain cultured in MT-4 cells, peripheral blood mononuclear cells, and
macrophages, with 1Cg, values ranging from 4.0 to 0.65 uM (89). Eight clini-
cal isolates of HIV-1 from ZDV-naive patients amplified in peripheral blood
mononuclear cells showed amean 1Cg, of 0.26 uM (89,91). ABC demonstrated
synergistic activity in vitro against HIV-1 when used in combination with ZDV,
3TC, didanosine, nevirapine, or amprenavir in MT4 cells (92-94). Additive
effects with the other nucleoside analogs, such as d4T, were also noted.

Pharmacokinetics

ABC crosses the blood-brain barrier, with CSF-to-plasma concentration ratios
of 18 to 25%. Bioavailabilty is 83% and serum haf-lifeis 1.5 h. After oral admin-
istration of 300 mg ABC twice daily in 20 patients, the steady-state peak serum
ABC concentration was 3.0 £ 0.89 pg/mL (95). Binding of ABC to human
plasma proteins is approx 50%, however, physiological concentrations of albu-
min or a-1-glycoprotein do not markedly alter ABC activity (96). Food intake
does not affect the bioavailability of ABC. In humans, cytochrome P450 enzymes
do not significantly metabolize ABC and it, in turn, does not inhibit human
CYP3A4, CYP2C, or CYP2D6 activity at clinically relevant concentrations. The
primary routes of elimination are metabolism by acohol dehydrogenase and glu-
curonyl transferase. The pharmacokinetic properties of ABC have not been deter-
mined in patients with impaired renal function. In the CNAB1006 study, patients
with mild liver impairment had a 1.9-fold increasein AUC and a1.6-fold increase
in ABC half-life, suggesting that patients with mild hepatic failure may need
lower ABC doses to achieve similar AUCs to patients without liver disease (97).

Phase I/11 Studies

Wang et a. reported results of 15 HIV-1 infected adults with a median CD4
cell count of 347 cellsmm? who were enrolled in a randomized, seven-period
crossover study (98). The pharmacokinetics and safety of single doses of ABC,
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ZDV, and 3TC were evaluated when each drug was administered alone or when
any two or three drugs were administered concurrently. No clinically signifi-
cant pharmacokinetic interactions occurred between ABC, ZDV, and 3TC. No
increase in adverse events with the three-drug combination were seen.

CNAA2001 was a multicenter trial comparing the safety and efficacy of
four doses of ABC aone and in combination with ZDV (Table 5) (99). Patients
were randomized to four different ABC doses for the first 4 wk, and, theresfter,
to combination therapy with 300 mg ABC twice daily and ZDV or placebo for
8 wk. At week 12, the percentages of patients with plasma HIV-1 RNA levels
less than 400 and less than 40 copies/mL for ABC monotherapy were 28% and
11%, respectively, vs 69% and 22% for ABC plus ZDV. Median CD4 cell
counts increased by 79 to 195 cellsymm? and 93 to 142 cells/mms3 for ABC
monotherapy and ABC plus ZDV, respectively, but these differences were not
significant. Eight subjects (10%) discontinued the study prematurely because
of adverse events, three with hypersensitivity reactions. After 12 wk on study,
72 of 79 patients were required to interrupt ABC treatment until essential pre-
clinical studies were completed. In the extension phase of the trial, 43 of 72
subjects elected to restart open-label ABC therapy in combination with either
an NNRTI or a Pl after up to 1 yr of interruption (100). After 48 wk of therapy,
more than 50% of patients receiving either nucleoside-only therapy or PI-con-
taining therapy with ABC had an HIV RNA level less than 400 copies/mL.

Staszewski et al. reported results of adose-ranging trial to evaluate the saf ety
and efficacy of ABC aone or in combination with ZDV and 3TC in antiretro-
viral-naive subjects (101). Patients were randomized to three ABC doses for
24 wk, after which subjects could switch to open-label 300 mg ABC twice
daily, with ZDV and 3TC or other antiretrovirals as determined by their physi-
cian for an additional 24 wk. At week 4, the subjectsin the 300 or 600 mg ABC
groups had greater reductions in plasma HIV-1 RNA (median changes —1.55
and —1.61 log,, copies/mL, respectively) than patients in the 100 mg ABC
twice-daily group (median change, —0.63 log,, copies/mL). Differences
between the 300 and 600 mg twice-daily ABC groups were not significant. At
week 48, a median reduction in plasma HIV-1 RNA of 2.8 log;,, copies/mL
from the baseline of pooled ABC-treated subjects was seen. Sixty-five percent
and 43% of patients had less than 400 and less than 50 HIV-1 RNA copies/mL,
respectively, after 48 wk of ABC-containing therapy. A hypersensitivity reac-
tion attributable to ABC was seen in 3.3% of patients.

ZDV Plus 3TC Plus ABC Vs ZDV Plus 3TC Alone
in Antiretroviral-Naive Adults

CNAA3003 investigated the safety, tolerance, and antiviral activity of ZDV
plus 3TC plus ABC at 16 and 48 wk. This multicenter trial of therapy-naive
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Table 5
Clinical Trials of Abacavir Combination Therapy

No. of
Trial (ref.) Design Dosage subjects Entry criteria
CNAA2001 Randomized, double-blind; ABC alonefor 1st ABC 200 mg, 400 mg, or 600 mg TID; 79 <12 wk ZDV
(99) 4 wk, then ABC+ZDV or placebo for 8 wk 300 mg BID;
ZDV 300 mg BID
CNAB2002 Randomized, double-blind; ABC alonefor =~ ABC 100 mg, 300 mg, or 600 mg 60 VL >30,000
(101) 24 wk, then open-label ABC+ZDV+3TC BID; copiesmL; CD4
or other NRTIs per physician ABC 300 mg BID + ZDV 300 mg > 100 cells/mm3
BID + 3TC 150 mg BID
CNAA3003 Randomized, double-blind; ZDV+3TC vs ZDV 300 mg BID; 173 Treatment naive;
(102) ZDV+3TC+ABC for 16 wk, then open- 3TC 150 mg BID; CD4 >100
label ZDV+3TC+ABC ABC 300 mg BID cells/mm3
CNA3014 Randomized, double-blind; ABC+COM vs  ABC 300 mgBID, IDV 800mgTID 342 Treatment naive;
(103) IDV+COM HIV RNA
5-100K
CNAF3007 Randomized, open-label; COM+ABC vs ABC 300 mg BID, NFV 1250 mg 196 Treatment naive: HIV
(104) COM+NFV for 48 wk TID RNA 1000~
500,000 copies/mL
ACTG 5095 Randomized, double-blind ZDV+3TC+ABC ZDV+3TC/FDC (Combivir); 167 Treatment naive
(105) vs ZDV+3TC+EFV vs ZDV+3TC+ABC/FDC (Trizivir);
ZDV+3TC+ABC+EFV EFV 600 mg QD
CNA3002 Randomized, double-blind; addition of ABC ABC 300 mg BID 185 CD4 >100 cdlgmm?,
(107) vs placebo to stable regimen VL 400-500,000
copies/mL
CNAA3017 Open-label switch study; continue Pl-based ABC 300 mg BID 211 Stable PI-based reg-
(108) regimen vs switch to ABC-based regimen imen; HIV RNA

<50 copies/mL
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Table 5 (Continued)

Duration

of follow-up ~ CD4 response (cells'mm?d) Antiviral response Comments

12 wk ABC done, 79-195; VL < 400 copies/mL: ABC, 28%; 10% of subjects discontinued study
ABC+ZDV, 93-145 ABC+ZDV, 69%; VL < 40: ABC, 11%; prematurely for adverse events

ABC+ZDV, 22%

48 wk At week 24: At week 24, mean log,, copies/mL All ABC doses well-tolerated, 2 sub-
ABC 100 mg, +26; change: ABC 100 mg, —0.63 jects with hypersensitivity reaction
ABC 300 mg, +97; ABC, 300 mg/600 mg: —1.55-1.61
ABC 600 mg, +40 At wk 48, pooled ABC median VL
At wk 48: median +111 pooled reduction, 2.8

48 wk Median ZDV+ 3TC +150 VL < 400: ZDV+3TC, 35%; Loss of virological response and diffi-

ZDV+3TC+ABC +152 ZDV+3TC+ABC, 75% culty with regimen more common
in IDV group
48 wk Not reported VL < 400: ABC plus COM 64%; IDV Increased continuation of regimen
plus COM 50% and self-reported adherence in
ABC group

48 wk Mean increase; VL < 50: COM+ABC, 64%; ABC+COM comparable antiviral
COM+ABC, 109; COM+NFV, 61% activity to IDV+COM
COM+NFV, 120

Median Mean increase; Virological failure: Interim results resulted in triple-NRTI

32 wk ABC arm, +174; ABC arm 21% vs pooled EFV 11% arm termination

pooled EFV, +173 (p < 0.001)

16 wk ABC +30; stable regimen + 1 VL < 400: ABC 39%; stableregimen 8%  Antiviral response seen despite

(intent to treat) M184V mutation
48 wk Cont Pl arm +13; ABC arm +26  Virological failure continued Pl 23%; Significant reductions in cholesterol

(intent to treat)

ABC 12%

and triglyceride in ABC arm

aQD, once daily; BID, twice daily; TID, three times daily; VL, vira load; Cont, continued
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patients randomized subjects to ZDV plus 3TC plus ABC vs ZDV plus 3TC
(102). Subjects were stratified by baseline HIV-1 RNA level: less than 10,000
copies/mL; 10,000 to 100,000 copies/mL; or more than 100,000 copies/mL.
At week 16, al patients had the option to switch to open-label ABC plus ZDV
plus 3TC. Patients with confirmed plasma HIV-1 RNA levels greater than 400
copies/mL were permitted to switch to a new regimen to include ABC and
other available antiretroviral agents. In an intent-to-treat analysis at week 16,
75% and 35% of subjectsin the ABC plus ZDV plus 3TC and ZDV plus 3TC
groups, respectively, had an HIV-1 RNA level less than 400 copies/mL. The
triple combination was effective at all HIV-RNA strata, whereas the dual-ther-
apy group had a diminished virological response with a higher baseline HIV-1
RNA level. The mean increase in CD4 counts was similar between the treat-
ment groups at 16 wk. There was no difference in tolerance between the two
groups.

Triple-Combination Therapy: ABC Vs PlIs

CNA3014 compared the efficacy, safety, and adherence of ABC plus COM
(300 mg ZDV and 150 mg 3TC twice daily) vs IDV plus COM in 342 anti-
retroviral therapy-naive patients (103). Subjects were stratified based on screen-
ing HIV-1 RNA levels (stratum 1, 5000-100,000 copies/mL; stratum 2,
>100,000 copies/mL). At week 48, by intent-to-treat analysis, 105 of 164 (64%)
ABC plus COM subjects vs 82 of 165 (50%) IDV plus COM subjects had an
HIV-1 RNA level less than 400 copies/mL. Time-to-treatment failure during
48 wk was significantly longer for the COM plus ABC group than for the COM
plus IDV group. For stratum 1 and 2, the values were 73 of 106 (69%) and 32
of 58 (55%), respectively, for ABC plus COM subjects vs 49 of 100 (49%) and
33 of 65 (51%) for IDV plus COM subjects. Eleven percent of ABC plus COM
subjects vs 13% of IDV plus COM subjects discontinued randomized study
therapy because of an adverse event. Ten (6%) ABC plus COM subjects
reported possible hypersensitivity to ABC. Self-reported adherence to random-
ized treatment was significantly higher in the ABC plus COM group.

The CNAF3007 study evaluated the antiviral activity of COM plus ABC vs
COM plus NFV in antiretroviral-naive adults (104). In this randomized, open-
label study, 196 patients with HIV-1 RNA levels of 1000 to 500,000 copies/mL
were followed for 48 wk. Baseline viral loads were comparable in the two
treatment groups. In the intent-to-treat analysis at 48 wk, 64% and 61% of sub-
jects had HIV-1 RNA levels of less than 50 copiesymL in the COM plus ABC
and COM plus NFV arms, respectively. The COM plusABC group had median
CD4 cell count increases of 109 cells'mm3, as compared with 120 cellsymm?3in
the COM plus NFV group. Possible hypersensitivity reactions to ABC were
seen in 4% of subjects.
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Triple-Combination Therapy—ABC Vs EFV

ACTG 5095 was a comparative study of three Pl-sparing antiretroviral regi-
mens in treatment-naive patients (105). Subjects were randomized 1:1:1 to
ZDV plus 3TC plus ABC (FDC); ZDV plus 3TC (FDC) plus EFV; or ZDV
plus 3TC plusABC (FDC) plus EFV to assess safety and virological responses.
Virological failure was defined as a confirmed HIV-1 RNA levels greater than
200 copies/mL more than 16 wk after randomization. Based on a planned
interim review, the Data and Safety Monitoring Board recommended termina-
tion of the ZDV plus 3TC plus ABC arm. One hundred sixty-seven patients
reached protocol-defined virological failure: 82 (21%) on ZDV plus 3TC plus
ABC and 85 (10%) on pooled EFV arms. Time-to-virological failure was
shorter with ZDV plus 3TC plus ABC compared with pooled EFV arms
(p < 0.001). This trial suggested that ZDV plus 3TC plus ABC was inferior to
EFV-containing regimens regarding virological failurein trestment-naive patients.

ABC Expanded Access Program

The ABC Expanded Access Program was an international, multicenter, non-
randomized, open-label study (106). In part A of the Expanded Access
Program, all 2580 patients had a plasma HIV-1 RNA level greater than 30,000
copies/mL, a CD4 cell count of fewer than 100 cellsymm3, and virological fail-
ure to standard antiretroviral therapy that included at least two NRTIsand a PI.
Part B enrolled 11,624 patients and required only that patients have infections
that did not respond to standard therapy and that their providers' could not con-
struct a viable treatment regimen without ABC. In both parts A and B, ABC
was included as a component in a treatment regimen that contained at |east one
other antiretroviral drug that the patient had not received in the past. Virological
analysis was performed only for Part A patients. By month 2 of the ABC-con-
taining treatment, plasma HIV-1 RNA levels decreased by at least 0.5 log,
copies/mL in 31.4% of patients, and 5.6% of patients had a decrease in HIV-1
RNA levels to less than 400 copies/mL. Drug-related serious adverse events
were reported by 7.7% of patients, and 4.6% of patients experienced a hyper-
sensitivity reaction that was possibly drug related.

ABC Addition to Stable Background Therapy

Katlama et al. reported the results of CNA3002, which evaluated the addi-
tion of 300 mg ABC twice daily vs placebo to a stable background antiretrovi-
ral regimen (SBG) (107). One hundred eighty-five patients with CD4 cell
counts greater than 100 cells/mm?3 and an HIV-1 RNA level of 400 to 50,000
copies/mL were randomized. Median plasma HIV-1 RNA level at entry was
3.68 log;,, copiessmL and 3.53 log, , copies/mL for the ABC plus SBG and SBG
groups, respectively. The proportion of subjects with up to 18 mo of previous
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NRTI therapy and previous 3TC usage was similar in both treatment groups.
The most frequent background regimens were 3TC plus ZDV (36%), two
NRTIs plus a Pl or NNRTI (21%), d4T plus 3TC (19%), and ZDV plus ddI
(10%). At week 16, 36 of 92 (39%) vs 7 of 93 (8%) patients in the ABC plus
SBG and SBG groups had an HIV-1 RNA level less than 400 copies/mL. A
similar response was observed in both 3TC-naive and 3TC-experienced sub-
jects. Seventy-three percent of patients with the M184V mutation alone had a
greater than 1 log,, copies/mL reduction in plasma HIV-1 RNA level or had
less than 400 copies/mL by week 16. The presence of three or more thymidine
analog mutations with or without the M 184V mutation was associated with
reduced activity of ABC plus SBG.

Simplification With ABC-Based Triple Nucleoside Regimen
Vs Continued PI Therapy

CNA30017 was an open-label, multicenter study in which 211 patients who
had been on a stable highly active antiretroviral therapy regimen with two
NRTIs plus one PI for at least 6 mo and had a plasma HIV-1 RNA level less
than 50 copies/mL were randomized to replace the Pl with ABC or to continue
the same regimen (108). A significantly longer time-to-treatment failure was
demonstrated in the ABC arm compared with patients who continued the same
regimen, and more treatment failures were seen in the Pl arm (23%) than the
ABC arm (12%). A significant reduction in cholesterol and nonfasting trigly-
ceride was demonstrated in the ABC arm. The incidence of treatment-related
adverse events was not significantly different between treatment groups,
although the number of adverse events resulting in discontinuation of random-
ized medication was higher in patients remaining on a Pl (14% vs 8%).

ABC Pediatric Trials—Phase 1

In ACTG 330, 47 HIV-infected children discontinued previous antiretroviral
therapy and were orally administered 4 mg/kg ABC every 12 h for 6 wk, fol-
lowed by 8 mg/kg ABC every 12 h for 6 or 12 wk (109). At adose of 8 mg/kg
every 12 h, the AUC for plasma concentration vs time and the plasma half-life
values were comparabl e to those reported for adults receiving ABC at a dose of
300 mg twice daily. One case each of hypersensitivity reaction and periphera
neuropathy occurred during ABC monotherapy. Three children developed neu-
tropeniawhile receiving ABC in combination with another antiretroviral agent.
Mean CD4 cell count and plasma HIV-1 RNA level did not change when pre-
vious antiretroviral therapy was changed to ABC monotherapy.

Pediatric ABC Combination Therapy

CNAA3006 was arandomized, double-blind trial of ABC plus 3TC plusZDV
vs 3TC plus ZDV in antiretroviral-experienced HIV-infected children (110).
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Two hundred five children with CD4 cell counts of at least 100 cells/mm?3 were
randomized to receive 8 mg/kg ABC twice daily plus 4 mg/kg 3TC twice daily
plus 180 mg/m? ZDV twice daily; or only 3TC plus ZDV. In an intent-to-treat
analysis at week 48, the proportion of patients with plasma HIV-1 RNA levels
less than 10,000 copies/mL were 36% and 26% for the ABC plus 3TC plus
ZDV and 3TC plus ZDV groups, respectively. Three percent of children expe-
rienced ABC-related hypersensitivity reactions.

In PENTA-5, antiretroviral-experienced children were randomized to three
NRTI regimes with or without NFV (111). At 48 wk, the ABC-containing reg-
imens with or without NFV resulted in the greatest HIV-1 viral load reduction.

ABC Resistance

ABC selects for several mutations on the reverse transcriptase gene, includ-
ing M184V, K65R, L74V, and Y115F. The M184V mutation alone does not
lead to significant ABC resistance. Clinical trials indicate that resistance to
ABC is associated with the presence of the M184V mutation in combination
with at least three thymidine analog mutations (112). Mutations at codons 65,
74, and, possibly, 184 |lead to cross-resistance to ddl and ddC. Each of these
mutations results in atwofold to fourfold decrease in susceptibility to ABC.

Drug Interactions

Very few drug interactions with ABC and other medications exist. The co-
administration of ABC and ethanol increases the ABC AUC by 41% and the
ABC half-life by 26% (113). Ethanol pharmacokinetics were unchanged.

Current Clinical Uses
Dosing and Formulations

ABC issupplied as 300 mg tablets and as an 20-mg/mL oral solution. The rec-
ommended daily dosage is 600 mg either once daily or in two divided doses for
adults and 8 mg/kg twice daily (up to a maximum dose of 600 mg daily) for
adolescent and pediatric patients 3 mo to 16 yr of age.

Trizivir™ is the only three-drug fixed-dose coformulation of antiretroviral
medications and was approved for use in adults and adolescents weighing more
than 40 kg in November 2000. Each Trizivir tablet contains 300 mg ABC, 150
mg 3TC, and 300 mg ZDV. One Trizivir tablet was bioequivalent to one 300-mg
Ziagen tablet, one 150-mg Epivir tablet and 300-mg Retrovir tablet after single-
dose administration to 24 fasting healthy subjects (115). The recommended oral
dosage of Trizivir is one tablet twice daily. Because it is a fixed-dose tablet,
Trizivir should not be prescribed for patients requiring dosage adjustment, such
as those with creatinine clearances less than 50 mL/min or those experiencing
dose-limiting adverse events.
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Fischl et a. reported results of an open-label, randomized study of the effi-
cacy of COM plus ABC compared with Trizivir (116). One hundred eighty-six
subjects were on previous therapy with COM and ABC twice daily with or
without aPl or an NNRTI and had an HIV-1 RNA level lessthan 400 copies/mL
and a CD4 cell count greater than 200 cellsymmq. Patients were randomized to
continue COM plus ABC or switch to Trizivir. Prestudy Pl or NNRTI was con-
tinued if applicable. At 24 wk, 30 of 34 (88%) and 27 of 34 (79%) subjects had
an HIV-1 RNA level less than 400 copies/mL and less than 50 copies/mL,
respectively, in the COM plus ABC group as compared with 33 of 34 (97%)
and 28 of 34 (82%) in the Trizivir group.

Toxicity

The most common side effects seen during ABC therapy are gastrointestinal
and neurological side effects. The gastrointestinal side effects include nausea,
vomiting, and diarrhea, and tend to abate after the first few weeks of ABC ther-
apy. Dizziness, headache, malaise, and insomnia are the most common neuro-
logical side effects.

A hypersengitivity reaction to ABC has been reported in 3 to 7% of patients
and is characterized by multisystem involvement. Symptoms usualy appear within
the first 6 wk of treatment, with a median time to onset of 11 d. Manifestations
include fever, rash, gastrointestina symptoms, myalgias, and lethargy. Less com-
mon symptoms include cough, dyspnea, and arthralgias. Symptoms worsen with
continued therapy and usually improve within 24 h of ABC discontinuation. Use
of prednisolone does not prevent ABC hypersensitivity and may increase the risk
of thisreaction (117). Rechallenge with ABC after development of hypersensitiv-
ity-related symptoms typically results in recurrence of symptoms within hours,
with the potentia to induce a more severe clinical syndrome, with increased risk
of life-threatening hypotension and death. The mechanism of the ABC hypersen-
sitivity reaction is not known, but clinical symptoms suggest an immunological
reaction influenced by genetic factors. An association between development of
ABC hypersensitivity and certain human leukocyte antigen haplotypes has been
reported, although results are conflicting (118,119).

Current Uses

ABC isindicated for treatment of adults and children with HIV-1 infection in
which treatment is indicated. The use of ABC as part of an initial therapy for anti-
retroviral-naive patientsis attractive from the standpoint of pill burden and potency
when combined with a second NRTI and an NNRTI. ABC is currently recom-
mended as part of an alternative initial regimen containing 3TC and EFV (87).
The use of the three-NRTI regimen of ABC plus ZDV plus 3TC asaninitia ther-
apy has been associated with virological failure and, as such, is recommended
for use only in patients in whom an NNRTI or a Pl cannot be used. In addition,
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the combination of ABC plus tenofovir plus 3TC should not be used as the sole
combination at any time, based on data showing early virological nonresponse
(120). ABC is a useful component of salvage therapy in patients without HIV
isolates resistant to multiple nucleoside compounds.

SUMMARY

The discovery and development of the antiretroviral agents ZDV, 3TC, and
ABC has lead to widespread reductions in morbidity and mortality for persons
infected with HIV. From the use of these agents as monotherapy, followed by
their combination together and with other nucleoside analogs to form the
“nucleoside backbone” of triple-combination therapy, these agents have
become some of the most commonly prescribed antiretroviral medications. The
development of the coformulation of ZDV plus 3TC as COM, and of ZDV plus
3TC plus ABC as Trizivir, along with the once-daily dosing formulation of
3TC have been exciting additions to the armamentarium of antiretroviral medi-
cations, with obvious adherence implications. The capacity for use of 3TC for
treatment of HIV-1 and hepatitis B, along with its exceptional toxicity profile
and ease of dosing, have made 3TC particularly attractive for initial regimens.
Finaly, in a once-daily dose, the coformulation of 3TC plus ABC represents a
future direction for these agents.
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Stavudine, Didanosine, and Zalcitabine

Gail Skowron, Sapna Chowdhry, and Michael R. Stevens

INTRODUCTION

After the development and commercidization of zidovudine (as Retrovir®, also
known as 3'-azido-3'-deoxythymidine or AZT) as the first anti-HIV compound in
1987, researchers logically turned to other nucleoside analogs in an attempt to
expand the armamentarium against the disease. The next three compoundsin this
class to become commercially available were didanosine (as Videx®, Bristol-
Myers Squibb) in 1991, zalcitabine (as Hivid®, F. Hoffmann-La Roche) in 1992,
and stavudine (as Zerit®, Bristol-Myers Squibb) in 1994 (Fig. 1).

Dideoxynucleoside Mechanism of Action

Asisthe case with zidovudine, each of these compounds must be triphospho-
rylated by intracellular kinases before they can compete with the natural nucleo-
sidesubstratesto bring about viral DNA chain termination. Once triphosphorylated,
stavudine, similar to zidovudine, competes with deoxythymidine triphosphate
for binding to reverse transcriptase. Likewise, zal citabine competes with deoxy-
cytidine triphosphate, whereas didanosine undergoes conversion to an anaog of
deoxyadenosine triphosphate. Through using the viral reverse transcriptase to
integrate themselves into the growing DNA strand, these agents also prevent the
next endogenous nucleoside triphosphate from continuing to build the chain.
Successful inhibition and/or termination of DNA reverse transcription prevent
the host cell from becoming infected with HIV (1).

Nucleoside analog chain termination is accomplished by the removal or
replacement of the natural substrate’s 3" hydroxyl group, where successive nucleo-
sides must attach to the growing chain. In the case of zalcitabine and didanosine,
hydrogen replaces the 3' hydroxyl group, resulting in a dideoxy nucleoside (2',3'-
dideoxycytidine [ddC] and 2',3'-dideoxyinosine [ddI], respectively). The stavu-
dine molecule has a double bond inserted between carbons 2 and 3, resulting in
2',3'-didehydro-3'-deoxythymidine (d4T) (Fig. 1). Based on this nomenclature,
these three compounds are sometimes collectively referred to asthe “d” drugs.
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Fig. 1. Chemical structures of stavudine, didanosine, and zal citabine with their natural
nucleoside analogs.

STAVUDINE

Stavudine Overview

Stavudine (also known as d4T) is available as an immediate-rel ease product
(Zerit) and has been investigated as a once-daily extended-release formulation
(Zerit XR). The absorption of stavudine is not significantly affected by food.
Although no clinically significant drug—drug interactions occur between stavu-
dine and didanosine, lamivudine, or nelfinavir, concurrent use of zidovudine
and stavudine is not recommended in clinical practice, because of intracellular
antagonism. Because of the potential for overlapping toxicities, the use of the
combination of stavudine plus didanosine in therapy-naive patients is decreas-
ing and is not recommended.

Extensive data on the efficacy of stavudine-containing triple-therapy regi-
mens in patients with HIV infection show that stavudine in combination with
another nucleoside reverse transcriptase inhibitor (NRTI) and a protease
inhibitor (PI) (with or without low-dose ritonavir) or a non-nucleoside reverse
transcriptase inhibitor (NNRTI) reduced plasma HIV RNA levelsto fewer than
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500 copies/mL in 53 to 100% of antiretroviral-naive patients and to fewer than
50 copiesmL in 41 to 100% of antiretroviral-naive patients after 48 to 52 wk
of therapy (ITT M=F) (2-4,29-32).

Adverse events associated with stavudine-containing regimens include
peripheral sensory neuropathy and, rarely, lactic acidosis. Although stavudine
and other nucleoside analogs have also been associated with lipoatrophy, clear
answers regarding any link between individual nucleosides, lipoatrophy, and
potential mechanisms of action are beginning to emerge as randomized, con-
trolled studies are performed.

Stavudine was the fourth nucleoside analog to become commercially available
in the United States. More than 12,500 patients participated in the stavudine
Parallel Track Program (Study Al455-900), a phase |11 multicenter, randomized
trial comparing two doses of stavudine (20 and 40 mg, twice daily) in patients
who were intolerant of or had failed previous therapy with zidovudine and didano-
sine (5). Stavudine is indicated for use in combination with other antiretroviral
agents for the treatment of HIV-1 infection (6). The current US Department of
Health and Human Services (DHHS) guidelines recommend that stavudine may
be used as an aternative two-NRTI backbone, in combination with lamivudine or
emtricitabine, as part of an initial combination therapy regimen (7).

