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ABSTRACT

The research for this doctoral dissertation was undertaken to: (1) establish
a rationale that is supported by published laboratory and clinical data for
prospective clinical investigation of the therapeutic maintenance of the M184V
mutation in human immunodeficiency virus type-1 (HIV-1) reverse transcriptase
(RT) in antiretroviral therapy-experienced patients with virological failure, and,
(2) to study the relative effectiveness of various nucleoside analogue reverse
transcriptase inhibitors (NRTIs) that are structurally-unrelated to 3TC in selecting
and/or maintaining M184V in tissue culture and whether continuous exposure to
therapeutic levels of 3TC is the only means of attaining this objective.
Accordingly, we have evaluated the ability of zalcitabine (ddC), didanosine (ddI),
abacavir (ABC) and the novel nucleoside analogue SPD754, in addition to 3TC,
to maintain the presence of M184V in tissue culture and have shown that each of
SPD754, ABC and 3TC were able to preserve M184V in mixed dual infections
consisting of wild-type viruses and clinical isolates in which the M 184V mutation
was present either alone or in a genetic background consisting of several other
resistance-conferring mutations in the RT gene. Moreover, M184V could also be
maintained in these cultures when a subtherapeutic concentration of 3TC (i.e.,
0.05 uM) was used. In contrast, neither ddl nor ddC were able to maintain
M184V to the same extent as the other drugs tested after up to ten weeks of tissue
culture in mixtures of wild-type viruses and isolates containing only M184V,
especially when the latter represented a minority species in the viral population.

The M184V substitution in HIV-1 RT develops rapidly following initiation of
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therapy with 3TC and confers high-level phenotypic resistance to this drug and a
related analogue, FTC, both in vitro and in vivo. Interestingly, the proximity of
the M184V mutation in relation to the polymerase active site is also responsible
for several alterations of RT biochemical activity (i.e., decreased enzymatic
processivity, reduced nucleotide-dependent primer unblocking, increased fidelity,
hypersensitization to other NRTIs, impaired viral fitness, and delayed appearance
of mutations in the HIV-1 pol gene that confer resistance to certain NRTIs, and
possibly, to PIs) that, collectively, might be of therapeutic consequence. Indeed,
the results of numerous clinical studies are suggestive of improved virological
and/or immunological responses with continued usage of 3TC and maintenance of
the M184V mutation. However, with the exception of the COLATE Trial, these
trials were not specifically designed to study maintenance of the M 184V mutation
as a therapeutic intervention in prospective fashion. There is a need for both
additional research and randomized controlled clinical trials in order to validate
the M184V benefit hypothesis in treatment-experienced patients with HIV-1
infection, and, in particular, for those patients requiring salvage antiretroviral

therapy in whom management options are limited.
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RESUME

Cette these a été effectuée afin de: (1) développer une rationnelle qui est
bien appuyée par des données publiées de laboratoire et clinique pour I’étude
prospective de la maintenance thérapeutique de la mutation M184V dans la
transcriptase inverse (TI) du virus de 'immunodéficience humaine de type-1
(VIH-1) chez les patients expérimentés a la thérapie antirétrovirale et qui
subissent un échec virologique, et, (2) d’étudier Defficacité de différents
inhibiteurs nucléosidiques de la TI (INTI) qui possédent une structure non-reliée
au 3TC a sélectionner et/ou maintenir la mutation M184V en culture cellulaire et
d’affirmer si 'exposition a des niveaux thérapeutiques de 3TC serait la seule
facon d’atteindre cet objectif. Nous avons donc évalué¢ la capacit¢ de la
zalcitabine (ddC), didanosine (ddl), I’abacavir (ABC), un nouvel inhibiteur
nucléosidique, le SPD754, et bien sur du 3TC a maintenir la présence de la
mutation M184V en culture cellulaire et avons démontré que le SPD754, ABC et
3TC pouvait tous effectivement préserver cette mutation dans des infections
mixtes qui contenait des virus de type sauvage ainsi que des isolats dans laquelle
la mutation M184V ¢était présente uniquement ou apparaissait en présence
d’autres mutations dans le géne de la TI. Nous avons aussi pu constater que la
mutation M184V pouvait étre maintenu dans ces cultures aussi bien par une
exposition a des niveaux sous thérapeutique du 3TC (0.05uM). Par contre, ni le
ddC ou le ddI ont pu manifester cette méme capacité a préserver la mutation
M184V et ceci pendant une période allant jusqu’a dix semaine dans les cultures

mixtes infectées avec des virus de type sauvage et des isolats dans laquelle
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M184V était la seule mutation et de plus quand cette mutation ne constituait
qu’une minorité dans la population virale. La présence de la mutation M184V
dans la TI du VIH-1 se manifeste rapidement suite au début d’un traitement avec
le 3TC tout en étant responsable pour le développement d’une importante
résistance phénotypique a ce médicament et a un analogue relié, le FTC, et ceci in
vitro et in vivo. De plus, la proximité de la mutation M184V par apport au site
catalytique de la TI serait aussi une raison pour plusieurs des altérations de la
fonction biochimique de cet enzyme (diminution de la processivité de la TI,
diminution de la « fitness » et de la réplication virale, augmentation de la fidélité
de la TI, inhibition du déblocage de ’amorce ou de la pyrophosphorolyse,
augmentation de la susceptibilité a la zidovudine et le tenofovir) et qui dans leur
ensemble pourraient contribuer a un effet thérapeutique. Vraisemblablement, les
résultats provenant de nombreuses études cliniques suggerent la possibilité d’une
amélioration des réponses virologiques et/ou immunologiques avec 1’utilisation
continu du 3TC et la maintenance de la mutation M184V. Cependant, ces mémes
études, avec l’exception de I’étude COLATE, n’étaient pas congues a priori
spécifiquement pour tester la préservation de la mutation M184V en tant
qu’intervention thérapeutique et ceci de fagon prospective. Par conséquence, il
demeure un besoin important pour de plus amples recherches et d’études cliniques
randomisées afin de bien valider le potentielle ce cette application chez les
patients qui sont expérimentées a la