Stavudine Dosage Administration and Adjustment

Stavudine is available as 15-, 20-, 30-, and 40-mg capsules or as a dye-free,
fruit-flavored powder that provides 1 mg/mL of stavudine after recongtitution with
water. For adults, stavudineisadministered at adosage of approx 1 mg/kg/d divided
into two doses. The recommended dose is 40 mg twice daily for patients weighing
+60 kg (132 Ib) and 30 mg twice daily for patients weighing less than 60 kg. For
pediatric patients, the recommended dose for those weighing less than 30 kg is
1 mg/kg per dose administered every 12 h. Pediatric patients weighing at least 30
kg (66 1b) should receive the recommended adult dosage based on their weight.

With appropriate dosage adjustment, stavudine may be administered to
patients with renal impairment, those undergoing hemodialysis (Table 1), as
well as those patients who develop peripheral neuropathy (see “Stavudine
Tolerability and Management of Adverse Events’ section for details).

Stavudine is absorbed rapidly and achieves peak plasma concentrations
(C. ) 1 hafter oral administration (8). The drug is acid-stable and has an oral
bioavailability of 86.4 + 18.2% (9). The bioavailability of stavudine is unaf-
fected by food and stavudine can be administered without regard to meals (10).
Stavudine does not accumulate appreciably in plasma after extended dosing
(6). Approximately 40% of an administered dose of stavudine is excreted
unchanged in the urine (9). The remaining proportion is thought to be metabo-
lized, although the route of elimination is unclear (11). The elimination half-
life of stavudine after an oral doseis 1.44 h (6).
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Table 1
Recommended Dosage Adjustment for Stavudine in Patients With Renal
Impairment (6)

Recommended dosage by patient weight

Creatinine

clearance (mL/min) >60 kg <60 kg

>50 40 mg every 12 h 30 mg every 12 h
26-50 20mgevery 12 h 15mgevery 12 h
10-25 20mg every 24 h 15 mg every 24 h
Hemodiaysis 20 mg every 24 h? 15 mg every 24 hd

aAdministered after completion of dialysis and at the same time on nondialysis days

Stavudine Drug Interactions

Stavudine, like zidovudine, undergoes intracellular triphosphorylation to
compete with naturally occurring deoxythymidine triphosphate. Because both
drugs are thymidine analogues, they use the same intracellular thymidine
kinases, but zidovudine is preferentialy phosphorylated over stavudine (12,13).
As aresult, stavudine is not fully phosphorylated in the presence of zidovudine.

The clinical significance of the stavudine-zidovudine interaction has been
demonstrated in clinical trials that showed inferior antiviral efficacy with the
stavudine and zidovudine combination vs other antiretroviral regimens (14).
Havlir et a. further demonstrated that intracellular concentrations of stavudine
triphosphate were sixfold lower in patients receiving stavudine plus zidovudine
vs stavudine alone. Therefore, the concurrent use of zidovudine and stavudine
is not recommended in clinical practice.

Regarding other antiretroviral agents, drug interaction studies show that there
are no clinically significant interactions between stavudine and didanosine (15),
lamivudine, or nelfinavir (6,16,17). Further, an in vitro study suggested that the
Pls, indinavir, ritonavir, and saquinavir, have no effect on the intracellular phos-
phorylation of NRTIs and that intracellular interactionsin vivo are unlikely (18).
Interactions with NNRTIs, such as efavirenz or nevirapine, would not be
expected because the agents are metabolized via different routes (6).

Because stavudine does not inhibit the major cytochrome P450 isoforms
(CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4) and is not protein
bound, clinically significant drug interactions are not expected with drugs
metabolized through these pathways or with drugs that are protein bound. The
area under the plasma concentration vs time curve (AUC) of stavudine was not
significantly altered by concomitant fluconazole with or without rifabutin
and/or clarithromycin administration, suggesting that interaction between
stavudine and these anti-infective agentsis unlikely (19). However, methadone
decreased the AUC of stavudine by approximately one-fourth and decreased
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peak drug concentrations by 44% (20). The clinical implications of this inter-
action are presently unknown.

Resistance to Stavudine

HIV isolates with a reduced susceptibility to stavudine have been selected
in vitro (21) and aso have been obtained from patients treated with stavudine
(22-24). Phenotypic analysisof 61 HIV isolates from patients receiving prolonged
stavudine monotherapy showed a moderate decrease (mean twofold change) in
stavudine sensitivity after 6 to 29 mo of treatment (22). Posttreatment isolates
from 15 of the 61 patients exhibited a greater than fourfold reduction in sensitiv-
ity vs pretreatment isolates, a change that was deemed significant based on the
variability of the assay (22). However, to date, high-level, stavudine-specific resis-
tance in clinical isolates has not been observed (22).

Changes in stavudine sensitivity are usually associated with the presence of
multiresistant phenotypes (22). Several studies have shown that prolonged stavu-
dine treatment can select and/or maintain mutations associated with zidovudine
resistance (23,25). | solates containing these mutations remain sensitive to stavu-
dine (26), athough the clinical relevance of these findings is unknown (27) and
complicated by the use of differing definitions of clinical or biological cutoffs.

Stavudine Clinical Studies

There are now extensive data available on the efficacy of stavudine in the
treatment of patients with HIV infection. Although the initial regulatory trials
of stavudine investigated its use as monotherapy, the primary focus of this sec-
tion concerns its use as part of triple-therapy regimens in line with current
treatment guidelines (7). If possible, ITT data, the most conservative assess-
ment of drug efficacy, are presented for each of the trials reviewed.

Stavudine Monotherapy

The efficacy of stavudine monotherapy was confirmed in a large, random-
ized, double-blind, multicenter comparison with zidovudine conducted in 1992
to 1994 (A1455-019), which showed similar outcomes in terms of disease pro-
gression and mortality in both treatment groups (28). A total of 822 HIV-
infected adult patients were recruited to the trial. Although the risk of death
was 26% lower with stavudine, the difference between treatment groups was
not statistically significant (p = 0.066) (28).

Stavudine-Containing Triple-Therapy Regimens

Stavudine in combination with another NRTI and a Pl (with or without low-
dose ritonavir) (2,3,29-31) or another NRTI and a NNRTI (4,31,32) reduced
plasma HIV RNA levels to fewer than 500 copies/mL in 53 to 100% and to
fewer than 50 copies/mL in 41 to 100% of antiretroviral-naive patients after 48
to 52 wk (Table 2).
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Table 2

Summary of Selected Randomized, Multicenter, Long-Term (i.e., 48 to 52 Wk) Trials Investigating the Efficacy
of Triple Stavudine-Containing Regimens in the Treatment of Antiretroviral-Naive Patients With HIV Infection?

Mean baseline Median or mean change Patients with plasma HIV

from baseline [wk] RNA levels (%) [wk]

CD4 count VRNA CD4 count VRNA

No. of (x 108 (logyo (x 106 (logyg <500 <50
Study patients Regimen cellgl) copies/mL) cellgl) copies/mL) copies'mL  copiemL
OzCombo 34 d4T + 3TC + IDV 313 521 237 [52] -3.28[52] NR 59% [52]
(29) 37 d4T + ddl + IDV 277 5.00 176 [52] —2.68[52] NR 48% [52]
35 ZDV + 3TC + IDV 267 5.01 175 [52] —2.72[52] NR 66% [52]
0OzCombo 22 d4T + 3TC + NVP 398 4.62 201 [52] -1.10[52] 68% [52] 68% [52]
2(32) 23 d4T + ddl + NVP 357 4.74 190 [52] —-1.97 [52] 87% [52] 805 [52]
20 ZDV + 3TC + NVP 448 452 172 [52] -1.64[52] 70% [52] 73% [52]
Murphy 16 LOP + RTV + d4T + 3TCP 471 4.88 NR NR 100% [48] 100% [48]
eta.(30) 16 LOP + RTV + d4T + 3TC® 330 4.96 NR NR 81% [48] 50% [48]
35 LOP+ RTV + d4T + 3TCd 343 4.78 NR NR 91%f [48] 86% [48]
33 LOP + RTV + d4T + 3TC® 275 4.97 NR NR 73% [48] 73% [48]
Start | (2) 101 d4T + 3TC + IDV 424 457 227 [48] —2.89 [48] 629 [40-48]  49% [48]
103 ZDV + 3TC + IDV 422 4.46 198 [48] —2.60 [48] 549% [40-48]  47% [48]
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Start1l(3) 102 04T +ddl + 1DV
103  ZDV +3TC+IDV
ACTG384 155  dAT +ddl + EFV
(31) 155  d4T +ddl + NFV

155 ZDV + 3TC + EFV
155 ZDV + 3TC + NFV

FTC301A 232  FTC+dd +EFV
(33) 193 d4T +ddl + EFV
Gilead903 299  TDF+3TC+EFV

o) 301  d4T +3TC+EFV

NR
NR
273
264
272
307

312
324
276
283

NR
NR
5.0
5.0
4.9
4.9

4.8
4.8
4.9
4.9

214 [48]
142 [48]
NR
NR
NR
NR

168 [48]
134 [48]
263 [144]
283 [144]

—2.50 [48]
—2.60 [48]
NR
NR
NR
NR

—3.1[48 & 144]
—3.1[48 & 144]

53% [40-48]  41% [48]

41%[40-48] 35% [48]
ZDV/3TCIEFV dgnificantly
ddayed timeto first virological
failure (HR = 0.39) and failure
of first regimen (HR = 0.35)
compared with d4T plus ddl

8199 [48] 78% [48]9
68%"9 [48] 59% [48]9
80% [48] 76% [48]
84% [48] 80% [48]

3TC, lamivudine; d4T, stavudine; ddl, didanosine; IDV, indinavir; LOP, lopinavir; NV P, nevirapine; NR, not reported; RTV, ritonavir; VRNA,

plasmaHIV RNA; ZDV, zidovudine; FTC, emtricitabin

4 n dl trias, the dosages of antiretrovirals used were in accordance with manufacturers’ recommendations, with the exception of the trial by

Murphy et a. (30), which was a dose-finding study

200 mg LOP plus 100 mg RTV every 12 h
€400 mg LOP plus 100 mg RTV every 12 h
d400 mg LOP plus 100 mg RTV every 12 h
€400 mg LOP plus 200 mg RTV every 12 h
fFewer than 400 copies/mL

9p < 0.001 for comparison between arms
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In the two trials that permitted a direct comparison between stavudine- and
zidovudine-containing regimens (2,29), similar reductions in viral load were
observed. However, the stavudine-containing regimen was associated with a
significantly greater increase in median time-weighted CD4 cell count at both
24 and 48 wk in one trial (2). Of interest also are the results of Murphy et al.,
who reported favorable results compared with those achieved in other trials
with a ritonavir-boosted regimen of lopinavir in combination with stavudine
plus lamivudine (30).

Gilead 903, a prospective, randomized, double-blind study in 753 antiretro-
viral-naive patients, compared stavudine with tenofovir, both in combination
with lamivudine and efavirenz (4). The primary analysis at 48 wk evaluated the
proportion of patients with viral suppression to fewer than 400 copies/mL in an
ITT M=F. In this analysis, the stavudine arm was marginally superior to the
tenofovir arm (84% vs 80%, confidence interval, —10.4 to 1.5%). However,
using a cutoff of 50 copies/mL, the two regimens were equivalent at week 48
and through week 144.

In two recent, large multicenter trials, the combination of stavudine plus
didanosine as a two-NRTI backbone with efavirenz or nelfinavir was associ-
ated with comparatively less efficacy than comparator arms. The AIDS Clinical
Trials Group (ACTG) 384 study compared sequential three- and four-drug reg-
imens for initial therapy for HIV infection in 620 therapy-naive individuals
(31). The time-to-first virological failure was significantly delayed with the
combination of zidovudine plus lamivudine plus efavirenz, compared with
three other regimens of stavudine plus didanosine plus efavirenz, stavudine
plus didanosine plus nelfinavir, or zidovudine plus lamivudine plus nelfinavir
(hazard ratio, 0.34). A second trial, FTC-301A, compared stavudine plus
didanosine plus efavirenz with emtricitabine plus didanosine plus efavirenz in
571 antiretroviral-naive adults (33). At the 24-wk interim analysis, the data
safety monitoring board recommended offering open-label emtricitabine to
stavudine recipients, based on a higher probability of a persistent virological
response to fewer than 50 copies/mL in the emtricitabine group vs the stavu-
dine group (85% vs 76%, p = 0.005).

Stavudine Studies in Children

Current treatment guidelines for the use of antiretroviral regimens in chil-
dren recommend the use of a Pl in combination with two NRTIs (34).
Although data with stavudine remain limited, several small studies have shown
the efficacy of stavudine-containing triple regimens in both antiretroviral-
naive (35) and antiretroviral-experienced populations of children (36—41). In
the latter patient group, average viral load was reduced by at least 2 log;
copies/mL from baseline after 4 to 24 mo (36). A recent trial also showed a
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satisfactory viral outcome after 1 yr of dual therapy with stavudine and didano-
sine, which was associated with better adherence than is often observed with
triple therapy (42).

Stavudine Tolerability and Management of Adverse Events
Stavudine Mitochondrial Toxicity

The tolerability profile of all NRTIs is influenced, to some degree, by the
occurrence of mitochondrial toxicity. Thisis aresult of inhibition of human
DNA polymerase-y, which isinvolved in the replication of mitochondrial DNA
(mtDNA). Adverse events thought to occur because of mitochondrial toxicity
are myopathy, neuropathy, cardiomyopathy, lactic acidosis, and pancreatic
and/or hepatic failure, although the range of events associated with individual
agents differs (43).

PERIPHERAL NEUROPATHY WITH STAVUDINE

For stavudine, the major dose-limiting toxicity is peripheral sensory neuro-
pathy. The event is dose related and symptoms include pain, tingling, or numb-
ness of the hands and feet, distal sensory loss, and mild muscle weakness.
Stavudine-rel ated peripheral neuropathy is observed more frequently in patients
with advanced HIV, ahistory of neuropathy, low baseline CD4 counts, or hemo-
globin levels of less than 110 g/L (28,44).

In early controlled clinical trials, the incidence of peripheral neuropathy
associated with 80 mg/d stavudine ranged from 8 to 21% (2,44). Patients under-
going treatment with stavudine should be monitored for the development of
neuropathy. If detected, stavudine-related peripheral neuropathy may resolve if
therapy is withdrawn promptly. If symptoms resolve completely, patients may
tolerate resumption of treatment at one-half the dose (i.e., 20 or 15 mg stavu-
dine twice daily for patients weighing at least 60 kg or less than 60 kg, respec-
tively). If peripheral neuropathy recurs, permanent discontinuation of stavudine
should be considered (6).

LAcTtic Aciposis WITH STAVUDINE

A rare and potentially fatal syndrome of lactic acidosis and severe
hepatomegaly with steatosis can occur with nucleoside analogs, including
stavudine. Some longitudinal and retrospective studies suggest that the inci-
dence of lactic acidosis may be more commonly associated with antiretroviral
combinations containing stavudine (6). In the Gilead 903 randomized compar-
ison of stavudine vs tenofovir, in combination with lamivudine and efavirenz,
investigator-defined lactic acidosis occurred in three patients, all of whom were
in the stavudine group (4).

Lactic acidosis occurs infrequently at an estimated rate of 1.2 to 3.9 events
per 1000 person years with al nucleotide and nucleoside analogs (45). Notably,
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fatal lactic acidosis has been reported in pregnant women who received the
combination of stavudine and didanosine with other antiretroviral agents (46);
therefore, combined stavudine and didanosine should be used with caution
during pregnancy.

Early recognition of the signs and symptoms of lactic acidosis is important.
These include generalized fatigue, digestive symptoms (nausea, vomiting,
abdominal pain, and sudden weight 10ss), respiratory symptoms (tachypnea
and dyspnea), and neurological symptoms (motor weakness). However,
prospective monitoring of lactate levelsis not recommended at this time (6). If
symptoms suggestive of lactic acidosis are identified, antiretroviral treatment
should be suspended promptly and a full medical work-up performed.

Lipodystrophy With Stavudine

Lipodystrophy (or fat redistribution syndrome) is a complication of pro-
longed antiretroviral therapy. It is characterized by the wasting of peripheral fat
of the distal extremities, buttocks, and face (lipoatrophy), and central fat accu-
mulation, notably in the dorsocervical region, breasts, and abdomen (lipohy-
pertrophy). It can also be accompanied by metabolic abnormalities, such as
hypertriglyceridemia, hypercholesterolemia, insulin resistance, and type 2 dia-
betes mellitus. It is unclear whether lipodystrophy represents a single syndrome
or several related syndromes (47).

Despite the clear temporal association between the use of antiretroviral
therapy and the onset of lipodystrophy, researchers have yet to clearly differ-
entiate between changesin lipid metabolism and distribution that can be attrib-
uted to individual pharmacological agents and changes that are a result of the
natural course of HIV infection. A substudy of the large HIV Outpatient Study
found that HIV-associated lipodystrophy was associated with several host,
disease, and drug-related factors (48). They observed that the prevalence of
lipoatrophy increased substantially with the number of nondrug risk factors,
suggesting that lipoatrophy is related to the effective control of HIV infection
or drug usein patients with more advanced disease (48). Importantly, lipoatro-
phy did not occur with stavudine unless other nondrug risk factors were pre-
sent (48). From the results of their analyses, Lichtenstein et a. suggested that
lipodystrophy was more than a drug-related adverse event and more than one
syndrome.

The relationship between antiretroviral agents and the development of
lipodystrophy remains controversial and continues to be investigated. Although
several observational studies have reported an increased risk of lipodystrophy
with stavudine vs zidovudine (49), this has not been a consistent finding
(50,51). Further, another study found no correlation between the use of stavu-
dine and lipodystrophy (52).
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A clearer association between stavudine and lipodystrophy was suggested
by the results of the Gilead 903 study, comparing stavudine plus lamivudine
plus efavirenz to tenofovir plus lamivudine plus efavirenz in antiretroviral-
naive patients. The tenofovir arm demonstrated more favorable changes in
triglyceride (p < 0.001), total cholesterol (p < 0.001), low-density lipoprotein
(p < 0.001) and high-density lipoprotein (p = 0.003) levels compared with the
stavudine arm, and a lower frequency of investigator-reported lipodystrophy
(3% vs 19%, respectively, p < 0.001) (4). In asubstudy of 262 patients, whole-
body dual-energy X-ray absorptiometry scans showed significantly more limb
fat in the tenofovir arm than the stavudine arm at 96 wk (7.9 kg vs 5.0 kg,
respectively, p < 0.001). Both arms experienced an increase in weight from
baseline through week 144, which was more pronounced in the group receiv-
ing tenofovir (2.9 kg) than stavudine (0.6 kg) (p = 0.001) (4). Although the
incidence of nucleoside-associated toxicitiesin tenofovir subjects was 3% com-
pared with 10% in the stavudine arm (p < 0.001), a 48-wk substudy of 277 sub-
jects demonstrated a median increase from baseline in mtDNA copies/cell in
both groups (82 mtDNA copies/cell in the tenofovir arm vs 18 mtDNA
copieg/cell in the stavudine arm [p = 0.001]) (53).

Other suggestive evidence for the association between stavudine use and lipo-
atrophy was seen in the results of the TARHEEL study (54). This 48-wk, open-
label study in 118 virologicaly suppressed patients with lipoatrophy evaluated
changes in lipoatrophy after a switch from stavudine to either abacavir (86
patients) or zidovudine (32 patients). At 48 wk, full-body dual-energy X-ray
absorptiometry scans showed a median increase in arm fat of 35%, in leg fat of
12%, and in trunk fat of 18% compared with baseline (54). In a subset of 16
patients, MtDNA content in skeletal muscle, adipose tissue, and periphera blood
mononuclear cellswere measured at study entry and week 48. MtDNA levelswere
low at baseline, but rebounded by week 48 in skeletal muscle (mean 141%
increase), adipose tissue (mean 146% increase), and periphera blood mononuclear
cdls (369% increase) (55). Improvements in quantitative adipocyte gpoptosis and
in the function of seven mitochondrial enzymes were also seen by week 48 (55).

Although a clear mechanism for the pathogenesis of PI-related lipodystro-
phy has been suggested (56), less is known about the pathogenesis of NRTI-
related events. Recently, it has been proposed that, similar to several other
adverse events related to NRTIs, lipodystrophy may be a function of mitochon-
dria toxicity (57,58). At present, there are only limited observations in support
of this theory. Those observations include a strong association between the
onset of lipodystrophy and the time of exposure to NRTIs, and the fact that
lipodystrophy has been observed in Pl-naive patients (57). However, several
lines of evidence suggest that mitochondrial toxicity is not the cause of lipody-
strophy in patients receiving NRTIs (59).
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Table 3
Clinical Adverse Events” of Moderate or Severe Intensity in at Least 1%
of Patients (6)"

Stavudine + lamivudine + efavirenz

Adverse events n = 467 (% of patients)®
Body as awhole

Headache 2%

Fatigue 1%
Digestive system

Diarrhea 2%

Nausea 2%

Vomiting <1%

Dyspepsia 1%
Metabolic and nutritional system

Lipodystrophy 3%
Nervous system

Dizziness 5%

Abnormal dreams 2%

Insomnia 1%

PNS/neuropathy 6%

Somnolence 1%

Abnormal thinking 1%

Depression 1%
Skin and appendages

Rash 5%

Pruritus 1%

PNS, peripheral neurologica symptoms (includes neuropathy, paresthesia, and peripheral neuritis)

8Considered by the investigator to be of possible, probable, or unknown relationship to any
component of the drug regimen

bData pooled from stavudine combination studies

CPatients received 40 mg stavudine twice daily each in combination with 150 mg lamivudine
twice daily and 600 mg efavirenz once daily. Median duration of treatment was 56 wk

Other Adverse Events With Stavudine

Other adverse events reported in association with stavudine as part of a
triple-therapy regimen with lamivudine and efavirenz are shown in Table 3.
Laboratory abnormalities were infrequent, as shown in Table 4.

DIDANOSINE
Didanosine Overview

Didanosine (also known as ddl) is available in its original buffered formula
tions (Videx) and as a delayed-rel ease formulation with enteric-coated beadlets
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Table 4
Selected Laboratory and Hematological Abnormalities From Combination
Studies of Stavudine (Pooled Data) (6)*

Stavudine + lamivudine + efavirenz

Parameter n = 467 (% of patients)°
AST (>5 x ULN) 3%
ALT (>5 x ULN) 3%
Lipase (>2.1 x ULN) 3%
Total bilirubin (2.6 x ULN) 0%
Neutropenia (ANC <750/mm?) 5%
Anemia (hemoglobin <8 g/dL) <1%
Thrombocytopenia (platel ets <50,000 cells/mm3) 2%

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ULN, upper limit of nor-
mal; ANC, absolute neutrophil count

@Patients received 40 mg stavudine twice daily, in combination with 150 mg lamivudine
twice daily and 600 mg efavirenz once daily. Median duration of treatment was 56 wk

of the drug (Videx EC). Because of its unique acid lability, didanosine must be
protected from stomach acids either by the enteric coating of the delayed-
release formulation, or by the antacid component of the buffered formulations.
Additionally, didanosine should be taken on an empty stomach, 30 min before
or 2 h after eating. Most drugs that interact with didanosine actually interact
with the buffer component of the earlier formulations rather than with didano-
sineitself. Diarrhea, peripheral neuropathy, and nausea are the most commonly
experienced side effects of concomitant use of didanosine with stavudine plus
nelfinavir or lamivudine plus nelfinavir.

Data from studies of didanosine-containing triple-therapy regimensin HIV-
infected, antiretroviral-naive patients show that didanosine with another NRTI
and an NNRTI reduced plasma HIV RNA levels to less than 500 copies/mL in
68 to 98% of patients and to less than 50 copies/mL in 50 to 93% of patients
after 6 to 15 mo of therapy (ITT M=F).

Adverse events experienced with didanosine-containing regimens include
pancreatitis, peripheral neuropathy, retinal changes and optic neuritis, and gas-
trointestinal (Gl) disturbances.

Didanosine is a member of the nucleoside class of HIV-1 NRTIs. When it
was commercialy introduced in 1991, didanosine (as Videx) was the second
antiretroviral compound to be licensed. This followed a large, expanded access
program in which more than 21,000 patients received didanosine either under a
treatment Investigational New Drug protocol designed for patients who were
intolerant to zidovudine, or through an open-label study designed for patients
whose conditions were deteriorating clinically despite continued zidovudine
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therapy. The trials opened for accrual in October 1989 and continued until the
drug received Food and Drug Administration (FDA) approval in October 1991.
Originally introduced for patients failing or intolerant of zidovudine, didano-
sine is now indicated in combination with other antiretroviral agents for the
treatment of HIV-1 infection (60). The current US DHHS guidelines recom-
mend that didanosine may be used as an alternative two-NRTI backbone in
combination with lamivudine or emtricitabine, as part of an initial combina
tion-therapy regimen (7).

Invitro activity of didanosine against HIV-1 was evaluated in HIV-1-infected
lymphoblastic cell lines and in monocyte/macrophage cell cultures. The
didanosine concentration required to inhibit viral replication by 50% (ICg)
ranged from 2.5 to 10 uM in lymphoblastic cell lines and 0.01 to 0.1 uM in
monocyte/macrophage cell cultures (61). Didanosine has high in vitro antiviral
selectivity. Itsin vitro selectivity ratio (1C5,/ median effective concentration
[ECy,]) was 2.5 times greater than that of zidovudine (62).

Didanosine Clinical Pharmacology

Didanosine is commercially available in a number of formulations, includ-
ing Videx (didanosine) EC Delayed-Rel ease Capsul es containing enteric-coated
beadlets, Videx (didanosine) Chewable/Dispersible Buffered Tablets, Videx
(didanosine) Buffered Powder for Oral Solution, and Videx (didanosine)
Pediatric Powder for Oral Solution. Thisdiverse group of formulationsis neces-
sitated by didanosine’s unique acid lability. Unlike other nucleoside analogs,
didanosine is highly acid labile and quickly undergoes hydrolysis in the Gl
system to hypoxanthine, an inactive form (60). To prevent this rapid degrada-
tion, didanosine must be protected from the acidic environment of the stomach.
Thisis accomplished in two ways.

With Videx EC, the active ingredient is sheltered from stomach acid degra-
dation by enclosing didanosine within individual enteric-coated beadlets within
the capsule. The enteric coating dissolves, releasing the didanosine, when the
beadlets encounter the higher pH of the small intestine, where absorption of
the drug occurs.

With buffered formulations of didanosine, administration with antacid raises
gastric pH, providing protection from degradation by stomach acid. The antacid
is either provided in the dosage form itself (buffered with calcium carbonate
and magnesium hydroxide or dibasic sodium phosphate, sodium citrate, and
citric acid), or, in the case of Videx Buffered Powder for Oral Solution, must be
admixed by the pharmacist at the time the drug is dispensed. All dosage forms
of didanosine are to be administered on an empty stomach, but the number of
tablets/capsules, preferred dosing interval, and even the dose administered
varies depending on the dosage form administered.
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Table 5
Mean (£SD) Pharmacokinetic Parameters for Buffered Didanosine in Adult
and Pediatric Patients (60)*

Pediatric patients

Parameter Adult patients 8moto19yr 2wkto4 mo
Oral bioavailability (%) 42+ 12 25+ 20 ND
Apparent Vd (L/m?) 43.70 £ 8.90 28+ 15 ND
CSF:plasmaratio 21+ 0.03% 46% (range, ND
12-85%)
Systemic clearance (mL/min/m?) 526 + 64.7 516 + 184 ND
Renal clearance (mL/min/m?) 223+ 85.0 240 + 90 ND
Apparent oral clearance 1252 + 154 2064 + 736 1353 + 759
(mL/min/m?)
Elimination half-life (h) 15+04 08+0.3 1.2+0.321
Urinary recovery
of didanosine (%) 18+8 18+ 10 ND

Vd, volume of distribution; CSF, cerebrospina fluid; ND, not determined
aPediatric patients (8-mo to 19-yr old) demonstrate alower oral bioavailability (25%), smaller
Vd (28 L/m?), and shorter half-life (0.8 h) (60,65)

Didanosine Pharmacokinetics
Didanosine Buffered Formulations

Buffered didanosine, the first available formulation of didanosine, is rapidly
absorbed, with C . occurring 0.25 to 1.5 h after oral dosing. Increases in
plasma didanosine concentrations have been shown to be dose proportional
between 50 and 400 mg. Steady-state pharmacokinetic parameters do not differ
significantly from values obtained after a single dose. Binding of didanosine to
plasma proteinsin vitro is low (<5%) (60). It is thought that the metabolism of
didanosine in humans occurs by the same pathways responsible for the elimi-
nation of endogenous purines, with 18% of an orally administered dose recov-
erable in the urine (60).

Buffered didanosine is 42% bioavailable orally with an apparent volume of
distribution (Vd) of 1.08 L/kg in adults (60). Plasma half-life is approx 1.5 h
(see Table 5). Despiteits short plasma half-life, didanosine can be administered
once daily in adults. The relatively long intracellular half-life (25 to 40 h) of its
active moiety, dideoxyadenosine triphosphate, allows this type of dosing
(60,63). Didanosine C_. and AUC are decreased by approx 55% when
buffered tablets are administered up to 2 h after ameal (64). Administration of
buffered tablets up to 30 min before a meal does not result in any significant
changes in bioavailability. Buffered didanosine should be taken on an empty
stomach, at least 30 min before or 2 h after eating (60).



92 Skowron, Chowdhry, and Stevens

Didanosine Enteric-Coated Formulation

The intrinsic pharmacokinetic properties of didanosine (e.g., volume of dis-
tribution and half-life) are unchanged when using the enteric-coated beadl et
formulation. In healthy volunteers, as well as subjects infected with HIV, the
AUC is equivalent for didanosine administered as Videx EC relative to the
buffered-tablet formulation. However, the C__ of didanosine, administered as
enteric-coated beadlets, is reduced approx 40% relative to didanosine buffered
tablets. Because the beadlets must move from the gastric environment of the
stomach into the small intestine before absorption can occur, the time to the
peak concentration increases from approx 0.67 h for buffered didanosine for-
mulations to 2.33 h in healthy subjects and 2.0 h in HIV-infected subjects for
the enteric-coated formulation (66,67). The mean half-life of didanosine was
similar between treatment groups, ranging from 1.6 to 1.7 h in healthy and
infected subjects. As a result, patients experience equivalent didanosine expo-
sure (AUC) with delayed and lower C, ., (60,66).

Effect of Food on Absorption of Didanosine

The administration of didanosine with food results in decreased exposure to
the agent, regardless of dosage form. Didanosine C, and AUC were decreased
by approx 55% when didanosine tablets were administered up to 2 h after ameal.
Administration of didanosine tablets up to 30 min before ameal did not result in
any significant changes in bioavailability. All buffered didanosine formulations
should be taken on an empty stomach, at least 30 min before or 2 h after eating.

In the presence of food, the C,, and AUC for Videx EC were reduced by
approx 46% and 19%, respectively, compared with the fasting state (67). Videx
EC should be taken on an empty stomach (60).

Didanosine Drug Interactions

Drug—drug interactions involving didanosine can be divided into two groups:
those unique to the antacid buffer, and those caused by didanosine itself. This
distinction is important, because interactions caused by the antacid buffer are
not encountered when using Videx EC.

Buffer-Specific Interactions

Buffered didanosine can reduce the AUC and C, ., of ciprofloxacin by 26%
and 16%, respectively (68,69). It also reduces the AUC and C_, of indinavir
by 84% and 82%, respectively, when the two drugs are administered concur-
rently, or by 11% and 4%, respectively, when indinavir is administered 1 h
before buffered didanosine (70). Buffered didanosine also reduces the AUC and
C, . Of ketoconazole by 14% and 20%, respectively (71). Because administra-
tion of the buffered tablets in the setting of chronic methadone maintenance
reduces the AUC of didanosine by 41% and the C by 59%, increased
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buffered didanosine doses may be needed (20). Interactions such as these,
which are dependent solely on the presence of the buffers used to protect
didanosine from inactivation in the acid environment of the stomach, do not
occur with Videx EC, the enteric-coated formulation of didanosine (72).

Administration of buffered didanosine also affects delaviridine (decreases
the AUC 32% if simultaneous, increases the AUC 20% if administered 1 h
before didanosine), ganciclovir (decreases the AUC 21% when administered 2 h
after didanosine), and nelfinavir (increases the AUC 12% when administered
1 h after didanosine) concentrations (60). Any other drugs that list drug interac-
tions with antacids would be expected to interact with al buffered didanosine
formulations (60).

Interactions Increasing Didanosine Exposure
TENOFOVIR DISOPROXIL FUMARATE

The coadminstration of tenofovir disoproxil fumarate and didanosine results
in significantly elevated didanosine exposure without significant increases in
tenofovir exposure. This interaction has been demonstrated with both buffered
and enterically coated didanosine. The administration of 300 mg of tenofovir
disoproxil fumarate 1 h after either 250 mg or 400 mg of didanosine buffered
tablets resulted in a 44% increase in AUC for didanosine and a 28% increase in
Crax- Likewise, when 400 mg of Videx EC was administered to healthy, fasting
subjects 2 h before 300 mg of tenofovir disoproxil fumarate administered with
a light meal (373 kcal, 8.2 g fat), both the AUC and C,, of didanosine
increased by 48 percent. The values were somewhat higher when the two drugs
were administered together with a light meal; the AUC for didanosine was
increased by 60%, whereas the C . increased by 64%. When 250 mg didano-
sine enteric-coated capsules were administered with tenofovir disoproxil
fumarate, systemic exposures to didanosine were similar to those seen with the
400-mg enteric-coated capsules alone under fasted conditions (73).

A mechanism whereby systemic exposure to didanosine is increased by
coadministration of tenofovir has recently been proposed (74). Didanosine is
degraded by the enzyme, purine nucleoside phosphorylase (PNP), in the purine
nucleoside salvage pathway. Tenofovir monophosphate and diphosphate, phos-
phorylated ganciclovir metabolites, and alopurinol all inhibit PNP in cell cul-
ture (74). The resultant inhibition of didanosine phosphorolysis may explain
the increase in didanosine exposure seen with coadministration of these drugs.

A dose reduction of buffered Videx tablets to 250 mg (adults weighing >60
kg with creatinine clearance >60 mL/min) or 200 mg (adults weighing <60 kg
with creatinine clearance >60 mL/min) once daily is recommended. The appro-
priate dose of VIDEX coadministered with tenofovir in patients with creatinine
clearance less than 60 mL/min has not been established (60).
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Buffered Videx tablets and tenofovir disoproxil fumarate may be taken
together in the fasted state. Alternatively, if tenofovir is taken with food,
buffered Videx tablets should be taken on an empty stomach (at least 30 min
before food or 2 h after food) (60). Because increased exposure may cause or
worsen didanosine-related clinical toxicities, coadministration of tenofovir
with Videx EC should be undertaken with caution, and patients should be mon-
itored closely for didanosine-related toxicities.

ALLOPURINOL

Administration of allopurinol significantly increases didanosine exposure
(AUC increases 113%, C,, increases 69%) (75). This effect is further magni-
fied in patients experiencing renal impairment (exposure AUC increases 312%,
C ax INCreases 232%) (60).

GANCICLOVIR

Ganciclovir increases the didanosine AUC (by 111%) but not C_ (60,76).

RIBAVIRIN

An important interaction that takes place at the molecular level is the
increased activation of didanosine (and abacavir) by ribavirin (77). By inhibit-
ing inosine monophosphate dehydrogenase, ribavirin produces an increase in
inosine monophosphate, the molecule thought to be the phosphate donor. Thus,
ribavirin promotes the activation of didanosine to its active triphosphate moi-
ety, dideoxyadenosine 5'-triphosphate, which may increase the risk of didano-
sine toxicity (78,79). In an analysis of adverse events reported to the US FDA,
patients coinfected with HIV and hepatitis C who received a regimen of rib-
avirin and didanosine, with or without stavudine, were at increased risk for
events associated with mitochondrial toxicity, including fatal hepatic failure,
peripheral neuropathy, pancreatitis, and symptomatic hyperlactatemia/lactic
acidosis (80). Therefore, the coadministration of ribavirin and any didanosine
dosage form (buffered or enterically coated) is not recommended.

Didanosine Interactions With Other Antiretroviral Agents

Most of the drug interactions traditionally seen with didanosine result from
the presence of the buffer. These interactions are not seen with such severity
with the enteric-coated formulation, Videx EC.

Didanosine Dosing

Didanosine dosing is based on the patient’s weight. A daily dose of 400 mg
is administered for adults weighing at least 60 kg (132 Ib), whereas 250 mg is
administered daily for those weighing less than 60 kg (60).

Videx EC is administered once daily as a single capsule (125, 200, 250, or
400 mg). The capsules are swallowed whole on an empty stomach because the
individual enteric-coated beadlets must remain intact until a higher pH is
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Table 6

Recommended Dosage of Videx EC in Renal Impairment by Body Weight” (60)
Dosage

Creatinine clearance (mL/min) >60 kg <60 kg

>60 400 mg once daily 250 mg once daily

30-59 200 mg once daily 125 mg once daily

1029 125 mg once daily 125 mg once daily

<10 125 mg once daily —b

8Based on studies using a buffered formulation of didanosine
bNot suitable for use in patients weighing less than 60 kg with creatinine clearance less than
10 mL/min. An dternate formulation of didanosine should be used

encountered as the agent passes from the stomach. Dosing adjustments are
required for patients with renal insufficiency and those receiving maintenance
hemodialysis (see Table 6) (60).

Chewabl e/dispersible buffered didanosine tablets contain adequate antacid
buffer only when two or more tablets are administered. Each tablet size (25,
50, 100, 150, or 200 mg) contains only one-half of the amount of buffer needed
to prevent the degradation of didanosine; therefore, each dose must consist of
at least two tablets. To reduce the risk of Gl side effects, patients should take
no more than four tablets at each dose (60).

Didanosine Clinical Studies

The course of HIV-1 infection has been changed by the introduction of
multidrug highly active antiretroviral therapy (HAART) regimens. The strategy
is built around the use of two NRTIs with either a Pl or an NNRTI. Because
even these regimens do not totally eliminate the HIV-1 virus, the therapies
must be continued indefinitely. Because of the lifetime nature of this therapy,
patient compliance (affected by number of pills taken and dosing frequency),
drug interactions, and long-term adverse effects (81) become issues for suc-
cessful therapy. Antiviral potency and adherence to the regimen by patients are
crucial to the usefulness of HAART (81).

Didanosine Plus Stavudine in Triple-Drug, Twice-Daily Regimens

As outlined in the toxicity sections for stavudine and didanosine, this com-
bination has the potential for greater mitochondrial toxicity and related side
effects, such as peripheral neuropathy, pancreatitis, and lactic acidosis, than
comparator NRTI backbones. In addition, in three large randomized studies,
treatment arms containing stavudine plus didanosine demonstrated lower viro-
logical efficacy than comparator arms (31,33,60). Table 7 summarizes treat-
ment arms containing stavudine plus didanosine as the nucleoside backbone,
with comparative adverse event dropout rates and virological efficacy
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Table 7

Stavudine Plus Didanosine Backbone in Twice-Daily Regimens?

AE dropout AE dropout rate Difference in virological
Sample ratein in NRTI comparator arm efficacy between NRTI
Study name Regimen size d4T + ddl arm (regimen, sample size) backbones?
Start 11 (3) d4T/ddI/IDV 102 16% 16% (AZT/3TC/IDV, 103) No
Atlantic (82) d4T/ddI/IDV 100 5% N/A N/A
d4T/ddI/NVP 89 7%
d4T/ddI/3TC 109 6%
Al424-007 (83)  d4T/ddI/ATV 103 6% N/A N/A
d4T/ddI/NFV 103 7%
Al454-148 (60)  d4T/ddl tablets’NFV 503 4% 2% (AZT/3TCINFV, 327) Yes, favorsAZT/3TC
Al454-152 (84)  d4T/ddl EC/NFV 258 6% 7% (AZT/3TCINFV, 253) No
ACTG 384 (31) d4T/ddI/EFV 155  13%° 7%? (AZT/3TC/EFV, 155)°  Yes, favors AZT/3TC
d4T/ddI/NFV 155  12%* 292 (AZT/3TCINFV, 155)°  No
FTC-301A (33)  d4T/ddI/EFV 285 15% through wk 60 7% (FTC/ddI/EFV, 286) Yes, favors FTC/ddl

through week 60

d4T, stavudine; ddl, didanosine; IDV, indinavir; NVP, nevirapine; 3TC, lamivudine; ATV, atazanavir; NFV, nelfinavir; EFV, efavirenz; AZT,

zidovudine

aProportion of subjects with toxicity-related failure of first regimen
bUse of AZT/3TC as backbone with EFV or NFV delayed ocurrence of first serious toxic side effect (p < 0.001), delayed occurrence of first

symptom or diagnosis of peripheral neuropathy (p < 0.001) compared with d4T/ddl
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(3,31,33,60,82-84). Current US DHHS guidelines recommend against the use
of a stavudine plus didanosine NRTI backbone, because of high incidences of
peripheral neuropathy, pancrestitis, and lactic acidosis, except when no other
antiretroviral options exist and the potential benefits outweigh the risks (7).

Didanosine in Triple-Drug, Once-Daily Regimens

With the goal of simplifying regimens, particularly through the use of low
pill burden, once-daily antiretrovirals, didanosine has been studied in triple-
drug regimens in which all drugs are administered once a day. Candidate
once-daily nucleoside/nucleotide analogs for use in combination with
didanosine include lamivudine, emtricitabine, abacavir, and tenofovir, in
combination with once-daily efavirenz or nevirapine. Four studies of didano-
sine in triple-drug once-daily regimens are discussed next and depicted in
Table 8.

LAMIVUDINE PLUS DIDANOSINE PLUS EFAVIRENZ ONCE DAILY

Landman et al. (85) conducted a prospective, open-label study in which 40
HIV-1-positive patients who were naive to antiretroviral therapy were adminis-
tered the combination of 200 or 400 mg didanosine (patients weighing <60 kg
or >60 kg, respectively) plus 300 mg lamivudine plus 600 mg efavirenz at bed-
time. The safety and efficacy of this regimen was studied for 15 mo. Ninety-
five percent of patients reached plasma HIV-1 RNA levels of less than 500
copies/mL at 6 mo, and 78% of patients had plasma HIV-1 RNA levels of less
than 50 copies/mL at that time. By the end of the study, 69% of patient HIV-1
RNA levels were less than 50 copies/mL. The median decrease of plasma HIV-1
RNA levels was greater than 3.4 log, , copies/mL at 15 mo. Patient compliance
was high, and there were no treatment-limiting toxicities, although six patients
had efavirenz-related central nervous system symptoms at the beginning of the
study, and patients experienced some adverse events expected of didanosine,
including three episodes of diarrhea at week 2, two episodes of epigastralgia,
and six peripheral grade 1 neuropathies (85).

In another 48-wk open-label trial, Maggiolo et al. (86) studied the safety and
efficacy of the combination of 300 mg didanosine plus 300 mg lamivudine plus
600 mg efavirenz administered once daily (usually at bedtime) to 75 antiretro-
viral-naive, HIV-infected patients. The ITT analysis showed that 77% of
patients had plasma HIV-RNA levels less than 50 copies/mL at week 48. The
median decrease of plasma HIV-RNA levels was greater than 3.4 log,,
copies/mL at 48 wk. Most patients reported fewer than one missed dose during
the study. Seven patients withdrew because of adverse events—two from
rashes, and one each from dizziness, hallucinations, gastric discomfort, gastric
intolerance to didanosine, and increased al anine aminotransferase and aspartate
aminotransferase (86).
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Table 8

Didanosine Plus Other Nucleosides in Backbone of Once-Daily Regimens

Sample Virological Median Discontinuation
Regimen Study design size outcome CDA4rise because of AE (%)
Landman, 3TC/ddI/EFV  Antiretroviral naive, 40 78% VL <50 Month 6: 0 of 40 (0%)
2002 (85) prospective open at 6 mo 142 cell/uL
label
Maggiolo, 3TC/ddI/EFV  Antiretroviral naive, 75 77%VL <50a Meanbaseline 7 of 75 (9.3%);
2001 (86) prospective open week 48 251 cell/uL rashes (2%); dizziness
label (ITT analysis) Mean week 48: (1%); hallucinations
459 cellg/uL (1%); Gl side effects
(2%); increased
transaminases (1%)
ALIZE/ANRS FTC/ddI/EFV  Antirerovira naive, 40 93% VL <50 Week 24: 1 of 40 (2.5%)
099, 2005 prospective open at week 24 159 cellg/uL
(87) label
FTC 301A FTC/ddI/EFV  Antiretroviral naive 286 85% VL <50 Week 24: 7% increased AST (2%),
(33 at week 24 156 cells/uL increased ALT (2%),

increased amylase
level (<1%) and
neuropathy (<1%)

3TC, lamivudine; ddl, didanosine; EFV, efavirenz; VL, viral load; FTC, emtricitabin; AST, aspartate aminotransferase; ALT, aanine amino-
transferase; VL, viral load; Gl, gastrointestinal
aProbability of developing a treatment-limiting adverse event through week 60
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EMTRICITABINE PLUS DIDANOSINE PLUS EFAVIRENZ ONCE DAILY

Molina et al. performed a 24-wk prospective, open-label study of 40
adults with HIV-1 infection who had no previous antiretroviral therapy
(ALIZE/ANRS 099) (87). The study objective was to assess safety and anti-
viral and immunological effects of 200 mg emtricitabine plus 400 or 250 mg
didanosine (patients weighing >60 kg or <60 kg, respectively) plus 600 mg
efavirenz in combination as a once-daily regimen administered at bedtime.
Plasma HIV-1 RNA levels declined with a median decrease at the end of the
study of 3.5 log,, copies/mL. At 12 wk, 39 of 40 (98%) patients had plasma
HIV-1 RNA levelsless than 400 copies/mL. This proportion was sustained at 24
wk. The percentage of patients with HIV-1 RNA levels less than 50 copies/mL
increased over time to 37 of 40 patients (93%) at week 24. The median CD4 cell
count increase at the end of the study period was 159 cells/uL. The regimen was
well-tolerated; only one patient discontinued the study because of adverse
events. Most adverse events were mild to moderate and included sleep distur-
bances, dizziness, asthenia, headaches, maculopapular rash, diarrhea, and
abdominal pain. Six patients experienced serious adverse events, but only two
of them (both cases of hypertriglyceridemia) were possibly related to study
medication. The two patients who failed to achieve virological success were
patients who discontinued therapy for more than 28 study days. The once-daily
combination regimen of emtricitabine plus didanosine plus efavirenz seems to
be a safe and effective aternative to Pl-containing regimens (81).

FTC-301A was a randomized, double-blind, placebo-controlled comparison
of twice-daily stavudine vs once-daily emtricitabine, both in combination with
open-label, once-daily didanosine plus efavirenz (33). The study enrolled 571
antiretroviral-naive subjects with plasma HIV-1 viral loads of at least 5000
copiesmL. When al subjects had completed 24 wk in the study, an interim analy-
siswas conducted (the median follow-up was 42 wk). In thisanalysis, subjectsin
the emtricitabine-treatment arm had a significantly greater probability of a sus-
tained virological response (85%) than subjects in the stavudine group (76%)
(p = 0.005). The emtricitabine group also had a higher mean CD4 cell count
change from basdline of 156 cdlls/uL, compared with 119 cdl/ul in the stavudine
group. Based on this analysis, the Data Safety Monitoring Board recommended
offering open-labdl emtricitabineto al subjects. The anadysis also revealed a higher
probability of an adverse event leading to study discontinuation in the stavudine
group (15%) than in the emtricitabine group (7%) (p = 0.005) (33).

Didanosine in Triple-Nucleoside/Nucleotide Regimens
In 2003 and 2004, several reports indicated that regimens containing triple

NRTIs or two NRTIs plus tenofovir demonstrated early virological failure and
early emergence of NRTI-associated resistance mutations, including studies of
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zidovudine plus abacavir plus lamivudine (88), abacavir plus didanosine plus
stavudine (89), abacavir plus lamivudine plus tenofovir (90,91), and lamivu-
dine plus didanosine plus tenofovir (92). Details of those studies using didano-
sine are discussed next.

Gerstoft et al. randomized 180 antiretroviral-naive patients to abacavir plus
stavudine plus didanosine (A/S/D, each at standard doses), 400 mg ritonavir
plus 400 mg saquinavir (both twice daily) or 200 mg nevirapine plus 1250 mg
nelfinavir (both twice daily). Median baseline CD4 count was 161 and median
baseline viral load was 5.0 log,, copiessmL. At 48 wk of therapy, the propor-
tion of patients achieving viral load suppression to fewer than 20 copiesmL in
the 3 arms was 43% (A/S/D), 62% (ritonavir plus sagquinavir) and 69% (nevi-
rapine plus nelfinavir). Poorer virological outcome in the A/S/D arm was seen
in the subgroup of patients with AIDS at baseline, those with baseline CD4
count fewer than or equal to 50 cells/uL, and those whose baseline viral load
was greater than 20,000 copies/mL. Sixty-three percent of patients receiving
A/S/D had to change at least one drug during the study; peripheral neuropathy
was diagnosed in 27% and abacavir hypersensitivity reaction in 12% (89).

Jemsek et a. treated 24 patients with the once-daily combination of 250 mg
didanosine (Videx EC), 300 mg lamivudine, and 300 mg tenofovir (92). All
patients had an entry viral load of greater than 20,000 copies/mL; the mean
viral load was approx 80,000 copies/mL, and the mean entry CD4 count was
133, with arange of 4 to 475. At week 12, 20% of patients demonstrated arise
inviral load and only 25% had a decline in viral load of 1 log,, copies/mL or
greater. By week 24, the mean decline in viral load was 0.49 log,, copies/mL,
and no patient achieved a viral load reduction to fewer than 50 copies/mL.
Twenty-two subjects (92%) had virological failure, defined as less than a 2
log,, copies/mL decline in viral load by week 24. Twenty subjects had geno-
typing and phenotyping of resistant virus; al contained M184V, and 10 sam-
ples contained the K65R mutation. Nineteen samples were lamivudine (3TC)
resistant, six were resistant to didanosine, and three were resistant to abacavir.
No virus resistant to tenofovir, zidovudine, or stavudine were detected (92).

Didanosine Plus Tenofovir in Once-Daily Triple-Combination Regimens
With NNRTIs

Additional studies of two NRTI plus NNRTI regimens have been evaluated, in
which all agents were administered once daily. Didanosine wasincluded in many
of these studies in combination with tenofovir and either efavirenz or nevirapine.

Preliminary data have been published or presented by two groups in Spain.
One group used didanosine plus tenofovir with either efavirenz or nevirapinein
nonrandomized switch/simplification studies in patients who were virologically
suppressed on a twice-daily regimen. In the tenofovir plus didanosine plus
efavirenz study reported by Barrios et al., only 64% of 127 once-daily regimen
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patients maintained aviral load of fewer than 50 copies/mL at 6 mo, compared
with 91% of those continuing a twice-daily regimen (93). In another report
from this group, 85 patients switched from their current twice-daily regimen to
once-daily didanosine plus tenofovir plus nevirapine and were followed concur-
rently with 84 patients who continued on their twice-daily regimen. Inan ITT
analysis at 48 wk, 76% of the once-daily regimen patients were virologically
suppressed to fewer than 50 copies/mL, compared with 86% of the twice-daily
regimen patients. Of note, the authors demonstrated a mean 95 cell/uL decline
in the once-daily regimen group by week 48 (94). In an further analysis, the
authors analyzed atotal of 302 patients who maintained virological suppression
while receiving didanosine plus tenofovir alone or in combination with nevirap-
ine, efavirenz, or lopinavir/ritonavir; groups of patients who received either
didanosine or tenofovir but not both served as controls. They noted that only
those patients receiving a standard dose of didanosine plus tenofovir, and in this
group, more than 50% of patients demonstrated a decline in CD4 count of more
than 100 cell/uL.” Plasma levels of didanosine were elevated in all patientsin
this group, and CD4 counts improved after didanosine dose reduction (95). A
subsequent larger analysis of 570 patients confirmed these results and identified
that CD4 cell declines were more common in patients who simplified to a
didanosine plus tenofovir regimen, particularly to an NRTI-only regimen, and
were more common in patients on full-dose didanosine (96).

Preliminary evidence of a similar suboptimal response to didanosine plus
tenofovir plus NNRTI as an initial antiretroviral regimen have been recently
been reported. Based on small numbers of patients in each report, it seems that
patients with early virological failure on these regimens were more likely to
have alow baseline CD4 count (<200 cells'mm3) and a high basdline viral load
(>100,000 copies/mL) (97-99). In response to these data, the DHHS guidelines
issued an update on July 15, 2005, recommending that regimens of didanosine
plus tenofovir plus NNRTI not be used as an initial regimen in treatment-naive
patients. Insufficient data were available to recommend for or against the use of
didanosine plus tenofovir plus Pl in treatment naive patients (7).

One hypothesis to explain the high rate of virological failure in patients
receiving tenofovir plus another purine nucleoside analog (didanosine or aba
cavir) and the decline in CD4 count in patients receiving didanosine plus teno-
fovir was put forward by Kakuda et al. (100). In the presence of didanosine,
tenofovir anabolites potently inhibit the action of PNP, an enzyme involved in
didanosine catabolism (74). The authors propose two effects of this PNP inhi-
bition. First, intracellular levels of deoxyadenosine triphosphate and deoxygua:
nine triphosphate would increase and out-compete the active triphosphate
anabolites of abacavir, didanosine, and tenofovir for binding to the HIV reverse
transcriptase, leading to a decrease in virological inhibition. Second, the build-
up of deoxyadenosine triphosphate and deoxyguanine triphosphate would lead
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Table 9
Selected Clinical Adverse Events, Study AI454-152 (60)*

Percent of patients

Videx EC+ stavudine Zidovudine/lamivudine®

Adverse events + nelfinavir N= 258, n (%) + nelfinavir N = 253, n (%)
Diarrhea 57 (22.1) 58 (22.9)
Peripheral neurological 25(9.7) 11 (4.3

symptoms/neuropathy
Nausea 24 (9.3) 36 (14.2)
Headache 22 (8.5) 17 (6.7)
Rash 14 (5.4) 12 (4.7)
Vomiting 14 (5.4) 19 (7.5)
Pancredtitis <1 (<0.4) —d

aMedian duration of treatment was 62 wk in the Videx EC plus stavudine plus nelfinavir
group and 61 wk in the zidovudine plus lamivudine plus nelfinavir group

bPercentages based on treated patients

€Zidovudine/lamivudine combination tablet

4This event was not observed in this study arm

to direct lymphocyte toxicity, analogous to congenital PNP deficiency, which
accounts for some cases of cellular immunodeficiency (100). Additional stud-
ies of intracellular nucleotide poolsin relation to combination therapy with
purine NRTIs are needed to confirm this hypothesis.

Studies Comparing Buffered and EC Formulations

Gl side effects have been associated with the buffer used in the earlier
didanosine preparations, but are encountered much less in patients using the
Videx EC preparation. Kunches et al. performed a study in 42 HIV-infected
men and women who had taken didanosine tablets either once or twice daily
for at least 4 wk. Patients were switched to the Videx EC formulation of didano-
sine for 4 wk of treatment. Patients experienced significant declines in severity
of diarrhea, gas, bloating, Gl upset, and nausea, 2 and 4 wk after switching to
the enteric-coated formulation (p < 0.01). Abdomina cramps improved signif-
icantly after 4 wk of Videx EC. While taking buffered didanosine, 40% of
patients had side effects that were severe enough to alter their daily activities.
Only 7% of those taking Videx EC reported this problem. After 4 wk of ther-
apy with the enteric-coated formulation, 100% of patients in the study stated
they preferred Videx EC to buffered didanosine (101).

Didanosine Tolerability and Management of Adverse Events

Selected clinical and laboratory adverse events that occurred in a study of
Videx EC in combination with other antiretroviral agents are provided in Tables
9 and 10 (60).
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Table 10
Selected Laboratory Abnormalities, Study AI454-152 (60)?

Percent of patients”

Videx EC + stavudine + Zidovudine/lamivudine® +
nelfinavir N = 258 nelfinavir N = 253
Parameter Grades 3, 44 All grades Grades 3, 44 All Grades
AST 5 46 5 19
ALT 6 44 5 22
Lipase 5 23 2 13
Bilirubin <1 9 <1 3

AST, aspartate aminotransferase; ALT, alanine aminotransferase

8Median duration of treatment was 62 wk in the Videx EC plus stavudine plus nelfinavir
group and 61 wk in the zidovudine plus lamivudine plus nelfinavir group

bPercentages based on treated patients

€Zidovudine plus lamivudine combination tablet

dGreater than 5 x upper limit of normal (ULN) for AST and ALT; at least 2.1 x ULN for
lipase; and at least 2.6 x ULN for bilirubin

Didanosine Mitochondrial Toxicity

As discussed in the “ Stavudine Mitochondrial Toxicity” section, nucleoside
analogs, including didanosine, inhibit mtDNA replication and each analog tar-
gets specific organs for toxicity. Electron microscopy of cells treated with
didanosine and tests performed with other agents confirm that nucleoside
analogs damage mtDNA (102).

PERIPHERAL NEUROPATHY WITH DIDANOSINE

Peripheral neuropathy isatoxicity of didanosine when used alone or in com-
bination with other antiretroviral agents (103) (see the “Peripheral Neuropathy
With Stavudine” section). Several nucleoside analogs are neurotoxic, to vary-
ing degrees, and their effect is dose dependent (103). Peripheral neuropathy
has occurred more frequently in patients with advanced HIV disease, those
with a history of neuropathy, or in patients being treated with neurotoxic drug
therapy (103,104). The incidence of didanosine-induced peripheral neuropathy
varies with dose and schedule, but a reversible neuropathy occursin up to 23%
of patients after 10 mo of treatment (103). Neuropathy associated with didano-
sine occurs less frequently than does neuropathy associated with zalcitabine
(103). In one early study, 7 of 59 patients (11.8%) experienced grade 2—3
neuropathy that started within weeks 10 and 26 of therapy. Patients had resolu-
tion of the neuropathy after stopping stavudine but not didanosine treatment
(105). Even without the effect of nucleoside analogs, peripheral neuropathy
can occur because of the HIV-1 virus itself. Therefore, it can be difficult to
determine the cause of the neuropathy (44,104,106).
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Table 11
Treatment of Peripheral Neuropathy

1. Exclude or eliminate other neuropathy-associated factors, such asimmune (i.e.,
vasculitis), nutritional (i.e., B12), viral (CMV, DSPAN), other drugs (INH), or
multisystem failure.

2. Lower the dose of the offending NRT], or rechallenge with alower dose after 8 to
10 wk of discontinuation. Partial or complete resolution of neuropathic symptoms
may be evident by reducing the dose of the drug.

3. Analgesics, such as nonsteroidal anti-inflammatory agents, topical capsaicin,

Ultram, or narcotics can be used.

. Antidepressants (e.g., amitryptiline) can be used.

. Anticonvulsants (e.g., phenytoin, Neurontin, Tegretol, or lamotrigine).

. Other treatments, such as Mexilitine and nerve growth factor.

o 01 b

CMV, cytomegalovirus, DSPAN, distal sensory painful axonal neuropathy; INH, isoniazid.
(Adapted from ref. 103.)

Didanosine dosing can be adjusted in response to peripheral neuropathy.
Symptoms of peripheral neuropathy may resolve if therapy is withdrawn
promptly. If symptoms resolve completely, patients may tolerate resumption of
didanosine treatment at a reduced dose. If neuropathy recurs after resumption
of didanosine, permanent discontinuation of didanosine should be considered
(see Table 11, adapted from ref. 103 for suggested treatment of peripheral
neuropathy).

LacTic Aciposis WITH DIDANOSINE

Lactic acidosis and severe hepatomegaly with steatosis, including fatal cases,
have been reported with the use of nucleoside analogs alone or in combination,
including didanosine (107-109). In one analysis of cross-sectiona and longitu-
dinal data from a prospectively collected clinical database, female gender and
and use of didanosine were associated with an increased risk of hyperlac-
tatemia; didanosine-containing regimens doubled the relative hazard of hyper-
lactatemia compared with those sparing didanosine (109). Further analysis of
this cohort determined that, after controlling for didanosine use, current use of
stavudine was an additional risk factor for hyperlactatemia (110). Fatal lactic
acidosis has been reported in pregnant women who received the combination
of didanosine and stavudine with other antiretroviral agents (46). The combina
tion of didanosine and stavudine should be used with caution during pregnancy
and is recommended only if the potentia benefit clearly outweighs the poten-
tial risk. Treatment with didanosine should be suspended in any patient who
develops clinical or laboratory findings suggestive of lactic acidosis or pro-
nounced hepatotoxicity (which may include hepatomegaly and steatosis even
in the absence of marked transaminase elevations).
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Symptoms of lactic acidosis include nausea, vomiting, and abdominal pain.
Alternatively, fatigue and weight loss may be the overriding symptoms. An
enlarged liver may be pal pable and accompanied by shortness of breath, tachyp-
nea, hyperventilation, liver and/or renal failure, clotting abnormalities, seizures,
and cardiac arrhythmias, followed by death (111). Laboratory abnormalities
include increased lactate and lactate-to-pyruvate ratio, acidosis with low bicar-
bonate, anion gap widening, increased lactate dehydrogenase, and increased
hepatic transaminase and creatinine kinase (111).

PANCREATITIS WITH DIDANOSINE

Pancrestitis is a dose-dependent adverse event of didanosine. It occursin 0.7
to 5.5% of patients taking 200 to 750 mg/d and usually appears within the first
9 mo of treatment (112). Both fatal and nonfatal pancreatitis has occurred dur-
ing therapy with didanosine used alone or in combination regimens in both
treatment-naive and treatment-experienced patients, regardless of degree of
immunosuppression. Didanosine should be suspended in patients with signs or
symptoms of pancreatitis and discontinued in patients with confirmed pancre-
atitis (60). Patients treated with didanosine in combination with stavudine, with
or without hydroxyurea, may be at increased risk for pancreatitis. Hydroxyurea
potentiates the action of nucleoside analogs, increasing viral uptake of the
drugs. One patient reportedly developed pancreatitis after hydroxyurea was
added to a regimen of stavudine, didanosine, and nevirapine, after the patient
had been on the regimen for approx 18 mo (112).

In cases in which treatment with life-sustaining drugs known to cause pan-
creatic toxicity is required, suspension of didanosine therapy is recommended
(60). In patients with preexisting risk factors for pancreatitis (including obesity
and prolonged nucleoside exposure), didanosine should be used with caution
and only if clearly indicated. Patients with advanced HIV infection, especially
the elderly, are at increased risk of pancreatitis and should be observed closely.
Patients with renal impairment or lower body weight (<60 kg) may be at greater
risk for pancreatitis if treated without dose adjustment (60).

The coadministration of ribavirin and didanosine can result in increased
dideoxyadenosine 5'-triphosphate, increasing the risk of didanosine-associated
toxicities (78-80). The coadminstration of didanosine with agents known
to be associated with increased risks of pancreatitis (including ethanol), lactic
acidosis, or peripheral neuropathy should be undertaken with care and proper
monitoring.

Lipodystrophy With Didanosine
The features that characterize lipoatrophy and were presented earlier (see

the“ Lipodystrophy With Stavudine” section). The relationship between nucleo-
side analogs and the development of lipodystrophy remains controversial and
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continues to be a subject of investigation. However, long-term exposure (i.e.,
30 mo) (111) to the combination of stavudine and didanosine has been associ-
ated with lipodystrophy, particularly lipoatrophy, with morphological changes
mild in severity in more than 40% of patients (113). Many clinical studies have
evaluated didanosine in combination with stavudine, making it difficult to
ascribe lipoatrophy to the didanosine component (31,114).

Other Adverse Events With Didanosine
RETINAL CHANGES AND OPTIC NEURITIS

Retinal changes and optic neuritis have been reported in adult and pediatric
patients. Retinal lesions found in a 6-yr-old female patient taking didanosine
revealed areas of retinal pigment epithelia (RPE) loss with some RPE hyper-
trophy and/or hypopigmentation at the margins of RPE loss. The findings in
this patient confirm previous studies suggesting that retinal lesions seen with
didanosine therapy primarily affect the RPE (115). Periodic retinal examina-
tions should be considered for patients receiving didanosine.

GI SIDE EFFECTS

The tablet formulations of didanosine are well-known for Gl disturbances,
including diarrhea and nausea. These effects are believed to be caused by the
buffer component of the compound. Patients who switched from buffered
didanosine to Videx EC in studies have experienced significant decreases in
severity of Gl symptoms, including diarrhea, gas, and bloating within 2 to 4 wk
of changing formulations. Patients experienced improved quality of life and
decreased side effects severe enough to ater their activities of daily living. After
the studies, 100% of patients indicated the desire to remain on the Videx EC for-
mulation (101) (unpublished data on file, Bristol-Myers Squibb, Princeton, NJ).

MITOCHONDRIAL TOXICITY ASSOCIATED WITH STAVUDINE PLUS DIDANOSINE

Mitochondrial toxicity is particularly noted when stavudine is combined
with didanosine. Large comparative trials have confirmed a higher frequency
of toxicity, particularly of peripheral neuropathy, using the combination of
stavudine plus didanosine, compared with other two-NRTI backbones. In
ACTG 384, the occurrence of the first serious toxic effect or the occurrence of
peripheral neuropathy were significantly delayed in regimens containing the
zidovudine plus lamivudine backbone compared with regimens using the stavu-
dine plus didanosine NRTI backbone (both p < 0.0001) (31). In FTC-301A,
subjects in the stavudine plus didanosine plus efavirenz treatment arm (n, 285)
had a greater probability of an adverse event leading to drug discontinuation
than subjects in the didanosine plus emtricitabine plus efavirenz group (n =
286) (15% vs 7%, respectively, p= 0.005). Pancreatitis and symptomatic hyper-
lactatemia plus lactic acidosis were observed only in the stavudine group.
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Investigator-reported lipodystrophy occurred in 0.4% of emitricitabine
plus didanosine recipients vs in 6% of stavudine plus didanosine recipients
(p < 0.05) (33).

Current US DHHS guidelines recommend against the use of a stavudine
plus didanosine NRTI backbone, because of the high incidences of peripheral
neuropathy, pancreatitis, and lactic acidosis, except when no other antiretro-
viral options exist and the potential benefits outweigh the risks (7).

ZALCITABINE
Zalcitabine Overview

Zacitabine (also known as ddC), a cytidine analog, is a potent inhibitor of
HIV-1 reverse transcriptase. It was the second antiretroviral nucleoside analog
to undergo clinical testing and the third agent licensed by the FDA for use in
HIV-infected patients in 1992. The results of large clinical trials in the early
1990s suggest improved clinical and immunological outcomes when zal-
citabine was used in combination with zidovudine in treatment-naive patients
compared with zidovudine alone. In zidovudine-experienced patients, however,
CD4 cell increases were more modest, and survival differences between zal -
citabine plus zidovudine and zidovudine-alone arms were not demonstrated in
most clinical studies.

The magjor dose-limiting side effect of zalcitabine is a dose-related distal
sensory peripheral neuropathy. The incidence of peripheral neuropathy is
higher with zal citabine than with the other licensed dideoxynucleoside anal ogs,
didanosine and stavudine. Together with the required thrice-daily dosing, these
characteristics of zalcitabine have resulted in its decreasing popularity as a
component of a HAART regimen. Zidovudine plus zalcitabine is not recom-
mended in the current US DHHS guidelines for use as a two-NRTI backbone
for initial therapy, because of the inferior virological efficacy and the higher
rate of adverse effects compared with the other two-NRTI alternatives (7).

Zalcitabine Chemistry and Mode of Action

Zalcitabine (also known as ddC) is a synthetic pyrimidine nucleoside analog
of the natural nucleoside deoxycytidine, with a substitution of hydrogen for the
hydroxyl group at the 3' position of theribose sugar (Fig. 1). In vitro, zalcitabine
is one of the most potent of the nucleoside analogs, completely inhibiting HIV
replication in T-cell lines at concentrations of 0.5to 1 uM (1). ICy, and ICys val-
ues are in the range of 2 to 500 nM and 100 to 1000 nM, respectively (116-118).
Zacitabine is active in vitro against both HIV-1 and HIV-2 (119).

Zalcitabine enters the cell by facilitated diffusion (120). It is then converted
to its active metabolite ddC 5'-triphosphate (ddCTP) via sequential phosphory-
lation to the monophosphate, diphosphate, and triphosphate by cellular
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enzymes (121). The active triphosphate, ddCTP, inhibits HIV replication by
both competing with the natural dCTP substrate and by acting as a chain termi-
nator after incorporation into the growing viral DNA strand. DNA polymerase-
o, which isimportant in DNA synthesis, is relatively resistant to the effects of
ddCTP (122). DNA polymerase-p, which is involved in DNA repair, is inter-
mediate in sensitivity to ddCTP and mtDNA polymerase-y is most sensitive
(122). Inhibition of MtDNA synthesis by zalcitabine has been demonstrated in
cultured cell linesin vitro (123-125). In addition, clinical adverse events seen
with zalcitabine therapy, particularly peripheral neuropathy, have been associ-
ated with histological evidence of mitochondrial dysfunction (126).

The ratio of the active metabolite, ddCTP, to the natural nucleoside, dCTP,
and, as aresult, the antiviral activity, of zalcitabineis greater in resting than acti-
vated cells (127,128). In vitro, zalcitabine inhibits bone marrow CD34+ cells
(123) and erythrocytic and granulocytic progenitor cells (129) to asimilar extent
as zidovudine; the much lower plasma concentrations of zal citabine may account
for the infrequent reports of anemia or granulocytopenia as an adverse effect of
zalcitabine administration. In contrast, zalcitabine strongly inhibits a megakary-
ocyte progenitor cell line (130), which correlates with the reports of thrombocy-
topenia in early, high-dose clinical studies of zalcitabine. Zalcitabine is also
more active in monocyte/macrophage cells than in lymphocytes (116,131), and
its activity is greater in acutely infected cell cultures than in chronically infected
cells (118,132). Initia studies documented the in vitro antiretrovira activity of
zalcitabine against zidovudine-resistant (133-135) and didanosine-resistant
virus (136), with small increasesin I1Cg, that remained lessthan 1 uM (see addi-
tional discussion in the “Resistance to Zalcitabine” section).

Zalcitabine exhibits in vitro synergy with zidovudine (137), stavudine
(136,138), nelfinavir (17), recombinant interferon-o. or human leukocyte inter-
feron (139,140), non-nucleoside inhibitor derivatives of tetrahydroimidazo [4,5,
1-jK][1,4]-benzodiazepin-2(1H)-thione (TIBO) (141), bis(heteroaryl)piperazine
(BHAP) (142), and with the binding inhibitors, dextran sulfate and recombinant,
soluble CD4 (143). Additive-to-synergistic effects are seen with zalcitabine in
combination with saquinavir (144), N-butyl deoxynojirimycin (145), or abacavir
(146). Granulocyte/macrophage colony-stimulating factor (147,148), macrophage
colony-stimulating factor (149), tumor necrosis factor (150), and ribavirin (151)
al reduce the in vitro antiretroviral activity of zalcitabine. Lamivudine inhibits
zalcitabine phosphorylation, through competition with the shared intracellular
enzyme (deoxycytidine kinase) that both drugs use for phosphorylation (152).

Zalcitabine Pharmacokinetics in Adults

The mean absolute bioavailability of zalcitabine is greater than 80% after
oral administration without food (153). Initial studies using 0.09 to 0.25 mg/kg
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of zalcitabine established a mean plasma half-life of 1.2 h, with arange of 1 to
3 hinindividual patients (153-155). A subsequent study using asingle 1.5-mg
(~0.02 mg/kg) dose in 40 adults demonstrated a mean C_ . of 21.2 ng/mL
(156). A longer mean half-life of 2.7 h was established in 25 patients receiving
the standard dose of 0.75 mg zalcitabine (thrice daily) in combination with
zidovudine and saquinavir (157). A 39% decrease in mean C,__ , a twofold
increase in time to C, (from 0.8 h to 1.6 h) and a 14% reduction in AUC
were noted in 20 patients administered zal citabine with food (158). Binding to
serum proteins is less than 4% (data on file, Hoffmann-LaRoche, Nutley, NJ).
Intracellular concentrations of the active metabolite, zal citabine triphosphate,
are too low to measure (118). In one early study of nine patients administered
a single high dose of zalcitabine intravenously (0.06 or 0.09 mg/kg), CSF-to-
plasma concentration ratios ranged from 9 to 37% (mean 20%) (154).

The major route of elimination of zalcitabineis viathe renal route, such that
80% of an iv dose and 60% of an orally administered dose is detectable as the
unchanged parent drug within 24 h after dosing (118,153). Renal tubular secre-
tion may contribute to glomerular filtration in clearance of zalcitabine by the
kidney (153). In a study of 10 patients with creatinine clearances between 11
and 50 mL/min (mean 33.5 mL/min), the mean haf-life of zalcitabine was 6.7 h,
leading to the recommendation of dose adjustments in patients with diminished
creatinine clearance (see “Zalcitabine Dosage”) (159). Zalcitabine is not sig-
nificantly metabolized by the liver.

Zalcitabine Dosage

The recommended dosage for adultsis 0.75 mg orally every 8 h (118). With
impaired renal function, adjustments should be made. For creatinine clearances
between 10 and 40 mL/min, the dosing interval should be increased to 0.75 mg
every 12 h. For a creatinine clearance less than 10 mL/min, zalcitabine should
be administered as one 0.75-mg tablet every 24 h (118). Zalcitabine is dis-
pensed as 0.375-mg and 0.75-mg tablets.

Zalcitabine is classified as a Pregnancy Category C drug, because of the
demonstration of teratogenic effects of supratherapeutic dosing in mice and rats
(data on file, Hoffmann-LaRoche). Safety in human pregnancy has not been
established; zal citabine should be used during pregnancy only when then poten-
tial benefit outweighs the potential risk to the fetus. Women of childbearing
potential should practice effective contraception during zalcitabine use (118).

Zalcitabine Drug Interactions

Concurrent administration of medications that share the toxicity profile of
zalcitabine should be avoided if possible. Therapeutic agents causing periph-
eral neuropathy, such as dapsone, disulfiram, isoniazid, lithium, pentamidine,
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ribavirin, metronidazole, phenytoin, and vincristine should be used with cau-
tion (118). The combination of didanosine plus zalcitabine or stavudine plus
zalcitabine is not recommended because of the increased risk of peripheral
neuropathy (7). Treatment with zal citabine should be interrupted during iv pen-
tamidine therapy, because of an increased risk of pancreatitis. Because zal-
citabine is excreted renally, additional monitoring is necessary when using
nephrotoxic agents, such as aminoglycosides, foscarnet, and amphotericin B
(118). Probenecid and cimetidine both decrease renal clearance of zalcitabine,
most likely by inhibition of tubular secretion, resulting in an increase in expo-
sure (AUC) of 50% and 36%, respectively (160). Magnesium/aluminum-con-
taining antacid products decrease bioavailability of zalcitabine by 25%;
simultaneous coadministration of these agents with zalcitabine is not recom-
mended (161). Lamivudine inhibits zalcitabine phosphorylation in vitro, and
this combination is not recommended (7).

Zalcitabine Efficacy, Alone and in Combination

Zalcitabine was the second antiretroviral nucleoside analog to undergo exten-
sive clinical evaluation in adults with HIV infection. Early phase | studies evalu-
ated doses ranging from 0.01 to 0.25 mg/kg every 4 h and delineated the
pharmacokinetic and toxicity profilesfor zal citabine monotherapy (154,162,163).
Despite dose-limiting toxicity, an antiretroviral effect was suggested by risesin
the CD4 cell count and by suppression of serum HIV p24 antigen (154,162,163).

Subsequent studies directly compared zal citabine monotherapy (at the dose
of 0.75 mg thrice daily) with zidovudine monotherapy (164,165) or didanosine
monotherapy (166). In treatment-naive patients (ACTG 114, 635 patients),
zidovudine was significantly superior to zalcitabine in reducing the rate of pro-
gression to AIDS or death (164). In ACTG 155, patients with symptomatic
HIV disease and CD4 counts of at most 300 cell/mm?3 or asymptomatic HIV
disease and CD4 counts of at most 200 cells/mm3 who had tolerated zidovu-
dine for 6 mo or more were randomized to continue zidovudine monotherapy
(283 patients), switch to zalcitabine monotherapy (285 patients), or add zal-
citabine to their zidovudine regimen (423 patients). No significant reduction in
risk of disease progression or death was seen in the group of patients who
switched to zalcitabine monotherapy, compared with the group that continued
Zidovudine monotherapy (165). In contrast, the Community Programs for
Clinical Research on AIDS (CPCRA) 002 study in 467 zidovudine-experi-
enced or -intolerant patients with advanced HIV disease (median CD4 count,
37 cellsmm? at entry) demonstrated that switching to zalcitabine conferred a
possible survival advantage over switching to didanosine (166). However, the
majority of patientsin either treatment group had disease progression (66%o)
and at least one adverse experience (66%) (166).
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The combination of zalcitabine and zidovudine was initially studied in alter-
nating regimens, designed to maximize antiretroviral effect and limit toxicity
(154,167). In the larger of these studies (ACTG 047), weekly or monthly alter-
nating zal citabine and zidovudine regimens demonstrated lesstoxicity and greater
CD4 cell count, p24 antigen suppression, and weight gain than continuous
zidovudine, intermittent zidovudine, or intermitted zal citabine regimens (167).

Based on favorable data from an initial pilot study of zalcitabine and
zidovudine administered concurrently (168), subsequent large, randomized
trials evaluated this combination in comparison with zidovudine monotherapy.
In 1067 antiretroviral therapy-naive patients with CD4 counts between 200
and 500 cellymm?3 (ACTG 175), the combination of zalcitabine and zidovu-
dine significantly reduced the risk of progression to an AIDS-defining event
or death compared with zidovudine monotherapy (169). Similar benefits of
zalcitabine plus zidovudine combination therapy were seen in 2124 therapy-
naive patients with lower CD4 cell counts (mean baseline, 213-215 cellsmmd)
in the Deltastudy (170). In the CPCRA 007 study, a subgroup analysis demon-
strated a clinical benefit from combination zalcitabine plus zidovudine or
didanosine plus zidovudine therapy in patients with no previous use or less
than 12 mo of previous zidovudine use, but not in patients with more than 12
mo of previous use (171).

In zidovudine-experienced patients, superiority of zalcitabine plus zidovu-
dine over zidovudine monotherapy was suggested in a subgroup of patients
with CD4 cell counts of 150 cellsmm? or greater at baseline (165). This was
not confirmed in the zidovudine-experienced subgroups of the ACTG 175
(1400 patients) or Delta (1083 patients) trials (169,170).

In randomized clinical trials, the combination of zalcitabine plus zidovudine
has been compared with didanosine plus zidovudine and with lamivudine plus
zidovudine. In ACTG 175, there was no difference in rate of progression of
disease or death between treatment arms receiving zal citabine plus zidovudine
and those either receiving didanosine plus zidovudine or didanosine alone
(169). Similarly, the Delta and CPCRA 007 trials demonstrated no difference
in clinical outcomes between zalcitabine plus zidovudine and didanosine plus
Zidovudine treatment groups (170,171). In the ACTG 193A study of 1313
patients with CD4 cell counts of fewer than 50 cells/mms3, zalcitabine plus
zidovudine was not superior to didanosine plus zidovudine or to monthly alter-
nating monotherapy with didanosine and zidovudine (172). In the NUCA 3002
study, which enrolled 254 zidovudine-experienced patients and assessed non-
clinical endpoints, 300 mg/d or 600 mg/d of lamivudine plus zidovudine ther-
apy was associated with significantly greater rises in CD4 count than
zalcitabine plus zidovudine therapy; suppression of plasma RNA was similar
among the three treatment groups (173).
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A meta-analysis was performed by the HIV Trialists Collaborative Group,
using individual patient data from 7700 participants in six randomized trials
comparing zalcitabine plus zidovudine, didanosine plus zidovudine, vs zidovu-
dine alone (174). Five of the six trials involved randomized comparisons of
didanosine plus zidovudine vs zalcitabine plus zidovudine; in these trials,
didanosine plus zidovudine had greater effects on disease progression (p =
0.004) and death (p = 0.009) than zalcitabine plus zidovudine (174).

Subsequent studies with zalcitabine and other nucleoside analogs clearly
demonstrated the superiority of three-drug therapy over dual nucleoside therapy
(172,175,176). With the evaluation of additional nucleoside analogs (didano-
sine, stavudine, and lamivudine), enthusiasm waned for the use of zalcitabine,
primarily because of the higher incidence of peripheral neuropathy with zal-
citabine and the lack of clear clinical, immunological, or virological superiority
over the other agentsin this class. As new agents were approved for twice-daily
administration, the popularity of thrice-daily zalcitabine declined further.

Zalcitabine Pediatric Studies: Pharmacokinetics, Efficacy,
and Toxicity

Few data exist on the pharmacokinetic profile of zalcitabine in children. In
an early pilot study of zalcitabine monotherapy, drug was not detectable in
plasma in two children who received 0.02 mg/kg as a single dose (177). At
doses of 0.03 and 0.04 mg/kg, mean bioavailability was 54% and mean half-
life was 0.8 h (177). Chadwick et al. (156) used a pediatric syrup formulation
and amore sensitive analytic method to determine drug concentration in 23 mildly
symptomatic children each receiving a single dose of 0.02 mg/kg of zalcitabine.
This study demonstrated aC,, of 9.3 ng/mL and an AUC of 25 ng-h/mL, values
44% and 42%, respectively, of those seen in adults administered comparable
dosages, suggesting more rapid clearance in children (156). Another study
found that pharmacokinetic parameters were not altered by age (after adjusting
for weight or body surface area) and were similar after the first and multiple
doses (178).

Safety and effectiveness of zalcitabine in children under 13 yr of age has not
been established; zalcitabine is not licensed by the FDA for use in children.
However, several studies of zalcitabine monotherapy and combination zalcitabine
plus zidovudine therapy have been performed in children under 13 yr of age.

Inaphase|l study, Pizzo et a. evaluated four dosages of zal citabine monother-
apy (0.015, 0.02, 0.03, or 0.04 mg/kg, every 6 h) for 8 wk in 15 children.
Thirteen of these children were antiretroviral naive. Serum p24 antigen declined
in 6 of 9 children, and 8 of 15 children had increases in CD4 cell count. Mild
mouth sores occurred in 9 of 15 children and rash occurred in 3 of 6 children at
the 0.04 mg/kg dose. No children developed evidence of peripheral neuropathy,
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neutropenia, or anemia (177). After the 8-wk period of zalcitabine monother-
apy, 13 of the children were treated for 12 to 18 mo with 1 wk of zalcitabine
alternating with 3 wk of zidovudine. Of these 13, 11 children gained weight
and 54% showed an increase of more than 10% in CD4 cell counts. No neuro-
pathy was seen during the course of follow-up (177).

ACTG 138 randomized 170 children between the ages of 3 and 18 yr of age
with zidovudine intolerance or progression of disease after 6 mo of zidovudine
therapy to two dosages of zalcitabine (0.005 or 0.01 mg/kg, every 8 h) (179).
Therisk of adverse events was higher in the 0.01 mg/kg dose group. Periphera
neuropathy occurred at the same frequency (5%) at both dose levels; no child
had severe symptoms and none had permanent sequelae. The study was not
powered to detect differencesin clinical progression between dosage arms and
no significant differences were seen in progression to AIDS-defining oppor-
tunistic infection, neoplasm, serious bacterial infection, or death. Serum p24
antigen declined significantly in both groups (no dosage difference) at week
12, but not at weeks 24 or 36. A significant differencein the rate of CD4 decline
was seen, favoring the lower dose (179).

The combination of zalcitabine plus zidovudine treatment in children was
studied in ACTG 190 (178). This clinical trial randomized 250 clinically sta-
ble, zidovudine-experienced children to 0.01 mg/kg zal citabine plus 240 mg/m?
zidovudine (every 8 h) or 240 mg/m? zidovudine alone (every 8 h). More chil-
dren on combination therapy developed neutropenia (18 vs 5 children), with a
shorter time-to-onset of neutropeniain this group. The trial was not powered to
detect significant clinical differences between the two treatment groups; how-
ever, trends were seen in favor of the combination arm in the number of deaths
(4 vs 10, p = 0.083) and the number of opportunistic infections (3 vs 6). The
rate of CD4 cell count decline was significantly slower in the combination arm
(13% vs 25% decline per year, p = 0.03). There was no difference in neuropsy-
chological testing results or weight change between the arms. Skin rashes and
stomatitis were not seen in this study. Two children in the zalcitabine plus
zidovudine arm (1.6%) developed dose-limiting peripheral neuropathies, com-
pared with none in the zidovudine alone arm (178).

Zalcitabine Toxicity

In early clinical trials, zalcitabine was administered at doses between 0.01
and 0.09 mg/kg every 4 h, atotal daily dose approx 2 to 18 times the currently
approved daily dose. At these doses, a syndrome of fever, rash, and aphthous
stomatitis appeared shortly after therapy was begun but generally resolved
without discontinuation of therapy (154,162,180).

The major dose-limiting toxicity of zalcitabine was a distal sensory periph-
eral neuropathy of the feet and lower legs, occurring in more than 70% of
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patients receiving doses equal to or greater than 0.01 mg/kg every 4 h (162).
Neuropathic symptoms included pain, paresthesias, or numbness, and occasion-
ally weakness; an early sign of neuropathy was the loss of ankle deep tendon
reflexes (154,162,181). Electrophysiologica studies were consistent with axonal
neuropathy (154). After discontinuation, symptoms worsened for up to 5 wk after
onset, a phenomenon known as coasting (154). At lower doses (0.005 mg/kg zal-
citabine every 4 h), mucocutaneous complications were very mild, and periph-
eral neuropathy was milder, had alater onset, and was fully reversible (162,163).

Large, phase |l clinical trials monitored the safety of the currently approved
dose of 0.75 mg zalcitabine orally thrice daily. Of 635 antiretroviral-naive
patients randomized to receive either zalcitabine or zidovudine, 23.1% of the
zalcitabine group developed a moderate or severe peripheral neuropathy com-
pared with 6.0% of the zidovudine group (164). In one study in patients with
previous zidovudine experience or intolerance and CD4 count of at most 300
cells/mm3, peripheral neuropathy occurred at grade 2 or greater severity in
28.3% of the patients (166). However, in a study of patients with higher CD4
counts (200-500 cells/fmm3), the incidence of grade 3 or greater peripheral
neuropathy was similar in patients receiving the combination of zalcitabine
plus zidovudine (3.3%) to those receiving zidovudine alone (3.1%) (118,169).

Risk of developing peripheral neuropathy with zalcitabine use increases in
patients with low CD4 counts (<50 cells'mm3), diabetes, weight loss, vitamin
B12 deficiency, preexisting peripheral neuropathy, or heavy ethanol consump-
tion, or with concomitant use of drugs with the potential to cause peripheral
neuropathy (118,182,183). Zalcitabine should be used with extreme caution in
patients with preexisting neuropathy (118). In addition, the subsequent use of
drugs with the potential to cause neuropathy, such as didanosine, may exacer-
bate a preexisting zal citabine-associated neuropathy (184).

In large phase |11 studies at the current dose of 0.75 mg zalcitabine thrice
daily, rash associated with zalcitabine occurred in 1.6 to 3.4% of patients, sim-
ilar to the rates of rash for zidovudine and didanosine (166,169). Oral lesions
or stomatitis occurred in 1.5 to 3.0% of subjects, compared with 0% for didano-
sine and 0.6% for zidovudine (166,169). There is one case of esophageal ulcer-
ation linked to zalcitabine therapy (185).

Pancredtitis is a rare but serious complication of zalcitabine therapy, occur-
ring in up to 1.1% of patients (118,186). In the zalcitabine expanded access
program, patients with a history of previous pancredtitis or increased amylase
had a higher incidence of pancreatitis (5.3%) or increased amylase (4.4%).
Therefore, patients with previous pancreatitis, elevated amylase, or risk factors
for pancreatitis (such as alcohol abuse) should be monitored closely during zal-
citabine therapy (118). Zalcitabine use should be interrupted if treatment with
iv pentamidine is necessary.
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A syndrome of lactic acidosis and severe hepatomegaly with steatosis,
which may be fatal, has been reported with the use of nucleoside analogs
(118). Zalcitabine should be used with caution in patients with known risk
factors for liver disease. In addition, rare cases of hepatic failure and death
associated with zalcitabine therapy in the setting of underlying hepatitis B
have been reported (118).

One case of reversible ototoxicity (187) and one case of irreversible ototoxi-
city (188) have been reported after zalcitabine use. No consistent differencesin
the rate of lymphoma was seen between zidovudine monotherapy, zalcitabine
monotherapy, and zidovudine plus zalcitabine combination therapy in one
analysis of severa large clinical endpoint studies (189).

A syndrome of cardiac dysfunction, temporally improving after withdrawal
and worsening after rechallenge, has been described in a group of six patients
who received nucleoside analogs, including zidovudine, didanosine, or didano-
sine plus zalcitabine (190).

Resistance to Zalcitabine

Clinical isolates of HIV with reduced in vitro susceptibility to zalcitabine
have been infrequently described, in contrast to high rates of development of
resistance to zidovudine or lamivudine. Initially, in vitro selection of resistance
by sequential passage of virus in the presence of increasing concentrations of
zalcitabine identified the key resistance mutation, Lys65Arg, associated with
increases in |Cy, to zalcitabine, didanosine, and lamivudine (191). Viruses con-
taining the K65R mutation, or a second mutation at codon 69 associated with
low-level zalcitabine resistance, have been isolated from patients receiving zal-
citabine monotherapy or alternating zalcitabine and zidovudine therapy
(192—194). A third mutation, Met184Val, conferring low-level resistances to
zalcitabine and didanosine, and high-level resistance to lamivudine, has also
been identified from patients on prolonged zal citabine monotherapy, either alone
or with K65R (195). The GIn151Met mutation, most often accompanied by
additional mutations at codons 62, 75, 77, and 116, has been identified in vira
isolates resistant to zalcitabine, didanosine, and zidovudine (196). Two addi-
tional mutations, one at codon 74 (seen in patients treated with didanosine or
didanosine plus zidovudine therapy) and a second at codon 75 (identified by in
vitro selection using stavudine) confer cross-resistance to zal citabine (197—199).
Further complicating this issue is some level of nucleoside cross-resistance.
Nucleoside cross-resistance was first noted in a study of 128 patients who had
received AZT monotherapy, in which each 10-fold decrease in zidovudine sus-
ceptibility was associated with a 2.0-fold decrease in zalcitabine sensitivity and
a 2.2-fold decrease in didanosine susceptibility (200). This has been confirmed
and more clearly delineated in arecent, large phenotypic resistance study (201).
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The emergence of resistance to zal citabine occurs infrequently during combi-
nation therapy (202). Several early studies of zalcitabine plus zidovudine ther-
apy in treatment-naive adult patients found no phenotypic resistance to
zalcitabine after 24 to 112 wk of dual therapy (176,203,204). However, in both
adults and children, combination therapy did not prevent the emergence of resis-
tance to zidovudine (176). In a zalcitabine monotherapy study in children, only
one child developed zalcitabine resistance, an overall incidence of 3% (205). A
LiPA hybridization analysis of rebounding plasma virus from eight patients
receiving zal citabine plus zidovudine therapy, demonstrated the T69D mutation
in one-third of the patients, and detected no L74V or M 184V mutations (206).

Clinical Use of Zalcitabine in the Developed World

Zalcitabine (as Hivid) is approved by the FDA in the United States for usein
combination with antiretroviral agents for the treatment of HIV infections.
Zalcitabine was used commonly in the early 1990s, either as an alternative to,
or in combination with, zidovudine. However, with the introduction of other
more effective and less toxic alternative nucleoside analogs, the use of zal-
citabine has fallen off sharply. Current United States Public Health Service
guidelines do not recommend use of zalcitabine in standard HIV therapy (7).

Use of Zalcitabine Therapy in the Developing World

Although use of zalcitabine in the United States, Europe, and Australia
declined sharply because of concerns about toxicity, efficacy, and thrice-daily
dosing, more recent clinical studies have been performed in resource-poor
countries in the developing world. Carey noted that the perception of zal-
citabine's potential to cause peripheral neuropathy is aresult of its early use at
high doses, and that current doses of zalcitabine in combination therapy infre-
guently resultsin either peripheral neuropathy or resistance (207). Accordingly,
given the global epidemic of HIV infection, recent studies of zalcitabine have
been conducted in the developing world. In the HIV Netherlands Australia
Thailand Research Collaboration Thai Red CrossAIDS Research Centre (HI V-
NAT) 001 trial in Thailand, 111 antiretroviral-naive patients with CD4 counts
between 100 and 500 cells'/mm? were randomly assigned to receive zalcitabine
and zidovudine, either at the standard, full doses or each drug at half-dose
(208). HIV RNA was suppressed below 400 copies/mL in 52% of patientsin
the full-dose arm and in 20% of patients in the half-dose arm by week 48.
Peripheral neuropathy occurred in seven participants, at grade 1 or 2 severity,
with no difference in adverse events between the two treatment arms (208).

Two additional studies were conducted using zalcitabine in Nigeria. The
first trial treated 24 patients with zal citabine plus saquinavir therapy for 6 mo.
Clinical improvement was seen in 79% of patients; however, 40% had adverse
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events, and aminimal increase in CD4 was seen (209). A second trial in Nigeria
treated 40 patients who had CD4 cell counts between 100 and 500 cells/mm?3
with open label zalcitabine plus zidovudine plus nelfinavir. Although only 8%
of patients had a viral load suppression below the limit of detection by week
24, mean CD4 cell counts increased in 85% of patients, from a mean of 273
cellssfmm3 to 414 cells'mm?3 (210). Seventy-seven percent of patients had
weight gain, ranging from 1.5 to 32 kg. Two patients were withdrawn from
treatment, one for severe periphera neuropathy and one for severe diarrhea.

Additional data relevant to the developing world is a multicenter study pub-
lished in 2004 that evaluated zalcitabine administered twice daily—the
HIVBID study (211). The study was based on preliminary data from a retro-
spective study in London in a cohort of 17 patients who switched from thrice-
daily to twice-daily (1.125 mg twice daily) dosing of zalcitabine, and saw no
loss of therapeutic effect or unexpected adverse events over a median of 130 d
of follow-up (212). The HIVBID study was a randomized, open-label, 24-wk
pilot study of 1.125 mg zalcitabine twice daily vs lamivudine twice daily, both
combined with zidovudine and a Pl (either 1250 mg nelfinavir twice daily or
1600 mg saquinavir soft-gel twice daily). A total of 47 patients were included
in the ITT analysis, distributed across 12 centers in five countries. At 24 wk,
42% of the zalcitabine group and 52% of the lamivudine group had HIV RNA
viral load suppression to fewer than 400 copies/mL; 21% and 44%, respec-
tively, had suppression to fewer than 50 copies/mL. At 48 wk, 38% of the zal-
citabine group and 26% of the lamivudine group had HIV RNA suppression to
fewer than 400 copies/mL; 17% and 22%, respectively, had suppression to
fewer than 50 copies/mL. At week 48, CD4 cell count increases from baseline
were 128 and 115 cell/mm? for the zalcitabine and lamivudine groups, respec-
tively. Most adverse events were attributable to zidovudine or to the PI. No
serious adverse events and no cases of peripheral neuropathy were reported in
the zalcitabine group (212). These data, although preliminary, are interesting
regarding the potential use of zalcitabine in atwice-daily regimen in the devel-
oping world.

Zalcitabine Conclusion

Zalcitabine's early clinical development used high doses and delineated the
toxicity profile of the drug. Peripheral neuropathy is the major dose-limiting
toxicity, however, this occurs with lower frequency when zalcitabine is used in
patients with earlier-stage HIV disease. Large clinical trials failed to show
superiority of zalcitabine over other available nucleoside analogs with more
favorable toxicity profiles. In addition, zalcitabine is licensed for thrice-daily
administration, whereas other available nucleoside and nucleotide analogs are
available for once- or twice-daily administration. The use of zalcitabine in the
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developed world has declined sharply with the licensure of more-effective,
less-toxic, and more-convenient agents; its distribution is anticipated to be
halted in 2006. Zalcitabine may find additional clinical use in resource-poor
settings in the devel oping world.

ACKNOWLEDGMENTS

The authors thank David Rowley, php, for his assistance with the nucleoside
structure figures and Ms. Bonnie Shaw for her assistance with the preparation
of the manuscript.

REFERENCES

1. MitsuyaH, Broder S. Inhibition of the in vitro infectivity and cytopathic effect of
human T-lymphotrophic virus type I11/lymphadenopathy-associated virus (HTLV-
I1/LAV) by 2',3'-dideoxynucleosides. Proc Natl Acad Sci USA 1986;83(6):
1911-1915.

2. Squires KE, Gulick R, Tebas P, et al. A comparison of stavudine plus lamivudine
versus zidovudine plus lamivudine in combination with indinavir in antiretroviral
naive individuals with HIV infection: selection of thymidine analog regimen ther-
apy (START I). AIDS 2000;14(11):1591-1600.

3. Eron JJ Jr, Murphy RL, Peterson D, et al. A comparison of stavudine, didanosine
and indinavir with zidovudine, lamivudine and indinavir for the initial treatment
of HIV-1 infected individuals: selection of thymidine analog regimen therapy
(START I1). AIDS 2000;14(11):1601-1610.

4. Gallant JE, Staszewski S, Pozniak AL, et al. Efficacy and safety of tenofovir DF
vs stavudine in combination therapy in antiretroviral-naive patients. a 3-year ran-
domized trial. JAMA 2004;292(2):191-201.

5. Gottlieb M, Peterson D, Adler M. Comparison of safety and efficacy of two doses
of stavudine (Zerit, d4T) in alarge simpletria in the US Parallel Track Program
[abstract]. 35th Interscience Conference on Antimicrobial Agents and Chemo-
therapy; 1995.

6. Bristol-Myers Squibb Company. Zerit® (Stavudine) Product Information.
Princeton, NJ: Bristol-Myers Squibb Company; April, 2002.

7. Panel on Clinical Practices for Treatment of HIV Infection. Guidelines for the
Use of Antiretroviral Agents in HIV-1-Infected Adults and Adolescents. October
6,2005. Available at: http://www.aidsinfo.nih.gov/guidelines/. Accessed Jan.,
2006. US Department of Health and Human Services; 2005.

8. Kaul S, Mummaneni V, Barbhaiya RH. Dose proportionality of stavudinein HIV
seropositive asymptomatic subjects. application to bioequivalence assessment of
various capsule formulations. Biopharm Drug Dispos 1995;16(2):125-136.

9. Dudley MN, Graham KK, Kaul S, et al. Pharmacokinetics of stavudinein patients
with AIDS or AIDS-related complex. J Infect Dis 1992;166(3):480-485.

10. Kaul S, Christofalo B, Raymond RH, Stewart MB, Macleod CM. Effect of food
on the bioavailability of stavudine in subjects with human immunodeficiency
virus infection. Antimicrob Agents Chemother 1998;42(9):2295-2298.


http://www.aidsinfo.nih.gov/guidelines/

Stavudine, Didanosine, and Zalcitabine 119

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

. Rana Kz, Dudley MN. Clinical pharmacokinetics of stavudine. Clin
Pharmacokinet 1997;33(4):276-284.

Ho HT, Hitchcock MJ. Cellular pharmacology of 2’,3'-dideoxy-2',3'-didehy-
drothymidine, a nucleoside anal og active against human immunodeficiency virus.
Antimicrob Agents Chemother 1989;33(6):844-849.

Hoggard PG, Kewn S, Barry MG, Khoo SH, Back DJ. Effects of drugs on 2',3'-
dideoxy-2',3'-didehydrothymidine phosphorylation in vitro. Antimicrob Agents
Chemother 1997;41(6):1231-1236.

Havlir DV, Tierney C, Friedland GH, et al. In vivo antagonism with zidovudine
plus stavudine combination therapy. J Infect Dis 2000;182(1):321-325.

Seifert RD, Stewart MB, Sramek JJ, Conrad J, Kaul S, Cutler NR. Pharmacokinetics
of co-administered didanosine and stavudine in HIV-seropositive male patients.
Br J Clin Pharmacol 1994;38(5):405-410.

Kewn S, Veal GJ, Hoggard PG, Barry MG, Back DJ. Lamivudine (3TC) phos-
phorylation and drug interactions in vitro. Biochem Pharmacol 1997;54(5):
589-595.

Patick AK, Boritzki TJ, Bloom LA. Activities of the human immunodeficiency
virus type 1 (HIV-1) protease inhibitor nelfinavir mesylate in combination with
reverse transcriptase and protease inhibitors against acute HIV-1 infection in
vitro. Antimicrob Agents Chemother 1997;41(10):2159-2164.

Hoggard PG, Manion V, Barry MG, Back DJ. Effect of protease inhibitors on
nucleoside analogue phosphorylation in vitro. Br J Clin Pharmacol 1998;45(2):
164-167.

Piscitelli SC, Kelly G, Walker RE, et al. A multiple drug interaction study of
stavudine with agents for opportunistic infections in human immunodeficiency
virus-infected patients. Antimicrob Agents Chemother 1999;43(3):647—650.
Rainey PM, Friedland G, McCance-Katz EF, et a. Interaction of methadone with
didanosine and stavudine. JAcquir Immune Defic Syndr 2000;24(3):241-248.
Bossi P, Yvon A, Mouroux M, Huraux JM, Agut H, Calvez V. Mutations in the
human immunodeficiency virus type 1 reverse transcriptase gene observed in
stavudine and didanosine strains obtained by in vitro passages. Res Virol
1998;149(6):355-361.

Lin PF, Gonzalez CJ, Griffith B, et al. Stavudine resistance: an update on suscep-
tibility following prolonged therapy. Antivir Ther 1999;4(1):21-28.

Coakley EP, Gillis IM, Hammer SM. Phenotypic and genotypic resistance pat-
terns of HIV-1 isolates derived from individuals treated with didanosine and
stavudine. AIDS 2000;14(2):F9-15.

Deminie CA, Bechtold CM, Riccardi K, et a. Clinical HIV-1 isolates remain sen-
sitive to stavudine following prolonged therapy. AIDS 1998;12(1):110-112.
Picard V, Angelini E, Maillard A, et al. Comparison of genotypic and phenotypic
resistance patterns of human immunodeficiency virustype 1 isolates from patients
treated with stavudine and didanosine or zidovudine and lamivudine. J Infect Dis
2001;184(6):781-784.

Soriano V. Sequencing antiretroviral drugs. AIDS 2001;15(5):547-551.

Monno L, Appice A, Scarabaggio T, Di Stefano M, Pastore G, Angarano G.
Mutations in the reverse transcriptase gene of HIV type 1 from subjects after



120

28.

29.

30.

31.

32.

33.

36.

37.

38.

39.

40.

Skowron, Chowdhry, and Stevens

stavudine-didanosine dual therapy. AIDS Res Hum Retroviruses 2000;16(8):
821-823.

Spruance SL, Pavia AT, Mellors JW, et al. Clinical efficacy of monotherapy with
stavudine compared with zidovudine in HIV-infected, zidovudine-experienced
patients. A randomized, double-blind, controlled trial. Bristol-Myers Squibb
Stavuding/019 Study Group. Ann Intern Med 1997;126(5):355-363.

Carr A, Chuah J, Hudson J, et a. A randomised, open-label comparison of three
highly active antiretroviral therapy regimens including two nucleoside analogues
and indinavir for previously untreated HIV-1 infection: the OzCombo1l study.
AIDS 2000;14(9):1171-1180.

Murphy RL, Brun S, Hicks C, et al. ABT-378/ritonavir plus stavudine and lami-
vudine for the treatment of antiretroviral-naive adults with HIV-1 infection:
48-week results. AIDS 2001;15(1):F1-9.

Robbins GK, De Gruttola V, Shafer RW, et al. Comparison of sequential three-
drug regimens asinitial therapy for HIV-1 infection. N Engl JMed 2003;349(24):
2293-2303.

French M, Amin J, Roth N, et al. Randomized, open-label, comparative tria to
evaluate the efficacy and safety of three antiretroviral drug combinations includ-
ing two nucleoside analogues and nevirapine for previously untreated HIV-1
Infection: the OzCombo 2 study. HIV Clin Trials 2002;3(3):177-185.

Saag MS, Cahn P, Raffi F, et al. Efficacy and safety of emtricitabine vs stavudine
in combination therapy in antiretroviral-naive patients: arandomized trial. AMA
2004;292(2):180-189.

. Working Group on Antiretroviral Therapy and Medical Management of HIV-

Infected Children. Guidelines for the use of antiretroviral agents in pediatric
HIV infection, December 14, 2001. Available at: http://hivatis.org/guidelines/
Pediatric/Dec12_01/peddec/pdf. Accessed November 11, 2002.

. Funk M, Linde R, Wintergerst U, et a. Vira load and CD4-cell count under atriple-

therapy with nelfinavir and two RT-inhibitors in previously untreated HIV-infected
children [abstract 12256]. 12th World AIDS Conference; Geneva, Switzerland; 1998.
Monpoux F, Sirvent N, Cottalorda J, Mariani R, Lefbvre JC. Stavudine, lamivu-
dine and indinavir in children with advanced HIV-1 infection: preliminary expe-
rience. AIDS 1997;11(12):1523-1525.

Wintergerst U, Hoffmann F, Solder B, et al. Comparison of two antiretroviral
triple combinations including the protease inhibitor indinavir in children infected
with human immunodeficiency virus. Pediatr Infect Dis J 1998;17(6):495-499.
Kline MW, Fletcher CV, Brundage RC, et al. Combination therapy including
saquinavir gelatin capsules (SQV-GGC) in HIV-infected children (abstr 229).
Conference on Retroviruses and Opportunistic Infections, Feb 1-5 1998c, Chicago.
Kline MW, Fletcher CV, Harris AT, et al. A pilot study of combination therapy
with indinavir, stavudine (d4T), and didanosine (ddl) in children infected with the
human immunodeficiency virus. J Pediatr 1998;132(3 Pt 1):543-546.

Kline M, Fletcher C, Harris A. One year follow-up of HIV-infected children
receiving combination therapy with indinavir, stavudine (d4T), and didanosine
(ddlI) [abstract 232]. Conference on Retroviruses and Opportunistic Infections;
Chicago, IL; 1998.


http://hivatis.org/guidelines/Pediatric/Dec12_01/peddec/pdf
http://hivatis.org/guidelines/Pediatric/Dec12_01/peddec/pdf

Stavudine, Didanosine, and Zalcitabine 121

41.

42.

43.

45,

46.

47.

48.

49,

50.

51.

52.

53.

55.

Yogev R, Lee S, Wiznia A, et a. Stavudine, nevirapine and ritonavir in stable
antiretroviral therapy-experienced children with human immunodeficiency virus
infection. Pediatr Infect Dis J 2002;21(2):119-125.

de Mendoza C, Ramos JT, Ciria L, et a. Efficacy and safety of stavudine plus
didanosine in asymptomatic HIV-infected children with plasma HIV RNA below
50,000 copies per milliliter. HIV Clin Trials 2002;3(1):9-16.

Kakuda TN. Pharmacology of nucleoside and nucleotide reverse transcriptase
inhibitor-induced mitochondrial toxicity. Clin Ther 2000;22(6):685-708.

. Simpson DM, Tagliati M. Nucleoside analogue-associated peripheral neuropathy

in human immunodeficiency virus infection. JAcquir Immune Defic Syndr Hum
Retrovirol 1995;9(2):153-161.

Brinkman K. Management of hyperlactatemia: no need for routine lactate mea-
surements. AIDS 2001;15(6):795-797.

Sarner L, Fakoya A. Acute onset lactic acidosis and pancrestitis in the third
trimester of pregnancy in HIV-1 positive women taking antiretroviral medication.
Sex Transm Infect 2002;78(1):58-59.

Carr A, Cooper DA. Adverse effects of antiretroviral therapy. Lancet 2000;
356(9239):1423-1430.

Lichtenstein KA, Ward DJ, Moorman AC, et al. Clinical assessment of HIV-
associated lipodystrophy in an ambulatory population. AIDS 2001;15(11):
1389-1398.

White AJ. Mitochondrial toxicity and HIV therapy. Sex Transm Infect
2001;77(3):158-173.

Bogner JR, Vielhauer V, Beckmann RA, et a. Stavudine versus zidovudine and
the development of lipodystrophy. J Acquir Immune Defic Syndr 2001;27(3):
237-244.

Lilienfeld D, Heiles B, Kawabata H, Lian J, Stevens M. Lack of association
between use of stavudine and the development of HIV-associated lipodystrophy:
a pharmacoepidemiol ogic investigation of 9,000 HIV+ persons in the MediCal
population [abstract 66]. 14th International Conference on Antiviral Research
(ICAR); Seattle, WA; 2001.

Rubio R, TorralbaM, AntelaA, Dronda F, Costa R, Moreno S. Body shape abnor-
malities in a cohort of HIV-infected patients on first-line HAART [abstract 646].
8th Conference on Retrovirus Opportunistic Infection; Chicago, IL; 2001.
Gallant J, Staszewski S, Pozniak A. Favorable lipid and mitochondrial (mt) DNA
profile for Tenofovir Disoproxil Fumarate (TDF) compared to stavudine (d4T) in
combination with lamivudine (3TC) and efavirenz (EFV) in antiretroviral therapy
(ART) naive patients: a 48 week interim analysis. 42nd Interscience Conference
on Antimicrobial Agents and Chemotherapy; San Diego, CA; 2002.

. McComsey GA, Ward DJ, Hessenthaler SM, et al. Improvement in lipoatrophy

associated with highly active antiretroviral therapy in human immunodeficiency
virus-infected patients switched from stavudine to abacavir or zidovudine: the
results of the TARHEEL study. Clin Infect Dis 2004;38(2):263-270.

McComsey GA, Paulsen DM, Lonergan JT, et a. Improvements in lipoatrophy,
mitochondrial DNA levels and fat apoptosis after replacing stavudine with aba-
cavir or zidovudine. AIDS 2005;19(1):15-23.



122
56

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

Skowron, Chowdhry, and Stevens

. Carr A, Samaras K, Chisholm DJ, Cooper DA. Pathogenesis of HIV-1-protease
inhibitor-associated peripheral lipodystrophy, hyperlipidaemia, and insulin resis-
tance. Lancet 1998;351(9119):1881-1883.

Brinkman K, Smeitink JA, Romijn JA, Reiss P. Mitochondrial toxicity induced
by nucleoside-analogue reverse-transcriptase inhibitors is a key factor in the
pathogenesis of antiretroviral-therapy-related lipodystrophy. Lancet 1999;
354(9184):1112-1115.

Kakuda TN, Brundage RC, Anderson PL, Fletcher CV. Nucleoside reverse tran-
scriptase inhibitor-induced mitochondrial toxicity as an etiology for lipodystro-
phy. AIDS 1999;13(16):2311-2312.

Moyle G. Mitochondrial toxicity hypothesis for lipoatrophy: a refutation. AIDS
2001;15(3):413-415.

Bristol-Myers Squibb Company. Videx and Videx EC Delayed-Release Capsules
Enteric-Coated Beadlets Product Information. Princeton, NJ: Bristol-Myers
Squibb Company; January, 2004.

Hitchcock MJ. In vitro antiviral activity of didanosine compared with that of
other dideoxynucleoside analogs against laboratory strains and clinical isolates of
human immunodeficiency virus. Clin Infect Dis 1993;16(Suppl 1):S16-21.
Coplan PM, Nolan LL. The selective toxicity of medications used in the treat-
ment of AIDS on the CEM human leukemic CD4+ T-cell line. Drug Chem Toxicol
1991;14(3):257-264.

Ahluwalia G, Cooney DA, Hartman NR, et al. Anomalous accumulation and
decay of 2',3'-dideoxyadenosine-5'-triphosphate in human T-cell cultures exposed
to the anti-HIV drug 2',3'-dideoxyinosine. Drug Metab Dispos 1993;21(2):
369-376.

. Knupp CA, Milbrath R, Barbhaiya RH. Effect of time of food administration on
the bioavailability of didanosine from a chewable tablet formulation. J Clin
Pharmacol 1993;33(6):568-573.

Balis FM, Pizzo PA, Butler KM, et a. Clinical pharmacology of 2',3'-dideoxyi-
nosine in human immunodeficiency virus-infected children. J Infect Dis
1992;165(1):99-104.

Damle BD, Kaul S, Behr D, Knupp C. Bioequivalence of two formulations of
didanosine, encapsulated enteric-coated beads and buffered tablet, in healthy vol-
unteers and HIV-infected subjects. J Clin Pharmacol 2002;42(7):791-797.
Damle BD, Yan JH, Behr D, et al. Effect of food on the oral bioavailability of
didanosine from encapsulated enteric-coated beads. J Clin Pharmacol
2002;42(4):419-427.

Knupp CA, Barbhaiya RH. A multiple-dose pharmacokinetic interaction study
between didanosine (Videx) and ciprofloxacin (Cipro) in male subjects seroposi-
tive for HIV but asymptomatic. Biopharm Drug Dispos 1997;18(1):65—77.

Sahai J, Gallicano K, Oliveras L, Khalig S, Hawley-Foss N, Garber G. Cationsin
the didanosine tablet reduce ciprofloxacin bioavailability. Clin Pharmacol Ther
1993;53(3):292-297.

Mummaneni V, Kaul, S, Knupp CA. Single oral dose pharmacokinetic interaction
study of didanosine and indinavir sulfate in healthy subjects. J Clin Pharm
1997;37:858-78.



Stavudine, Didanosine, and Zalcitabine 123

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

85.

Knupp CA, Brater DC, Relue J, Barbhaiya RH. Pharmacokinetics of didanosine
and ketoconazole after coadministration to patients seropositive for the human
immunodeficiency virus. J Clin Pharmacol 1993;33(10):912-917.

Damle BD, Mummaneni V, Kaul S, Knupp C. Lack of effect of simultaneously
administered didanosine encapsulated enteric bead formulation (Videx EC) on
oral absorption of indinavir, ketoconazole, or ciprofloxacin. Antimicrob Agents
Chemother 2002;46(2):385-391.

Gilead Sciences Inc. Viread Product Information. Gilead Sciences Inc, Foster
City, CA. June, 2004.

Ray AS, Olson L, Fridland A. Role of purine nucleoside phosphorylase in inter-
actions between 2',3'-dideoxyinosine and allopurinol, ganciclovir, or tenofovir.
Antimicrob Agents Chemother 2004;48(4):1089—1095.

Liang D, Breaux K, Nornoo A, Phadungpojna S, Rodriguez-Barradas M, Bates T.
Pharmacokinetic interaction between didanosine (ddl) and aloputinol in healthy
volunteers [abstract]. 39th ICAAC; San Francisco, CA; 1999.

Cimoch PJ, Lavelle J, Pollard R, et al. Pharmacokinetics of oral ganciclovir alone
and in combination with zidovudine, didanosine, and probenecid in HIV-infected
subjects. JAcquir Immune Defic Syndr Hum Retrovirol 1998;17(3):227-234.
Harvie P, Omar RF, Dusserre N, et al. Ribavirin potentiates the efficacy and toxi-
city of 2’,3'-dideoxyinosine in the murine acquired immunodeficiency syndrome
model. J Pharmacol Exp Ther 1996;279(2):1009-1017.

Mauss S, Valenti W, DePamphilis J, et a. Risk factors for hepatic decompensa-
tion in patients with HIV/HCV coinfection and liver cirrhosis during interferon-
based therapy. AIDS 2004;18(13):F21-25.

Moreno A, Quereda C, Moreno L, et a. High rate of didanosine-related mito-
chondrial toxicity in HIV/HCV-coinfected patients receiving ribavirin. Antivir
Ther 2004;9(1):133-138.

Fleischer R, Boxwell D, Sherman KE. Nucleoside anal ogues and mitochondrial
toxicity. Clin Infect Dis 2004;38(8):e79-80.

Molina JM, Ferchal F, Rancinan C, et al. Once-daily combination therapy with
emtricitabine, didanosine, and efavirenz in human immunodeficiency virus-
infected patients. J Infect Dis 2000;182(2):599-602.

van Leeuwen R, Katlama C, Murphy RL, et a. A randomized trial to study first-
line combination therapy with or without a protease inhibitor in HIV-1-infected
patients. AIDS 2003;17(7):987-999.

Sannel, Piliero B, Squires K, Thiry A, Schnittman S. Results of a phase 2 clinical
trial at 48 weeks (A1424-007): a dose-ranging, safety, and efficacy comparative
trial of atazanavir at three doses in combination with didanosine and stavudinein
antiretroviral-naive subjects. JAcquir Immune Defic Syndr 2003;32(1):18-29.

. Gathe J Jr, Badaro R, Grimwood A, et al. Antiviral activity of enteric-coated

didanosine, stavudine, and nelfinavir versus zidovudine plus lamivudine and nel-
finavir. JAcquir Immune Defic Syndr 2002;31(4):399-403.

Landman RTS, Canestri Z, Delaporte E, et al. Long-term evaluation (15 months)
of ddI, 3TC and efavirenz once-daily regimen in naive patients in senegal: ANRS
12-04/IMEA 011 study [abstract 458-W]. 9th Conference on Retroviruses and
Opportunistic Infections; Seattle, WA ; 2002.



124

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Skowron, Chowdhry, and Stevens

Maggiolo F, Migliorino M, Maserati R, et al. Virological and immunological
responses to a once-a-day antiretroviral regimen with didanosine, lamivudine and
efavirenz. Antivir Ther 2001;6(4):249-253.

MolinaJM, Journot V, Morand-Joubert L, et a. Simplification therapy with once-
daily emtricitabine, didanosine, and efavirenz in HIV-1-infected adults with viral
suppression receiving a protease inhibitor-based regimen: a randomized trial.
JInfect Dis 2005;191(6):830-839.

Gulick R, Ribaudo H, Shikuma C, et al. ACTG 5095: a comparative study of
three protease inhibitor-sparing antiretroviral regimens for the initial treatment of
HIV infection [abstract 41]. 2nd International AIDS Society Conference on HIV
Pathogenesis and Treatment; Paris, France; 2003.

Gerstoft J, Kirk O, Obel N, et al. Low efficacy and high frequency of adverse
events in a randomized trial of the triple nucleoside regimen abacavir, stavudine
and didanosine. AIDS 2003;17(14):2045-2052.

Farthing C, Khanlou H, Yeh V. Early virologic failure in a pilot study evaluating
the efficacy of abacavir, lamivudine and tenofovir in the treatment naive HIV-
infected patients [abstract 43]. 2nd International AIDS Society Conference on
HIV Pathogenesis and Treatment; Paris, France; 2003.

Gallant J, Rodriguez A, Weinberg W, et al. Early non-response to tenofovir DF
(TDF + abacavir (ABC) and lamivudine (3TC) in arandomized trial compared to
efavirenz (EFV) + ABC and 3TC: ESS30009 [abstract 1722a]. 43rd Interscience
Conference on Antimicrobial Agents and Chemotherapy; Chicago, IL; 2003.
Jemsek J, Hutcherson B, Harper E. Poor virologic responses and early emergence
of resistance in treatment-naive, HIV-infected patients receiving aonce daily triple
nucleoside regimen of didanosine, lamivudine and tenofovir DF. 11th Conference
on Retroviruses and Opportunistic Infections; San Francisco, CA; 2004.
Barrios A, Negredo E, Vilar6-Rodriguez J, et al. Safety and efficacy of aQD sim-
plification regimen [abstract 566]. 11th Conference on Retroviruses and
Opportunistic Infections; San Francisco, CA; February 8-11, 2004.

Negredo E, Molto J, Munoz-Moreno JA, et al. Safety and efficacy of once-daily
didanosine, tenofovir and nevirapine as a simplification antiretroviral approach.
Antivir Ther 2004;9(3):335-342.

Negredo E, Molto J, Burger D, et a. Unexpected CD4 cell count decline in
patients receiving didanosine and tenofovir-based regimens despite undetectable
viral load. AIDS 2004;18(3):459-463.

Barrios A, Rendon A, Negredo E, et a. Paradoxical CD4+ T-cell decline in HIV-
infected patients with complete virus suppression taking tenofovir and didano-
sine. AIDS 2005;19(6):569-575.

Podzamczer D, Ferrer E, Gatell IM, et al. Early virological failure with a combi-
nation of tenofovir, didanosine and efavirenz. Antivir Ther 2005;10(1):171-177.
Maitland D, Moyle G, Hand J, et al. Early virologic failure in HIV-1 infected sub-
jects on didanosine/tenofovir/efavirenz: 12-week results from a randomized trial.
AIDS 2005;19(11):1183-8.

Leon A, Martinez E, Mallolas J, et a. Early virological failure in treatment-naive
HIV-infected adults receiving didanosine and tenofovir plus efavirenz or nevirap-
ine. AIDS 2005;19(2):213-215.



Stavudine, Didanosine, and Zalcitabine 125

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Kakuda TN, Anderson PL, Becker SL. CD4 cell decline with didanosine and
tenofovir and failure of triple nucleoside/nucleotide regimens may be related.
AIDS 2004;18(18):2442—-2444.

Kunches LM, Reinhalter NE, Marquis A, et al. Tolerability of enteric-coated
didanosine capsules compared with didanosine tablets in adults with HIV infec-
tion. JAcquir Immune Defic Syndr 2001;28(2):150-153.

Lake-Bakaar G, Mazzoccoli V, Dickman K, Lyubsky S. Differential effects of
nucleoside analogs on oxidative phosphorylation in human pancreatic cells. Dig
Dis Sci 2001;46(9):1853-1863.

Dalakas MC. Peripheral neuropathy and antiretroviral drugs. J Peripher Nerv
Syst 2001;6(1):14-20.

Simpson DM, Katzenstein DA, Hughes MD, et a. Neuromuscular function in
HIV infection: analysis of a placebo-controlled combination antiretroviral trial.
AIDS Clinical Group 175/801 Study Team. AIDS 1998;12(18):2425-2432.
Reliquet V, Mussini JM, Chennebault M, Lafeuillade A, Raffi F. Periphera neu-
ropathy during stavudine-didanosine antiretroviral therapy. HIV Med 2001,
2(2):92-96.

Manji H. Neuropathy in HIV infection. Curr Opin Neurol 2000;13(5):589-592.
Coghlan ME, Sommadossi JP, Jhala NC, Many WJ, Saag MS, Johnson VA.
Symptomatic lactic acidosis in hospitalized antiretroviral-treated patients with
human immunodeficiency virus infection: a report of 12 cases. Clin Infect Dis
2001;33(11):1914-1921.

Marra A, Lewi D, Lanzoni V, et al. Lactic acidosis and antiretroviral therapy: a
case report and literature review. Braz J Infect Dis 2000;4(3):151-155.

Moyle GJ, Datta D, Mandalia S, Morlese J, Ashoe D, Gazzard BG. Hyper-
lactataemia and lactic acidosis during antiretroviral therapy: relevance, repro-
ducibility and possible risk factors. AIDS 2002;16(10):1341-1349.

Datta D, Moyle G, Mandalia S, Gazzard B. Matched case-control study to evalu-
ate risk factors for hyperlactataemia in HIV patients on antiretroviral therapy.
HIV Med 2003;4(4):311-314.

Moyle G. Toxicity of antiretroviral nucleoside and nucleotide analogues: is mito-
chondrial toxicity the only mechanism? Drug Saf 2000;23(6):467—481.
Longhurst HJ, Pinching AJ. Drug points. pancreatitis associated with hydroxy-
urea in combination with didanosine. BMJ 2001;322(7278):81.

Chene G, Angelini E, Cotte L, et a. Role of long-term nucleoside-anal ogue ther-
apy in lipodystrophy and metabolic disorders in human immunodeficiency virus-
infected patients. Clin Infect Dis 2002;34(5):649-657.

Shlay JC, Visnegarwala F, Bartsch G, et al. Body composition and metabolic
changes in antiretroviral-naive patients randomized to didanosine and stavudine
vs. abacavir and lamivudine. JAcquir Immune Defic Syndr 2005;38(2):147-155.
Whitcup SM, Dastgheib K, Nussenblatt RB, Walton RC, Pizzo PA, Chan CC. A
clinicopathologic report of the retinal lesions associated with didanosine. Arch
Ophthalmol 1994;112(12):1594-1598.

Perno CF, Yarchoan R, Cooney DA, et al. Replication of human immunodefi-
ciency virus in monocytes. Granulocyte/macrophage colony-stimulating factor
(GM-CSF) potentiates viral production yet enhances the antiviral effect mediated



126

117.

118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

Skowron, Chowdhry, and Stevens

by 3'-azido-2'3'-dideoxythymidine (AZT) and other dideoxynucleoside con-
geners of thymidine. J Exp Med 1989;169(3):933-951.

Balzarini J, Matthes E, Meeus P, Johns DG, De Clercq E. The antiretroviral and
cytostatic activity, and metabolism of 3'-azido-2',3'-dideoxythymidine, 3'-fluoro-
2',3'-dideoxythymidine and 2',3'-dideoxycytidine are highly cell type-dependent.
Adv Exp Med Biol 1989;253B:407-413.

Roche Laboratories. HIVID (Zalcitabine) Product Information. Roche
Laboratories, Nutley, NJ. September, 2002.

Mitsuya H, Broder S. Inhibition of infectivity and replication of HIV-2 and SIV
in helper T-cells by 2',3'-dideoxynucleosides in vitro. AIDS Res Hum
Retroviruses 1988;4(2):107-113.

Plagemann PG, Wohlhueter RM, Woffendin C. Nucleoside and nucleobase trans-
port in animal cells. Biochim Biophys Acta 1988;947(3):405-443.

Cooney DA, Dalal M, Mitsuya H, et a. Initial studies on the cellular pharmacol-
ogy of 2',3-dideoxycytidine, an inhibitor of HTLV-III infectivity. Biochem
Pharmacol 1986;35(13):2065-2068.

Starnes MC, Cheng Y C. Cellular metabolism of 2',3'-dideoxycytidine, a com-
pound active against human immunodeficiency virus in vitro. J Biol Chem
1987;262(3):988-991.

Farg A, Fowler DA, Bridges EG, Sommadossi JP. Effects of 2',3'-dideoxynucleo-
sides on proliferation and differentiation of human pluripotent progenitors in
liquid culture and their effects on mitochondrial DNA synthesis. Antimicrob
Agents Chemother 1994;38(5):924—-930.

Keilbaugh SA, Hobbs GA, Simpson MV. Anti-human immunodeficiency virus
type 1 therapy and peripheral neuropathy: prevention of 2',3'-dideoxycytidine
toxicity in PC12 cells, aneuronal model, by uridine and pyruvate. Mol Pharmacol
1993;44(4):702-706.

MedinaDJ, Tsai CH, Hsiung GD, Cheng Y C. Comparison of mitochondrial mor-
phology, mitochondrial DNA content, and cell viability in cultured cells treated
with three anti-human immunodeficiency virus dideoxynucleosides. Antimicrob
Agents Chemother 1994;38(8):1824—-1828.

Dalakas MC, Semino-Mora C, Leon-Monzon M. Mitochondrial alterations with
mitochondrial DNA depletion in the nerves of AIDS patients with peripheral
neuropathy induced by 2'3'-dideoxycytidine (ddC). Lab Invest 2001;81(11):
1537-1544.

Gao WY, Shirasaka T, Johns DG, Broder S, Mitsuya H. Differential phosphoryla-
tion of azidothymidine, dideoxycytidine, and dideoxyinosine in resting and acti-
vated peripheral blood mononuclear cells. J Clin Invest 1993;91(5):2326-2333.
Gao WY, Agbaria R, Driscoll JS, Mitsuya H. Divergent anti-human immunodefi-
ciency virus activity and anabolic phosphorylation of 2',3'-dideoxynucleoside
analogs in resting and activated human cells. J Biol Chem 1994;269(17):
12,633-12,638.

Ganser A, Greher J, Volkers B, Staszewski S, Hoelzer D. Inhibitory effect of azi-
dothymidine, 2'-3'-dideoxyadenosine, and 2'-3'-dideoxycytidine on in vitro
growth of hematopoietic progenitor cells from normal persons and from patients
with AIDS. Exp Hematol 1989;17(4):321-325.



Stavudine, Didanosine, and Zalcitabine 127

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Inoue T, Tsushita K, Itoh T, et a. In vitro bone marrow toxicity of nucleoside
analogs against human immunodeficiency virus. Antimicrob Agents Chemother
1989;33(4):576-579.

Perno CF, Yarchoan R, Cooney DA, et al. Inhibition of human immunodeficiency
virus (HIV-U/HTLV-I11Ba-L) replication in fresh and cultured human peripheral
blood monocytes/macrophages by azidothymidine and related 2',3'-dideoxy-
nucleosides. J Exp Med 1988;168(3):1111-1125.

Perno CF, Aquaro S, Rosenwirth B, et al. In vitro activity of inhibitors of late
stages of the replication of HIV in chronically infected macrophages. J Leukoc
Biol 1994;56(3):381-386.

Larder BA, Chesebro B, Richman DD. Susceptibilities of zidovudine-susceptible
and -resistant human immunodeficiency virus isolates to antiviral agents deter-
mined by using a quantitative plaque reduction assay. Antimicrob Agents
Chemother 1990;34(3):436—441.

Larder BA, Darby G, Richman DD. HIV with reduced sensitivity to zidovudine
(AZT) isolated during prolonged therapy. Science 1989;243(4899):1731-1734.
Mathez D, Schinazi RF, Liotta DC, Leibowitch J. Infectious amplification of
wild-type human immunodeficiency virus from patients’ lymphocytes and modu-
lation by reverse transcriptase inhibitors in vitro. Antimicrob Agents Chemother
1993;37(10):2206-2211.

Gao Q, Gu ZX, Parniak MA, Li XG, Wainberg MA. In vitro selection of variants
of human immunodeficiency virus type 1 resistant to 3'-azido-3'-deoxythymidine
and 2',3'-dideoxyinosine. JVirol 1992;66(1):12-19.

Eron JJ Jr, Johnson VA, Merrill DR, Chou TC, Hirsch MS. Synergistic inhibition
of replication of human immunodeficiency virus type 1, including that of a
zidovudine-resistant isolate, by zidovudine and 2',3'-dideoxycytidine in vitro.
Antimicrob Agents Chemather 1992;36(7):1559-1562.

Deminie CA, Bechtold CM, Stock D, et al. Evaluation of reverse transcriptase
and protease inhibitors in two-drug combinations against human immunodefi-
ciency virus replication. Antimicrob Agents Chemother 1996;40(6):1346-1351.
Vogt MW, Durno AG, Chou TC, et a. Synergistic interaction of 2',3'-dideoxycy-
tidine and recombinant interferon-alpha-A on replication of human immunodefi-
ciency virus type 1. J Infect Dis 1988;158(2):378-385.

Degre M, Beck S. Anti-HIV activity of dideoxynucleosides, foscarnet and fusidic
acid is potentiated by human leukocyte interferon in blood-derived macrophages.
Chemotherapy 1994;40(3):201-208.

Buckheit RW Jr, Germany-Decker J, Hollingshead MG, et al. Differential antivi-
ral activity of two TIBO derivatives against the human immunodeficiency and
murine leukemia viruses alone and in combination with other anti-HIV agents.
AIDS Res Hum Retroviruses 1993;9(11):1097-1106.

Chong KT, Pagano PJ, Hinshaw RR. Bisheteroarylpiperazine reverse transcrip-
tase inhibitor in combination with 3'-azido-3'-deoxythymidine or 2',3'-dideoxy-
cytidine synergistically inhibits human immunodeficiency virus type 1 replication
in vitro. Antimicrob Agents Chemother 1994;38(2):288-293.

Hayashi S, Fine RL, Chou TC, Currens MJ, Broder S, Mitsuya H. In vitro inhibi-
tion of the infectivity and replication of human immunodeficiency virustype 1 by



128

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Skowron, Chowdhry, and Stevens

combination of antiretroviral 2',3'-dideoxynucleosides and virus-binding
inhibitors. Antimicrob Agents Chemother 1990;34(1):82-88.

Johnson VA, Merrill DR, Chou TC, Hirsch MS. Human immunodeficiency virus
type 1 (HIV-1) inhibitory interactions between protease inhibitor Ro 31-8959 and
zidovudine, 2',3'-dideoxycytidine, or recombinant interferon-alpha A against
zZidovudine-sensitive or -resistant HIV-1 in vitro. JInfect Dis 1992;166(5):1143-1146.
Ratner L, Vander Heyden N. Mechanism of action of N-butyl deoxynojirmycinin
inhibiting HIV-1 infection and activity in combination with nucleoside analogs.
AIDS Res Hum Retroviruses 1993;9(4):291-27.

Daluge SM, Good SS, Faletto MB, et a. 1592U89, a novel carbocyclic nucleo-
side analog with potent, selective anti-human immunodeficiency virus activity.
Antimicrob Agents Chemother 1997;41(5):1082—1093.

Perno CF, Cooney DA, Currens MJ, et a. Ability of anti-HIV agents to inhibit
HIV replication in monocyte/macrophages or U937 monocytoid cells under con-
ditions of enhancement by GM-CSF or anti-HIV antibody. AIDS Res Hum
Retroviruses 1990;6(8):1051-1055.

Perno CF, Cooney DA, Gao WY, et al. Effects of bone marrow stimulatory
cytokines on human immunodeficiency virus replication and the antiviral activity
of dideoxynucleosides in cultures of monocyte/macrophages. Blood 1992;80(4):
995-1003.

Aquaro S, Perno C, Balzarini J, et a. Inhibition of HIV-1 replication in primary
macrophages by antiviral drugs: modulation cytokines and comparative efficacy
in lymphocytes [abstract 370]. 3rd Conference on Retroviruses and Opportunistic
Infections; 1996.

Ito M, Baba M, Mori S, et al. Tumor necrosis factor antagonizes inhibitory effect
of azidothymidine on human immunodeficiency virus (HIV) replication in vitro.
Biochem Biophys Res Commun 1990;166(3):1095-1101.

BabaM, Pauwels R, Balzarini J, Herdewijn P, De Clercq E, Desmyter J. Ribavirin
antagonizes inhibitory effects of pyrimidine 2',3'-dideoxynucleosides but
enhances inhibitory effects of purine 2',3'-dideoxynucleosides on replication of
human immunodeficiency virus in vitro. Antimicrob Agents Chemother
1987;31(10):1613-1617.

Vea GJ, Hoggard PG, Barry MG, Khoo S, Back DJ. Interaction between lamivu-
dine (3TC) and other nucleoside analogues for intracellular phosphorylation.
AIDS 1996;10(5):546-548.

Klecker RW Jr, Collins JM, Yarchoan RC, et al. Pharmacokinetics of 2',3'-
dideoxycytidine in patients with AIDS and related disorders. J Clin Pharmacol
1988;28(9):837-842.

Yarchoan R, Perno CF, Thomas RV, et al. Phase | studies of 2’,3'-dideoxycytidine
in severe human immunodeficiency virus infection as a single agent and alternat-
ing with zidovudine (AZT). Lancet 1988;1(8577):76-81.

Gustavson LE, Fukuda EK, Rubio FA, Dunton AW. A pilot study of the bioavail-
ability and pharmacokinetics of 2',3'-dideoxycytidine in patients with AIDS or
AlIDS-related complex. JAcquir Immune Defic Syndr 1990;3(1):28-31.
Chadwick EG, Nazareno LA, Nieuwenhuis TJ, et a. Phase | evaluation of zal-
citabine administered to human immunodeficiency virus-infected children.
JInfect Dis 1995;172(6):1475-1479.



Stavudine, Didanosine, and Zalcitabine 129

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171

Vanhove GF, Kastrissios H, Gries JM, et al. Pharmacokinetics of saquinavir,
zidovudine, and zalcitabine in combination therapy. Antimicrob Agents
Chemother 1997;41(11):2428-2432.

Nazareno LA, Holazo AA, Limjuco R, et a. The effect of food on pharmacoki-
netics of zalcitabinein HIV-positive patients. Pharm Res 1995;12(10): 1462—-1465.
Bazunga M, Tran HT, Kertland H, Chow MS, Massarella J. The effects of renal
impairment on the pharmacokinetics of zalcitabine. J Clin Pharmacol
1998;38(1):28-33.

Massarella JW, Nazareno LA, Passe S, Min B. The effect of probenecid on the
pharmacokinetics of zalcitabine in HIV-positive patients. Pharm Res 1996;13(3):
449-452.

MassarellaJ, Holazo A, Koss-Twardy S. The effects of cimetidine and MAALOX
on the pharmacokinetics of zalcitabine in HIV-positive patients. Pharm Res
1994;11(10):$415.

Merigan TC, Skowron G, Bozzette SA, et a. Circulating p24 antigen levels and
responses to dideoxycytidine in human immunodeficiency virus (HIV) infections.
A phase | and Il study. Ann Intern Med 1989;110(3):189-194.

Merigan TC, Skowron G. Safety and tolerance of dideoxycytidine as a single
agent. Results of early-phase studies in patients with acquired immunodeficiency
syndrome (AIDS) or advanced AIDS-related complex. Study group of the AIDS
Clinical Trials Group of the National Institute of Allergy and Infectious Diseases.
Am JMed 1990;88(5B):11S-15S.

Remick S. Safety and tolerance of zalcitabine in a double-blind, comparative tria
(ACTG 114). IX International Conference on AIDS; Berlin, Germany; 1993.
Fischl MA, Stanley K, Collier AC, et al. Combination and monotherapy with
zidovudine and zalcitabine in patients with advanced HIV disease. The NIAID
AIDS Clinical Trials Group. Ann Intern Med 1995;122(1):24-32.

Abrams DI, Goldman Al, Launer C, et al. A comparative trial of didanosine or
zalcitabine after treatment with zidovudine in patients with human immunodefi-
ciency virus infection. The Terry Beirn Community Programs for Clinical
Research on AIDS. N Engl J Med 1994;330(10):657—662.

Skowron G, Bozzette SA, Lim L, et al. Alternating and intermittent regimens of
zidovudine and dideoxycytidine in patients with AIDS or AIDS-related complex.
Ann Intern Med 1993;118(5):321-330.

Meng TC, Fischl MA, Boota AM, et al. Combination therapy with zidovudine
and dideoxycytidine in patients with advanced human immunodeficiency virus
infection. A phase I/11 study. Ann Intern Med 1992;116(1):13-20.

Hammer SM, Katzenstein DA, Hughes MD, et al. A trial comparing nucleoside
monotherapy with combination therapy in HIV-infected adults with CD4 cell
counts from 200 to 500 per cubic millimeter. AIDS Clinical Trials Group Study
175 Study Team. N Engl J Med 1996;335(15):1081-1090.

Delta: a randomised double-blind controlled trial comparing combinations of
zidovudine plus didanosine or zalcitabine with zidovudine alone in HIV-infected
individuals. Delta Coordinating Committee. Lancet 1996;348(9023):283-291.
Saravolatz LD, Winslow DL, Collins G, et a. Zidovudine aone or in combina-
tion with didanosine or zalcitabine in HIV-infected patients with the acquired
immunodeficiency syndrome or fewer than 200 CD4 cells per cubic millimeter.



130

172.

173.

174,

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Skowron, Chowdhry, and Stevens

Investigators for the Terry Beirn Community Programs for Clinical Research on
AIDS. N Engl J Med 1996;335(15):1099-1106.

Henry K, Erice A, Tierney C, et a. A randomized, controlled, double-blind study
comparing the survival benefit of four different reverse transcriptase inhibitor
therapies (three-drug, two-drug, and alternating drug) for the treatment of
advanced AIDS. AIDS Clinical Trial Group 193A Study Team. JAcquir Immune
Defic Syndr Hum Retrovirol 1998;19(4):339-349.

Bartlett JA, Benoit SL, Johnson VA, et al. Lamivudine plus zidovudine compared
with zalcitabine plus zidovudine in patients with HIV infection. A randomized,
double-blind, placebo-controlled trial. North American HIV Working Party. Ann
Intern Med 1996;125(3):161-172.

HIV Trialists' Collaborative Group. Zidovudine, didanosine, and zalcitabine in
the treatment of HIV infection: meta-analyses of the randomised evidence. Lancet
1999;353(9169):2014-2025.

Collier AC, Coombs RW, Schoenfeld DA, et al. Treatment of human immunode-
ficiency virus infection with saquinavir, zidovudine, and zalcitabine. AIDS
Clinica Trials Group. N Engl J Med 1996;334(16):1011-1017.

Schooley RT, Ramirez-Ronda C, Lange M, et al. Virologic and immunologic
benefits of initial combination therapy with zidovudine and zal citabine or didano-
sine compared with zidovudine monotherapy. Wellcome Resistance Study
Collaborative Group. J Infect Dis 1996;173(6):1354—1366.

Pizzo PA, Butler K, Balis F, et al. Dideoxycytidine alone and in an alternating
schedule with zidovudinein children with symptomatic human immunodeficiency
virus infection. J Pediatr 1990;117(5):799-808.

Bakshi SS, Britto P, Capparelli E, et al. Evaluation of pharmacokinetics, safety,
tolerance, and activity of combination of zalcitabine and zidovudine in stable,
zidovudine-treated pediatric patients with human immunodeficiency virus infec-
tion. AIDS Clinical Trials Group Protocol 190 Team. J Infect Dis 1997;175(5):
1039-1050.

Spector SA, Blanchard S, Wara DW, et al. Comparative trial of two dosages of
zalcitabine in zidovudine-experienced children with advanced human immuno-
deficiency virus disease. Pediatric AIDS Clinical Trials Group. Pediatr Infect Dis
J 1997,16(6):623-626.

McNeely MC, Yarchoan R, Broder S, Lawley TJ. Dermatologic complications
associated with administration of 2’,3'-dideoxycytidine in patients with human
immunodeficiency virus infection. JAm Acad Dermatol 1989;21(6):1213-1217.
Berger AR, Arezzo JC, Schaumburg HH, et a. 2',3'-dideoxycytidine (ddC) toxic
neuropathy: a study of 52 patients. Neurology 1993;43(2):358—-362.
Fichtenbaum CJ, Clifford DB, Powderly WG. Risk factors for dideoxynucleoside-
induced toxic neuropathy in patients with the human immunodeficiency virus
infection. JAcquir Immune Defic Syndr Hum Retrovirol 1995;10(2):169-174.
Blum AS, Dal Pan GJ, Feinberg J, et a. Low-dose zalcitabine-related toxic neu-
ropathy: frequency, natural history, and risk factors. Neurology 1996;46(4):
999-1003.

LeLacheur SF, Simon GL. Exacerbation of dideoxycytidine-induced neuropathy
with dideoxyinosine. JAcquir Immune Defic Syndr 1991;4(5):538-539.



Stavudine, Didanosine, and Zalcitabine 131

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Indorf AS, Pegram PS. Esophageal ulceration related to zalcitabine (ddC). Ann
Intern Med 1992;117(2):133-134.

Aponte-Cipriani SL, Teplitz C, Yancovitz S. Pancreatitis possibly related to 2'-3'-
dideoxycytidine. Ann Intern Med 1993;119(6):539-540.

Powderly WG, Klebert MK, Clifford DB. Ototoxicity associated with dideoxycy-
tidine. Lancet 1990;335(8697):1106.

Monte S, Fenwick JD, Monteiro EF. Irreversible ototoxicity associated with zal-
citabine. Int J STD AIDS 1997;8(3):201-202.

Moyle GJ. Occurrence of lymphomas during ddC or ddC/zidovudine combina-
tion therapy in persons infected with HIV type 1. JAcquir Immune Defic Syndr
Hum Retrovirol 1996;13(5):464-465.

Herskowitz A, Willoughby SB, Baughman KL, Schulman SP, Bartlett JD.
Cardiomyopathy associated with antiretroviral therapy in patients with HIV infec-
tion: areport of six cases. Ann Intern Med 1992;116(4):311-313.

Zhang D, Caliendo AM, Eron JJ, et al. Resistance to 2',3'-dideoxycytidine con-
ferred by a mutation in codon 65 of the human immunodeficiency virus type 1
reverse transcriptase. Antimicrob Agents Chemother 1994;38(2):282—287.
ShirasakaT, Yarchoan R, O'Brien MC, et al. Changesin drug sensitivity of human
immunodeficiency virus type 1 during therapy with azidothymidine, dideoxycyti-
dine, and dideoxyinosine: an in vitro comparative study. Proc Natl Acad Sci USA
1993;90(2):562-566.

Fitzgibbon JE, Howell RM, Haberzettl CA, Sperber SJ, Gocke DJ, Dubin DT. Human
immunodeficiency virus type 1 pol gene mutations which cause decreased suscepti-
bility to 2',3'-dideoxycytidine. Antimicrob Agents Chemother 1992;36(1):153-157.
Fitzgibbon JE, Farnham AE, Sperber SJ, Kim H, Dubin DT. Human immunodefi-
ciency virus type 1 pol gene mutations in an AIDS patient treated with multiple
antiretroviral drugs. JVirol 1993;67(12):7271-7275.

Wainberg MA, Gu Z, Gao Q, et al. Clinical correlates and molecular basis of HIV
drug resistance. JAcquir Immune Defic Syndr 1993;6(Suppl 1): S36-46.
Shirasaka T, Kavlick MF, Ueno T, et a. Emergence of human immunodeficiency
virus type 1 variants with resistance to multiple dideoxynucleosides in patients
receiving therapy with dideoxynucleosides. Proc Natl Acad Sci USA
1995;92(6):2398-2402.

St Clair MH, Martin JL, Tudor-Williams G, et a. Resistance to ddl and sensitiv-
ity to AZT induced by a mutation in HIV-1 reverse transcriptase. Science
1991;253(5027):1557-1559.

Shafer RW, Kozal MJ, Winters MA, et al. Combination therapy with zidovudine
and didanosine selects for drug-resistant human immunodeficiency virus type 1
strains with unique patterns of pol gene mutations. J Infect Dis 1994;169(4):
722-729.

Lacey SF, Larder BA. Novel mutation (V75T) in human immunodeficiency virus
type 1 reverse transcriptase confers resistance to 2',3'-didehydro-2’,3'-dideoxythymi-
dinein cell culture. Antimicrob Agents Chemother 1994;38(6):1428-1432.
Mayers DL, Japour AJ, Arduino JM, et a. Dideoxynucleoside resistance emerges
with prolonged zidovudine monotherapy. The RV43 Study Group. Antimicrob
Agents Chemother 1994;38(2):307-314.



132

201.

202.

203.

204.

205.

206.

207.

208.

200.

210.

211

212.

Skowron, Chowdhry, and Stevens

Whitcomb JM, Huang W, Limoli K, et al. Hypersusceptibility to non-nucleoside
reverse transcriptase inhibitors in HIV-1: clinical, phenotypic and genotypic cor-
relates. AIDS 2002;16(15):F41-47.

Craig C, Moyle G. The development of resistance of HIV-1 to zalcitabine. AIDS
1997;11(3):271-279.

Richman DD, Meng TC, Spector SA, Fischl MA, Resnick L, Lai S. Resistance to
AZT and ddC during long-term combination therapy in patients with advanced
infection with human immunodeficiency virus. JAcquir Immune Defic Syndr
1994;7(2):135-138.

Brun-Vezinet F, Boucher C, Loveday C, et al. HIV-1 viral load, phenotype, and
resistancein a subset of drug-naive participants from the Deltatrial. The National
Virology Groups. Delta Virology Working Group and Coordinating Committee.
Lancet 1997;350(9083):983-990.

Viani RM, Smith IL, Spector SA. Human immunodeficiency virus type 1 pheno-
types in children with advanced disease treated with long-term zalcitabine.
JInfect Dis 1998;177(3):565-570.

Rusconi S, La Seta Catamancio S, Sheridan F, Parker D. A genotypic analysis of
patients receiving zidovudine with eitherlamivudine, didanosine or zalcitabine
dual therapy using the LiPA point mutation assay to detect genotypic variation at
codons 41, 69, 70, 74, 184 and 215. J Clin Virol 2000;19(3):135-142.

Carey P. Peripheral neuropathy: zalcitabine reassessed. Int J STD AIDS
2000;11(7):417-423.

Kroon ED, Ungsedhapand C, Ruxrungtham K, et al. A randomized, double-blind
trial of half versus standard dose of zidovudine plus zalcitabine in Thai HIV-1-
infected patients (study HIV-NAT 001). HIV Netherlands Australia Thailand
Research Collaboration. AIDS 2000;14(10):1349-1356.

Akinsete I, Njoku OS, Okanny CC, Chukwuani CM, Akanmu AS. Management
of HIV infection in Nigeriawith zal citabine in combination with saquinavir mesy-
late: preliminary findings. West Afr JMed 2000;19(4):265-268.

Idoko JA, Akinsete L, Abalaka AD, et a. A multicentre study to determine the
efficacy and tolerability of a combination of nelfinavir (VIRACEPT), zalcitabine
(HIVID) and zidovudine in the treatment of HIV infected Nigerian patients. West
Afr JMed 2002;21(2):83-86.

Antunes F, Walker M, Moyle GJ. Efficacy and tolerability of zalcitabine twice
daily (HIVBID Study). JAcquir Immune Defic Syndr 2004;35(2):205-206.
Moyle GJ, Gazzard BG. Finding arole for zalcitabine in the HAART era. Antivir
Ther 1998;3(3):125-137.



4

Emtricitabine

Gail Skowron, Jeffrey Bratberg, and Rudi Pauwels

INTRODUCTION

Emtricitabine (FTC, Coviracil®) is a synthetic nucleoside analog of cytosine
with activity against HIV-1. It is chemically similar to lamivudine, differing
only in having afluoride at the 5-position of the cytosine ring. Emtricitabine is
the (-) enantiomer, which is more active than the (+) enantiomer. Emtricitabine
has along plasma half-life (10 h), and even longer intracellular half-life of the
active triphosphate (39 h), supporting once-daily dosing. Short-term monother-
apy studies have demonstrated that emtricitabine 200 mg QD reduces HIV
RNA levels by 1.7 to 1.92 log,, copiess/mL. Large, multicenter clinical trials
have demonstrated emtricitabine's efficacy, in combination with efavirenz and
either didanosine or tenofovir. Similar to lamivudine, emtricitabine is generaly
well tolerated. One notable side effect attributable to emtricitabine is skin dis-
coloration of the pams and soles, particularly in African American and
Hispanic patients. Preliminary data on emtricitabine in the pediatric population
have also demonstrated safety and efficacy. Emtricitabine has not been studied
in pregnant women. Resistance to emtricitabine is correlated with the emer-
gence of the same Met184Val mutation in reverse transcriptase that mediates
resistance to lamivudine. The emergence of M 184V appears to be less frequent
in patients failing a regimen containing emtricitabine than in patients failing a
lamivudine-containing regimen. Current US DHHS and IAS-USA guidelines
support emtricitabine as a recommended component of an initial antiretroviral
regimen (1,2).

EMTRICITABINE CHEMISTRY AND PRECLINICAL ACTIVITY

Emitricitabine (also known as FTC, Coviracil®) is a synthetic nucleoside
analog of cytosine with activity against human immunodeficiency type 1 (HIV-
1). Emtricitabine is the (-) enantiomer of 2',3'-dideoxy-5-fluoro-3'-thiacyti-
dine(cis-5-fluoro-1-(2-(hydroxymethyl)-1,3-oxathiolan-5-yl(cytosine) (3); it
differs from lamivudine only by the presence of afluoro atom at the 5-position
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Fig. 1. Chemical structure of emtricitabine in comparison with lamivudine.

of the cytosinering (Fig. 1). Similar to other nucleoside analogs, emtricitabine is
phosphorylated by cellular enzymesto the active triphosphate (TP). Emtricitabine
isinitially phosphorylated by 2'-deoxycytidine kinase (4), and competition for
this enzyme is expected with concomitant cellular exposure of the cell to lamivu-
dine and deoxycytidine. The active anabolite, emtricitabine 5'-TP, competes with
the natural substrate, deoxycytidine 5'-TP, for insertion into the growing vira
DNA strand, exerting its antiviral activity via competitive inhibition and chain
termination. Emtricitabine 5'-TP is a weak inhibitor of mammalian DNA poly-
merase-a, -3, and -¢ and mitochondrial DNA polymerase-y (3).

Emtricitabine was first reported to show anti-HIV activity comparable to
lamivudine (also known as 3TC) by researchers at Emory University and the
University of Georgia (5) who synthesized and tested a series of enantiomeri-
cally pure L-oxathiolanyl pyrimidine and purine nucleosides. The (-) enan-
tiomer was 20-fold more active and significantly less toxic than the (+)
enantiomer (6) and was chosen for subsequent development. In one in vitro
clinical isolate assay system, emtricitabine was the most potent of the nucleo-
side analogs that were tested (emtricitabine > 2',3'-dideoxycytidine > lamivudine
> 3'-azido-3'-deoxythymidine > 2',3'-didanosine) (7). () emtricitabine-TP is
incorporated approx 10-fold more efficiently than lamivudine-TP during RNA-
dependent DNA synthesis, because of a higher rate of incorporation and a
higher binding affinity (8). The TP of emtricitabine has a high relative substrate
specificity for HIV-1 reverse transcriptase and a low substrate specificity for
mitochondrial DNA polymerase-y. In contrast, the TP of zalcitabine (also
known as ddCTP) has a high substrate specificity for both enzymes (9), provid-
ing a mechanistic explanation for the clinical manifestation of mitochondrial
toxicity during therapy with zalcitabine, but not with emtricitabine. In vitro,
emtricitabine demonstrates antiviral activity against clinical and laboratory
strains of HIV-1 in peripheral blood mononuclear cells (PBMC), monocytes,
and macrophages (10,11). Emtricitabine is more potent in PBMC than is
lamivudine, with median 50%-effective concentration values of 0.0014 to
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0.14 uM and 0.002 to 2.5 uM, respectively (11). In contrast, Hazen and
Lanier demonstrated that emtricitabine, lamivudine, and zidovudine were
equally active in vitro against single-passage primary HIV-1 isolates from
antiretroviral-naive subjects in PBMCs (10). These conflicting data remain
to be clarified.

In vitro drug combination studies demonstrated additive-to-synergistic
effects of emtricitabine with nucleoside reverse transcriptase inhibitors (NRTIs;
abacavir, lamivudine, stavudine, tenofovir, zalcitabine, and zidovudine), non-
nucleoside reverse transcriptase inhibitors (NNRTIs; delavirdine, efavirenz,
and nevirapine), and protease inhibitors (Pls; amprenavir, nelfinavir, ritonavir,
and saquinavir) (3).

In preclinical pharmacokinetics and safety studies in monkeys, emtricitabine
showed favorable profiles (12). Emtricitabine also demonstrates in vitro activ-
ity against hepatitis B virus (HBV) (13-15).

EMTRICITABINE PHARMACOKINETICS

Overall, the pharmacokinetics of emtricitabine are favorable for this drug to
be part of once-daily (QD) and/or directly observed therapy in highly active
antiretroviral therapy regimens (16).

Absorption of oral emtricitabine occurs rapidly, peaking in the plasma
between 1 and 2 h after asingle daily dose (3). On an empty stomach, the mean
absolute bhioavailability of emtricitabine is quite high, at 93%, with less than
4% of the dose binding to plasma proteins in a concentration-independent fash-
ion (3). At peak concentrations, the mean emtricitabine plasma-to-blood drug
concentration ratio is approx 1.0, and the mean plasma-to-semen ratio is approx
4.0 (3). Cerebrospinal fluid concentrations were measured at 4% of the plasma
concentration in cynomolgus monkey animal studies (14). In two studies of
HIV-infected study volunteers taking multiple doses of 200 mg emitricitabine,
the mean plasma peak concentration was 1.7 ug/mL, the time-to-peak concen-
tration (T, )was 2 h, the area under the plasma concentration-time curve
(AUC) during a 24-h dosing interval was 10 = 3.1 h-ug/mL, and the plasma
half-life was nearly 10 h. Twenty-four hours after a dose, mean steady-state
trough levels drop to a mean of 0.09 ug/mL (3; Fig. 2). Interestingly, the intra-
cellular half-life of emtricitabine-TP in PBMCs is reported at 39 h (16,17).
Some debate exists, however, regarding the applicability of this value to amore
diverse population of HIV-infected patients (18). The clinical impact of this
extended intracellular activity remains unknown.

Food Effects

Emtricitabine can be taken without regard to meals (3). When emtricitabine
was coadministered with a high fat meal (1000 kcal of fat), the emtricitabine
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Fig. 2. Mean (+95% CI) steady-state plasma emtricitabine concentrations in HIV-
infected adults (n = 20) (3).

peak concentration (C,,..,) was decreased by 23%, the time-to-peak concentra-
tion (T ,,,) Was prolonged to 2.8 h, yet systemic exposure (AUC) remained
unchanged (3,19).

Metabolism/Elimination

The chief metabolic advantages of emtricitabine are a complete lack of
cytochrome P450 enzyme inhibition (isoforms 1A2, 2A6, 2B6, 2C9, 2C19,
2D6, and 3A4) at supratherapeutic doses, and a lack of uridine-5'-disphospho-
glucuronyl transferase inhibition (the enzyme responsible for glucuronidation)
(3). Radiolabeled emtricitabine studies revealed complete dose elimination in
the urine (~75% unchanged, ~9% oxidated to 3'-sulfoxide diastereomers, and
~4% conjugated to 2'-O-glucuronide) and the feces (~14% unchanged) (3).

Emtricitabine clearance occurs primarily through the kidney, at arate greater
than the estimated creatinine clearance (CLcr), suggesting active tubular secre-
tion as well as glomerular filtration (Table 1) (3). The safety and efficacy of
emtricitabine in patients with a CLcr less than 50 mL/min have not been stud-
ied. Approximately 30% of the emtricitabine dose is removed by hemodialysis
over 3 h (blood flow rate 400 mL/min, and dialysate flow rate 600 mL/min),
when the treatment is begun within 1.5 h of the administered dose (3). The
clearance of emtricitabine by peritoneal dialysis is unknown (3).

Special Populations

Emtricitabine pharmacokinetics have been studied in males and females, in
both HIV-infected and healthy volunteers, with similar results among these
groups (3). No pharmacokinetic differences because of race have been identified
(3). Limited data exists for the use of emtricitabine in the elderly, in children, and
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Table 1

Emtricitabine Pharmacokinetic Parameters (Mean * SD) in Patients With
Varying Degrees of Renal Function After a Single-Dose Administration
of 200 mg*

>80 50-80 30-49 <30 ESRDP
CL, (mL/min) (n=6) (n=6) (n=6) (n=5) <30(n=5)
Baseline CLcr 107+21 598+65 409+51 229+53 88+14

(mL/min)
Crrax (ng/mL) 22+06 38+09 32%06 28+07 28+05
AUC (h-ug/mL) 118+29 199+11 25%57 34+21 532+99
CL/F (mL/min) 302+ 94 168+10 138+ 28 99+6 64 £ 12
CL, (mL/min) 213.3+89 1214+39 686+321 295+114 NA

n, number of patients, CLcr, creatinine clearance; C,.., maximum plasma concentration;
AUC, area under the curve; CL/F, apparent clearance; CLr, rena clearance; NA, not applicable

a8Emtriva US Prescribing Information. ESRD, end-stage renal disease

PESRD patients requiring dialysis

in patients with hepatic impairment (3). However, because emtricitabine is
eliminated primarily through the kidney, hepatic impairment is thought to have
little effect on its pharmacokinetics (3).

Emitricitabine is rated as Pregnancy Category B. The incidence of fetal vari-
ations and malformations was not increased in embryofetal toxicity studies
performed with emtricitabine in mice and rabbits at exposures (AUC) approx
60-fold and approx 120-fold, respectively, higher than human exposures at the
recommended daily dose. There are, however, no adequate and well-controlled
studies in pregnant women (20). Because animal reproduction studies are not
always predictive of human response, emtricitabine should be used during preg-
nancy only if clearly needed (3).

EMTRICITABINE DOSAGE

The dosage of emtricitabine (as Emtriva™) for adults is 200 mg/d orally (3).
Because of its renal clearance, the dosage must be adjusted for renal insuffi-
ciency (Table 2). Emtricitabine is dispensed as 200 mg tablets. An oral liquid
solution (10 mg/mL) has been studied in children; athough it is approved for
usein Europe, it has not been approved by the US Food and Drug Administration
and is not commercialy available in the United States at thistime.

Emtricitabine is also available in a fixed-dose combination pill with teno-
fovir disoproxil fumarate (as Truvada™), which contains 200 mg of emtric-
itabine and 300 mg of tenofovir disoproxil fumarate. It is administered as one
pill QD for patients with a calculated CLcr (calcCLcr) of 50 mL/min or greater.
The dosing interval should be lengthened to every 48 h in patients with a
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Table 2

Dosing Interval Adjustment in Patients With Renal Impairment?

CLcr (mL/min) Recommended dose and dosing interval

>50 200 mg every 24 h

3049 200 mg every 48 h

15-29 200 mg every 72 h

<15 (including patients requiring 200 mg every 96 h
hemodialysis)®

CLcr, creatinine clearance
@8Emtriva US Prescribing Information
bIf dosing on day of dialysis, give dose after dialysis

calcCLcr between 30 and 49 mL/min. Truvadais not recommended for use in
patients with a calcClcr of less than 30 mL/min or in patients on hemodialysis.

EMTRICITABINE DRUG INTERACTIONS

The likelihood of drug—drug interactions with emtricitabine is quite low. In
vitro data have shown emtricitabine’s benign effect on many clinically rele-
vant cytochrome P450 isoforms (3). In several single-dose healthy volunteer
studies combining tenofovir disoproxil fumarate, indinavir, famciclovir, stavu-
dine, or zidovudine with emtricitabine, negligible effects were observed,
except for a 13% and 17% increase in zidovudine's AUC and C ., respec-
tively (3,19). Although statistically insignificant differences may be caused by
small sample sizes, the differences are thought to be clinically unimportant
(Gilead Sciences, Foster City, CA, data on file). A regimen of didanosine and
efavirenz at typical doses coadministered with emtricitabine to treatment-
naive patients did not change the pharmacokinetic profile of emtricitabine
after 4 wk of therapy (19).

EMTRICITABINE ACTIVITY AND EFFICACY CLINICAL TRIALS

The antiretroviral activity of emtricitabine was demonstrated in two short-
term monotherapy trials in HIV-1-infected adults. Study 101 was a phase I/I1,
open-label, nonrandomized, dose-ranging study in 41 lamivudine- and aba-
cavir-naive patients. Emtricitabine was administered at 25 mg twice daily
(BID), 100 mg QD, 100 mg BID, 200 mg QD, or 200 mg BID for 14 d (3). At
the 200-mg QD dose level, emtricitabine reduced HIV RNA levels by a mean
of 1.93 log,, copies/mL (21). Study 102 was a phase /11, open-label, random-
ized, dose-ranging study in 81 HIV-infected adults. Three dose levels of emtric-
itabine (25 mg BID, 100 mg QD, and 200 mg QD) were compared with
lamivudine at 150 mg BID. After 10 d, the mean change in the emtricitabine



Emtricitabine 139

200 mg QD group was -1.7 log, copies/mL, compared with —-1.5 log,,
copies/mL for the lamivudine group. A further analysis of average AUC-minus-
baseline from baseline to day 12 demonstrated a significantly greater reduction
inviral load over time with emtricitabine (-1.14 log,, copies/mL), compared
with lamivudine (-1.01 log, , copies/mL) (p = 0.04) (22).

Treatment-Naive Patients

Phase Il and 111 studies have evaluated the safety and efficacy emtricitabine
in comparison with other nucleoside backbones, predominantly administered
BID. In the open-label, phase |1, Montana/ ANRS 091 study, 40 trestment-naive
adults were administered a QD regimen of emtricitabine (200 mg), didanosine
(400 mg, weight-adjusted) and efavirenz (600 mg). At 24 wk, 39 of 40 patients
(98%) had viral load suppression to fewer than 400 copies/mL, and 37 of 40
patients (93%) achieved viral load suppression to fewer than 50 copies/mL
(23). Using a missing = failure, intent-to-treat analysis, 85% and 80% of
patients had an HIV RNA level of fewer than 400 copies/mL and fewer than 50
copies/mL, respectively, at 96 wk (24). CD4 counts increased from baseline by
amean of 259 cellsymm? at 96 wk. In a3-yr analysis, CD4 counts had increased
from baseline by 304 cells/fmm?, and 75% of patients maintained viral load
suppression to fewer than 400 copies/mL (25).

Another small pilot study (ODECTA) compared emtricitabine (200 mg QD)
with abacavir (300 mg BID), both in combination with stavudine plus efavirenz
(26). Thirty-seven patients were evaluable at the 24-wk primary endpoint
intent-to-treat (missing = failure) analysis. At 24 wk, a greater proportion of
patients in the emtricitabine arm achieved an HIV RNA level of fewer than 400
copies/mL (83% vs 74% in the abacavir arm) and fewer than 50 copies/mL
(83% vs 63% in the abacavir arm). On the other hand, CD4 rises were greater
in the abacavir arm (340 cells'/mm?3) than in the emtricitabine arm (329
cell/mm3). Because of the small sample size of the study, however, none of
these differences were statistically significant.

FTC-302 compared the combinations of either emtricitabine or lamivudine,
with stavudine plus either efavirenz or nevirapine in 468 treatment-naive
patients in South Africa (27). A 48-wk intent-to-treat analysis of FTC-302
showed similar proportions of patients with viral loads of fewer than 50
copies/mL in both groups (61% with emtricitabine and 65% with lamivudine)
(21). There was a higher incidence of virological failure in the emtricitabine
arm. However, this may have been the result of poor compliance, because 60%
of those who experienced viral load rebound receiving emtricitabine had wild-
type virus, compared with 23% of those in the lamivudine group, and only
15% had the M184V mutation in the emtricitabine group compared with 54%
of the lamivudine group (p = 0.03) (28).
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Fig. 3. Proportion of patients achieving a virological response defined as suppres-
sion of plasma HIV-1 RNA levels to at most 50 copies/mL (A) or at most 400
copies/mL (B) in FTC-301A. (From ref. 29, with permission. Copyrighted © 2004
American Medical Association.)

FTC-301A was a 48-wk phase |11, double-blind, randomized study, compar-
ing 200 mg emtricitabine QD vs 40 mg stavudine BID (30 mg stavudine BID if
patient weight was <60 kg) in combination with 400 mg didanosine QD (250
mg didanosine QD if patient weight was <60 kg) and 600 mg efavirenz QD
(29). Five hundred and seventy-one patients included in the analysis were ran-
domized to receive either emtricitabine QD or stavudine BID in combination
with didanosine QD plus efavirenz QD. At baseline, the median HIV RNA
level was 4.9 log;,, copiess/mL (range 2.6-7.0 log,, copies’/mL) and the mean
CD4 cell count was 3.18 cell/mm?3 (range 5-1317 cell/mm3). After the last
patient had completed week 24, blinded data were reviewed by the Data and
Safety Monitoring Board. This analysis showed that patients in the emtric-
itabine arm were significantly more likely to have avira load of fewer than 50
copies/mL (85%, vs 76% in the stavudine arm), and all patients were offered
the option to switch to open-label emtricitabine (29). Only four patients (three
randomized to emtricitabine and one randomized to stavudine) opted to switch
to open-label emtricitabine, at weeks 44 (one patient), 46 (two patients) and 47
(one patient). At week 48, 78% of emtricitabine recipients and 56% of stavu-
dine recipients maintained a viral load suppression of fewer than 50 copies/mL
(p <0.001) (Fig. 3) (29).

Of patients completing 48 wk of their assigned treatment (as-treated analy-
sis), 91% of the patients in the emtricitabine arm and 84% in the stavudine
arm achieved viral load suppression to fewer than 50 copiesymL (p = 0.004).
Statistically significant differences in virological response were maintained
out to 60 wk of follow-up; the probability of virological failure through
week 60 was 4% in the emtricitabine group vs 12% in the stavudine group
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(p < 0.001). At week 48, mean CD4 increases were not statistically different
between the two treatment arms (emtricitabine, 168 cell/mms3; stavudine,
134 cellssmms3; p = 0.15).

Genotypic analysis was performed on 13 patients with virological failurein
the emtricitabine group and 35 patients with virological failurein the stavudine
group. At least one new genotypic mutation developed in 11% of patients with
virological failure in the stavudine vs 4% in the emtricitabine group (p = 0.005);
failure with wild-type virus was more frequent in the emtricitabine arm (4/285
patients, 1.4%) than in the stavudine arm (1/286 patients, 0.3%). Of the 13
patients experiencing virological failure in the emtricitabine group, 85% (11
patients) developed an NNRTI-associated mutation; 45% (5/11 patients) also
developed an M184V/I mutation and 9% (1/11 patients) developed a K65R
mutation. Of the 35 patients experiencing virological failure in the stavudine
arm, 89% (31/35 patients) developed an NNRTI-associated mutation; 20%
(7/35 patients) also developed a thymidine analog mutation, and 9% (3/35
patients) developed the L74V mutation.

Adverse event frequencies that were statistically significantly different
between arms were diarrhea, nausea, lactic acidosis, lipodystrophy, abnormal
dreams, neuropathy, paresthesia, skin discoloration, and increased cough.
Cough and skin discoloration were more frequent in the emtricitabine arm.
Pancreatitis and symptomatic lactic acidosis were observed only in the stavu-
dine arm. Lipodystrophy was reported by the investigator more frequently in
the stavudine arm (6%) than in the emtricitabine arm (0.4%). Ten patients in
the emtricitabine arm (3%) and one patient in the stavudine arm (0.3%) had
skin discoloration, manifested by hyperpigmentation of the palims and/or soles.
The relative risk of peripheral neuropathy was 2.7-fold higher in the stavudine
group than in the emtricitabine group (95% confidence interval [Cl], +1.7 to
+4.4). The number of patients with serious adverse events did not differ signif-
icantly between the two treatment arms. Grade 3 and 4 |laboratory abnormali-
ties were similar between the two treatment arms, with the exception of
elevation of serum amylase (10% in the stavudine group vs 5% in the emtric-
itabine group; p = 0.02). The probability of developing a new treatment-limit-
ing adverse event was higher in the stavudine (15%) than in the emtricitabine
(7%) group (p = 0.005) (29).

Preliminary data are available from an ongoing, multicenter, phase 11, ran-
domized, open-label 96-wk clinical trial, comparing the nucleoside/nucleotide
backbone, emtricitabine plus tenofovir, with the dual nucleoside backbone,
zidovudine plus lamivudine, both backbones in combination with efavirenz
(30,31). Gilead 934 enrolled 517 patients in the United States and Europe.
Subjects received 600 mg efavirenz QD and either Combivir (300 mg zidovu-
dine plus 300 mg lamivudine, as a fixed-dose combination pill) BID or 200 mg
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emtricitabine QD plus 300 mg tenofovir QD (not as a fixed-dose combination
pill). All subjects were antiretroviral naive and had plasma HIV RNA levels
greater than 10,000 copies/mL at baseline. In the 48-wk analysis of 509
patients, 81% of patients in the emtricitabine plus tenofovir arm, compared
with 70% of patients in the Combivir arm, achieved and maintained an HIV
RNA level of fewer than 400 copies/mL, using the time-to-loss of virological
response algorithm (p = 0.005; 95% ClI, +3.4% to +18.1%). Similarly, 77% of
emtricitabine plus tenofovir patients and 68% of Combivir patients achieved
and maintained an HIV RNA level of fewer than 50 copies/mL (p = 0.034;
95% ClI, +0.9% to +16.2%). In addition, at week 48, patients receiving emtric-
itabine plus tenofovir had a greater CD4 cell response than patients receiving
Combivir (190 cells'mm? vs 158 cells'mm?; p = 0.002). Adverse events leading
to permanent discontinuation were more frequent in the Combivir (9%) arm
than in the emtricitabine plus tenofovir (4%) arm (p = 0.016). The most com-
mon of these adverse events were anemia (6% vs 0%), nausea (2% vs 1%),
vomiting (1% vs 0%), fatigue (1% vs 0%), NNRTI-associated rash (0% vs 1%)
and neutropenia (1% vs 0%) in the Combivir and emtricitabine plus tenofovir
arms, respectively (31).

Treatment-Experienced Patients

Emtricitabine has also been studied in antiretroviral-experienced patients,
either as part of a simplification regimen after Pl-based therapy or as a replace-
ment for lamivudine in virologically suppressed patients.

The ALIZE/ANRS 099 study was arandomized, phaselll, open-label, multi-
center study, in which 355 patients were randomized to continue their Pl-based
regimen (two NRTIs plus one Pl) or to switch to a QD regimen of 200 mg
emtricitabine QD plus 400 mg didanosine QD (as Videx EC; 250 mg didano-
sine QD if patient weight was <60 kg) plus 600 mg efavirenz QD (32). All
enrolled subjects were naive to NNRTI and had HIV RNA suppression to fewer
than 400 copies/mL for at least 6 mo and a CD4 cell count of at least 100
cellmm? at the time of screening.

In the primary endpoint analysis, 87.6% of the PI group and 90.5% of the
QD group sustained virological suppression to fewer than 400 copies/mL (lack
of two consecutive viral load measurements >400 copies/mL between week 0
and week 48, by intent-to-treat, missing = failure analysis). The treatment dif-
ference was —2.9%, less than the predefined noninferiority threshold. The
intent-to-treat analysis and a receiving-study-medication analysis both indi-
cated no significant difference in the probability of virological failure (HIV
RNA level >400 copiesymL on two consecutive measurements) between the PI
and QD study groups. In a secondary analysis, the probability of follow-up
without virological failure, using a 50 copies/mL threshold, was greater in the
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Table 3
FTC-303 Results at Week 48 (33)¢
Emtricitabine Lamivudine
(n=294), (n = 146),
Parameters % of patients % of patients
Responder? 77% (67%) 82% (72%)
Virological failure (>400 copies/mL) 7% 8%
Rebound 5% 5%
Never suppressed through week 48 2% 3%
Study discontinuation
Because of adverse events 4% 0%
For other reasons® 12% 10%
Death 0% <1%

n, Number of patients

8Gilead Sciences, dataon file

bPercentage of patients who achieved and maintained confirmed HIV RNA levels of fewer
than 400 copies/mL (<50 copies/mL) through week 48

CIncludes lost to follow-up, patient’s withdrawal, noncompliance, protocol violation, and
other reasons

QD (87%) group than in the PI (79%) group (p < 0.05). Median increases in
CD4 cell count between week 0 and week 48 were similar in the Pl (15
cells’/mm3) and QD (16 cellsmm?3) arms. Genotypic analysis was available in
five patients in the QD arm, and all samples had detectable mutations associ-
ated with resistance to emtricitabine (M184V) and NNRTIs (K103N in four
patients and L100I in two patients). Adverse events in the QD arm were pre-
dominantly neurosensorial (efavirenz related) and increases in hepatic amino-
transferases (32).

FTC-303 was aphase |11, 48-wk, open-label switch study comparing contin-
ued lamivudine therapy with a switch to emtricitabine in 440 HIV-infected
individuals who had been on a stable NNRTI or Pl regimen containing lamivu-
dine and either stavudine or zidovudine for at least 12 wk (33). Patients were
randomized in a 2:1 fashion to switch to emtricitabine or remain on lamivu-
dine, with maintenance of their thymidine NRTI and either NNRTI or PI.
Median viral load on entry was 1.7 log,, copies/mL and the mean CD4 cell
count was 527 cells/mm3,

The probability of sustained viral suppression at week 48 was equivalent
between treatment arms at both the 50 and 400 copies/mL threshold, with a
probability of virological failure of 7% in the emtricitabine arm and 8% in the
lamivudine arm (Table 3). Increases in CD4 cell counts at week 48 were not
different between the emtricitabine and lamivudine arms (29 and 61 cells'/mm3,
respectively), however, a statistically greater increase in CD4 cell percentages
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was noted in the emtricitabine arm (2.5% vs 1.7%; p = 0.038). At the time of
virological failure, the M184V mutation associated with resistance to emtric-
itabine and lamivudine was detected in 20 of 21 samples from patients receiv-
ing emtricitabine and 9 of 10 patients receiving lamivudine. Of note, baseline
genotyping detected M184V in 16 of 18 patients failing emtricitabine treat-
ment and in 3 of 4 patients failing lamivudine treatment (33).

No significant differences in adverse event frequencies were seen between
treatment arms. Emitricitabine and lamivudine were well-tol erated by the major-
ity of patients, and side effects were predominantly mild to moderate in both
treatment arms. Skin discoloration, predominantly a mild and asymptomatic
hyperpigmentation of the palms and/or soles, occurred in 1.7% of emtricitabine
recipients and 1.4% of lamivudine recipients.

Participants in FTC-303 who were stably suppressed to an HIV RNA level
of at most 400 copies/mL at week 48 continued in an open-label extension pro-
tocol, Study 350 (33). Two hundred fifteen patients continued emtricitabine
and 74 patients switched from lamivudine to emtricitabine (Gilead Sciences,
data on file). Among emtricitabine-treated patients continuing in Study 350,
the probability of virological failure at 4 yr was 11%. During 4 yr of treatment,
emtricitabine was well tolerated, with a probability of treatment-limiting
adverse events requiring discontinuation of emtricitabine of 13% (33). In the
subset of patients receiving zidovudine, the probability of virological failure
(6.5% overall) and the time-to-loss of virological response, were low through
228 wk of follow-up (34).

EMTRICITABINE TOXICITY

More than 2000 adult patients have received emtricitabine, either alone or in
combination with other antiretrovira agents, for periods of 10 d to 200 wk in
phasel to 1l clinical trials (Gilead Sciences, data on file). Short- and long-term
clinical trials have demonstrated a low incidence of emtricitabine-related
adverse events.

Safety datathrough 48 wk of treatment with emtricitabine are available from
two large randomized clinical trials, Study FTC-303 (571 treatment-naive
patients) and Study FTC-301A (440 treatment-experienced patients) (Table 4)
(29,33). The most common clinical adverse events were headache, diarrhea,
nausea, and rash, which were generaly of mild-to-moderate severity.
Approximately 1% of study participants discontinued treatment because of
these events. Of note, all adverse events were reported with similar frequency
in the emtricitabine and control groups, with the exception of skin discolo-
ration, which was reported with higher frequency in emtricitabine recipients.
Skin discoloration was manifested by hyperpigmentation on the palms and/or
soles and was generally mild and asymptomatic. Laboratory abnormalities in
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Table 4

Selected Treatment-Emergent Adverse Events (All Grades, Regardless
of Causality) Reported in at Least 3% of Emtricitabine-Treated Patients
in Either Study FTC-301A or FTC-303 (0-48 Wk)“

Study FTC-303 Study FTC-301A
(% of patients) (% of patients)

Emtricitabine + 3TC +
ZDV/d4T + ZDV/d4T + Emtricitabine + d4T + ddI +

NNRTI/PI NNRTI/PI ddl + EFV EFV

Adverse event (n=294) (n=146) (n=286) (n=285)
Body as awhole

Abdominal pain 8% 11% 14% 17%

Asthenia 16% 10% 12% 17%

Headache 13% 6% 22% 25%
Digestive system

Diarrhea 23% 18% 23% 32%

Dyspepsia 4% 5% 8% 12%

Nausea 18% 12% 13% 23%

Vomiting 9% 7% 9% 12%
Muscul oskeletal

Arthralgia 3% 4% 5% 6%

Myalgia 4% 4% 6% 3%
Nervous system

Abnormal dreams 2% <1% 11% 19%

Depressive disorders 6% 10% 9% 13%

Dizziness 4% 5% 25% 26%

Insomnia 7% 3% 16% 21%

Neuropathy/peripheral 4% 3% 4% 13%
Neuritis

Paresthesia 5% 7% 6% 12%
Respiratory

Increased cough 14% 11% 14% 8%

Rhinitis 18% 12% 12% 10%
Skin

Rash event? 17% 14% 30% 33%

ZDV, zidovudine; d4T, stavudine; NNRTI, non-nucleoside reverse transcriptase inhibitor; Pl,
protease inhibitor; 3TC, lamivudine; ddl, didanosine; EFV, efavirenz; n, number of patients

8Emtriva US Prescribing Information (3)

bRash event includes rash, pruritus, maculopapular rash, urticaria, vesiculobullous rash, pus-
tular rash, and alergic reaction
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Table 5

Treatment-Emergent Grade 3/4 Laboratory Abnormalities Reported in at
Least 1% of Emtricitabine-Treated Patients in Either Study FTC-301A

or FTC-303 (0-48 Wk)*

Study FTC-303 Study FTC-301A
(% of patients) (% of patients)
Emtricitabine + 3TC + aaT +
ZDV/d4T + ZDV/d4T + Emtricitabine+  ddl +
NNRTI/PI NNRTI/PI ddl + EFV EFV
Laboratory abnormalities (n=294) (n= 146) (n=286) (n=285)
Total 31% 28% 34% 38%
ALT (>5 x ULN) 2% 1% 5% 6%
AST (>5 x ULN) 3% <1% 6% 9%
Bilirubin (>2.5 x ULN) 1% 2% <1% <1%
Crestine kinase (>4 x ULN) 11% 14% 12% 11%
Neutrophils (<750 mm3) 5% 3% 5% 7%
Pancreatic amylase 2% 2% <1% 1%
(>2 x ULN)
Serum amylase (>2 x ULN) 2% 2% 5% 10%
Serum glucose 3% 3% 2% 3%
(<40 or >250 mg/dL)
Serum lipase (>2 x ULN) <1% <1% 1% 2%
Triglycerides 10% 8% 9% 6%

(>750 mg/dL)

ULN, upper limit of normal; AST, alanine aminoaspartate; ALT, alanine aminotransferase;
ZDV, zidovudine; d4T, stavudine; NNRTI, non-nucleoside reverse transcriptase inhibitor; PI,
protease inhibitor; 3TC, lamivudine; ddl, didanosijne; EFV, efavirenz; n, number of patients

a8Emtriva US Prescribing Information (3)

these studies occurred with similar frequency in the emtricitabine and com-
parator groups (Table 5).

The favorable safety profile of emtricitabine was confirmed in a 48-wk
study in HIV-seronegative patients with chronic HBV infection (35). In this
study, 167 subjects received 200 mg emtricitabine QD. Serious adverse
events were similar between the emtricitabine (8%) and placebo (9%) groups
(13/167 patients vs 7/81 patients, respectively). Five emtricitabine recipients
discontinued the study drug; two patients because of mild skin hyperpig-
mentation, two because of elevated creatinine kinase, and one because of
pregnancy (35).

During 4 yr of emtricitabine treatment in Study 350, the probability of treat-
ment-limiting adverse events requiring discontinuation of emtricitabine was
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13%. In this population, grade 3 or 4 |aboratory abnormalities occurred at the
following annualized incidence: creatine kinase (7%), hypertriglyceridemia
(5%), aspartate aminotransferase (2%), neutropenia (2%), aanine aminotrans-
ferase (2%), glucose (2%), and amylase (1%) (33). In the subset of patientsin
Study 350 who were receiving zidovudine (123 patients initially randomized to
switch to emtricitabine and 68 patients randomized to continue with lamivu-
dine), tolerability failure (death or adverse event leading to permanent discon-
tinuation of emtricitabine) was 8.9% overall. With a mean follow-up of 143
wk, 4 patients (3%) developed an adverse event leading to discontinuation of
emtricitabine and 26 patients (22%) developed a serious adverse event. An
additional 53 patients (45%) had a grade 3 or 4 laboratory abnormality; of
these, 27 patients (23%) because of elevation in creatine kinase and 15 patients
(13%) because of elevated triglycerides (34).

In arecent analysis of 814 patients enrolled in phase |11 clinical trials of
emtricitabine, 29 (4%) developed discoloration of their skin, nails, or tongue.
This was a dlightly higher percentage than seen in control populations. Higher
rates were reported in black patients. None of the affected patients discontin-
ued emtricitabine because of this adverse event. In 17% of patients (5/29
patients), the discoloration resolved (36).

Earlier concerns had been expressed regarding a high incidence of liver toxi-
city in study FTC-302, but this was later found to be caused by the use of nevi-
rapine in combination with stavudine (27,37,38). Lactic acidosis and severe
hepatomegaly with steatosis, including fatal cases, have been reported with the
use of nucleoside analogs alone or in combination, including emtricitabine and
other antiretroviral treatments (ARTS). A maority of these cases have been in
women. Obesity and prolonged nucleoside exposure may be risk factors, how-
ever, cases have been reported in patients with no known risk factors. Treatment
with emtricitabine should be suspended in any patient who develops clinical or
laboratory findings suggestive of lactic acidosis or pronounced hepatotoxicity
(which may include hepatomegaly and steatosis even in the absence of marked
transaminase elevations) (3).

Emtricitabine is active against HBV in vitro and in vivo, and severe acute
exacerbations of HBV have been reported in patients after discontinuation of
emtricitabine. It is recommended that all patients with HIV be tested for the
presence of chronic HBV infection beforeinitiating antiretroviral therapy. Liver
function should be closely monitored with both clinical and laboratory follow-
up for at least several months in patients who discontinue emtricitabine and are
coinfected with HIV and HBV. Emtricitabine is not indicated for the treatment
of chronic HBV infection, and the safety and efficacy of emtricitabine have not
been established in patients coinfected with HBV and HIV (3).
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EMTRICITABINE IN PEDIATRIC PATIENTS:
PHARMACOKINETICS, EFFICACY, AND SAFETY

Pharmacokinetics

The pharmacokinetic profile of emtricitabine was established in children in a
phase |, multicenter, open-label trial (FTC-105) (39). Two dose levels of emtric-
itabine were studied in children younger than 18 yr of age: 60 mg/m? and 120
mg/m?2, up to a maximum of 200 mg, in an oral solution formulation (10
mg/mL). Children 6 yr of age and older who could swallow the solid oral dosage
formulations also received a third dose of 120 mg/m? of emtricitabine (to the
nearest 25 mg) in a capsule formulation. The 25 patients studied ranged in age
from 1.8 to 17.8 yr (median 7.6 yr) and ranged in weight from 10.2 to 76 kg
(median 24.5 kg). The resultant data demonstrated mean concentration-vs-time
profiles that were similar across age groups, and apparent total body clearance
(CL/F) values that normalized to the body surface area. The capsule formulation
provided approx 20% higher plasma exposure than the solution formulation;
accordingly, the maximum dose of the oral solution was 240 mg. Based on these
data, it was projected that a 6-mg/kg dose (up to a maximum of 240 mg) of
emtricitabine oral solution would produce a plasma AUC of emtricitabine in
children comparable to that of adults administered a 200-mg dose (39).

Clinical Efficacy in Pediatric Patients

Emitricitabine is currently under study in the pediatric population in two multi-
center clinical trias, the phase /11 Pediatric AIDS Clinical Trias Group (PACTG)
1021/FTC-202 study and the large phase |1 international study, FTC-203.

FTC-203 enrolled 116 patients between the ages of 3 mo and 17 yr of age, at
12 sites in the United States, Mexico, Panama, and South Africa (40). Seventy-
one patients were naive to ART and were initiated on emtricitabine (6 mg/kg of
the oral solution, up to 240 mg; or a 200-mg capsule) plus stavudine (at standard
pediatric doses) plus lopinavir/ritonavir (at standard pediatric doses). Forty-five
patients were switched from a stable, lamivudine-containing regimen (stable reg-
imen for >3 mo and HIV RNA level of <400 copies/mL) to an emitricitabine-con-
taining regimen, with change in background regimen at the investigator’'s
discretion. The median time on study was 96 wk (range 6-172 wk). At week 48,
93% of the ART-naive patients and 87% of the ART-experienced patients
achieved and/or maintained durable suppression of plasma HIV-1 RNA of at
most 400 copies/mL; 78% of both groups had suppression to 50 copies/mL or
fewer. Confirmed virological failures at week 48 were similar in both groups (7%
of ART-naive and 4% of ART-experienced patients). Four of five treatment-naive
patients with paired baseline and time-of-failure genotypic analysis demonstrated
emergence of the M184V mutation associated with emtricitabine resistance. No
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treatment-emergent mutations were detected in three ART-experienced patients
who had genotyping at baseline and time-of-failure. Overall, 12% of patients
experienced at least one severe (grade 3 or greater) adverse event. Adverse events
of moderate or greater (>grade 2) severity that were judged possibly or probably
related to emtricitabine included leukopenia (two patients), anemia (one patient),
pancreatitis/pleural effusion (one patient), Herpes zoster (one patient), vomiting
(one patient), and skin discoloration (one patient).

An ongoing, phase I/1l open-label study was conducted by the PACTG.
PACTG P1021/FTC-202 evaluated the pharmacokinetics, safety, and efficacy
of a QD regimen of 6 mg/kg emtricitabine daily (maximum of 200 mg/d) plus
240 mg/m? didanosine daily (maximum of 400 mg) plus efavirenz (adjusted by
body weight to a maximum of 600 mg daily as capsules or 720 mg daily as the
ora liquid) (41,42). A total of 37 children between 3 and 21 yr of age (median
10.5 yr) were enrolled. At baseline, median HIV RNA levels were 47,775
copies/mL and the median CD4 count was 310 cells'mm3. Similar to the results
of FTC-203, described above, 79% of patients achieved virological suppres-
sion at 48 wk, both to fewer than 400 copiessmL and to fewer than 50
copies/mL (refs. 41 and 42, and Gilead Sciences, Foster City, CA, data on file).

Safety in Pediatric Patients

In the phase | study reported by Wang et a. (FTC-105), 13 of 29 adverse
events (45%) were considered drug-related. The most frequently reported
adverse events were vomiting, diarrhea, abdominal pain, and headache. All
drug-related adverse events were mild, and no subject experienced a treatment-
emergence event of grade 3 or greater intensity. None of the abnormal test
results was felt to be clinically significant (39).

In the other two clinical studies described above, emtricitabine was adminis-
tered together with stavudine plus lopinavir/ritonavir (FTC-203, treatment-
naive patients), with other background antiretroviral treatments (FTC-203,
treatment-experienced patients), or with didanosine plus efavirenz (PACTG
P1021/FTC-202). In study FTC-203, seven patients experienced an adverse
event that was at lead moderate in severity and possibly or probably related to
emtricitabine, including one patient who experienced unresolved grade-2 skin
discoloration. Seven percent of treatment-naive and 11% of treatment-experi-
enced patients experienced a grade 3/4 laboratory abnormality. One treatment-
naive and one treatment-experienced patient discontinued the study before
week 48 because of adverse events (anemia and pancreatitis). In PACTG
P1021/FTC-202, emtricitabine was administered with efavirenz, and two
patients discontinued treatment because of a grade 2 or 3 rash, two developed a
grade 3 creatine phosphokinase elevation, and one patient developed a low
serum glucose, al judged possibly related to emtricitabine (41,42).
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RESISTANCE TO EMTRICITABINE

Resistance to emtricitabine is associated with a mutation in codon 184 of the
HIV-1 reverse transcriptase, resulting in the substitution of the methionine by
valine or isoleucine (M184V/1) (3,43). These isolates have been selected by
in vitro passage studies, and the same M 184V/I mutation is selected by lamivu-
dine. Emtricitabine-resistant isolates have been detected from patients with
virological failure on emtricitabine alone or in combination. However, in vitro
studies suggest a slower emergence of this mutation than for lamivudine (43),
and, in clinical trials, M184V is observed much less frequently during emtric-
itabine treatment than during lamivudine treatment (44—46).

The FTC-301A study analyzed the emergence of new mutations at the time
of virological failure in two randomized treatment arms, which compared
emtricitabine with stavudine, both in combination with didanosine and
efavirenz. Of 57 subjects who experienced virological failure, the incidence of
new mutations was significantly lower in the emtricitabine arm than in the
stavudine arm. For patients who entered the study with wild-type virus, the
incidence of new mutations was significantly greater in the stavudine arm than
in the emtricitabine arm (p = 0.012). The M184V/l mutations occurred signifi-
cantly more frequently in the emtricitabine arm than in the stavudine arm (p <
0.001), with 37.5% of patients developing this mutation at the time of virolog-
ical failure vs 0% of patients, respectively (Table 6). In this analysis, the pres-
ence of an NNRTI mutation at baseline was predictive of virological failurein
both stavudine and emtricitabine arms (p = 0.003 for stavudine and p = 0.026
for emtricitabine); an even stronger association was seen between a baseline
K2103N mutation and virological failure (p < 0.001). The presence of NRTI
mutations, however, was only associated with virological failure in the stavu-
dine arm (p = 0.055) (45).

In the FTC-303 study, patients on a lamivudine-containing regimen were ran-
domized 1:2 to continue lamivudine or switch to emtricitabine. Failure rates were
smilar between the emtricitabine and lamivudine arms at week 48 (7% and 8%,
respectively). Baseline genotyping for codon 184 was successful in 23 of these
32 patients; 20 of 23 sequences revealed the M184V mutation at baseline.
Patients with at least 50 copies/mL of HIV RNA at basdline were more likely to
fail treatment (39% compared with 5% of those with a baseline HIV RNA level
of <50 copies; p < 0.0001). Among these higher baseline viral load patients,
those with the M 184V mutation at baseline were significantly more likely to fail
than those without the mutation (50% vs 9%, respectively; p = 0.03).

Emtricitabine-resistant viruses containing the M184V/I mutations are cross-
resistant to lamivudine and didanosine, but retain sensitivity to tenofovir,
zidovudine, stavudine, abacavir, didanosine, and NNRTIs. Viruses containing
the K65R mutation, selected for in vitro by abacavir, didanosine, tenofovir, and
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Table 6
Incidence of New Mutations in Patients With Virological Failure
in FTC-301A" (45)

Emtricitabine arm (n = 16), Stavudine arm (n = 41),
Mutation no. of patients (%) no. of patients (%)
Any 11 (69%) 35 (85%)
NNRTI 10 (63%) 35 (85%)
Any TAMs 0 6 (15%)
L74V, K65N 1 (6%) 3 (7%)
M184V/I 6 (37.5%) 0
No change 5 (31%) 6 (15%)

n, Number of patients; NNRTI mutations, K103N, L100I, G190A/E/S, Y 188C/Y, K101E/N,
V1061/M, A98G, V108I, and P225H; TAM mutations, T215F/1/S/Y, D67G, and K219N; ddl
mutations, L74V and K65N; NNRTI, non-nucleoside reverse transcriptase inhibitor; TAM,
thymidine analog mutations; ddl, didanosine

8Failure defined as never achieving fewer than 400 copies/mL or rebound greater than 400
copies/mL on two consecutive measurements

zalcitabine, demonstrate reduced susceptibility to emtricitabine. Viruses con-
taining mutations conferring reduced susceptibility to zidovudine and stavu-
dine (thymidine analog mutations M41L, D67N, K70R, L210W, T215Y/F, and
K219Q/E) or didanosine (L74V) remain sensitive to emtricitabine.

In combination with other antiretroviral agents, distinct patterns of emer-
gence of resistance mutations are seen (47). M184V isthe most common muta
tion seen in viruses from patients failing a regimen with emtricitabine plus
tenofovir; K65R is also seen regularly, whereas thymidine analog mutations
and L74V are rare. Patients who fail a regimen containing emtricitabine plus
abacavir may harbor resistant viruses containing the L74V mutation; K65R is
rarely seen in these patients (47).

USE OF EMTRICITABINE IN THE DEVELOPED WORLD

Emtricitabine has been prescribed with increasing frequency since licensure
in July 2003. It shares an excellent safety profile with lamivudine and has a
longer half-life, which has prompted some physicians to preferentially use
emtricitabine over lamivudine in initial and subsequent treatment regimens.
Emtricitabine is recommended as a preferred NRTI for initial therapy by the
US Department of Health and Human Services Guidelines (1).

USE OF EMTRICITABINE IN THE DEVELOPING WORLD

Recent studies of new antiretroviral agents have included clinical sitesin the
developing world. These studies allow an evaluation of tolerability and efficacy
in patients with a variety of concomitant conditions and infectious diseases,



152 Skowron, Bratberg, and Pauwels

such as poor nutrition, tuberculosis, and parasitic disease, in addition to their
HIV infection. The importance of extending life-sustaining ART to the millions
of infected individuals cannot be overstated, and this has increasingly been
brought to the attention of the public and the governmental agencies who serve
them. In addition to the minimum provision of any antiretroviral therapy, there
is mounting concern regarding long-term side effects, such as lipoatrophy,
which occur at different frequencies with different antiretroviral agents (48).
Emtricitabine, either alone, or in the fixed-dose combination pill, Truvada, has
an excellent safety profile and efficacy. Truvadawill be part of the global access
program at Gilead Sciences, which provides antiretroviral agents at cost to
developing nations (Gilead Sciences, personal communication).

EMTRICITABINE CONCLUSION

Although the cross-resistance between emtricitabine and lamivudine means
that emtricitabine has limited usefulness as part of a salvage regimen, excellent
efficacy and tolerability data suggest that it will play an important role in highly
potent combinations for first-line treatment. The added convenience of the
fixed-dose combination with tenofovir (Truvada), providing a one-pill-a-day
nucleoside backbone for triple therapy, suggests that use of emtricitabine will
continue to expand. In December 2004, Gilead Sciences and Bristol-Myers
Squibb announced the establishment of ajoint venture to develop and commer-
cialize a fixed-dose combination pill containing efavirenz (Sustiva®, Bristol-
Myers Squibb, Princeton, NJ) and Truvada (Gilead Sciences). The resultant
single-pill daily regimen would provide a regimen (emtricitabine plus tenofovir
plus efavirenz) that is one of the preferred NNRTI-based treatments for use in
appropriate patients who are antiretroviral-therapy naive (1).
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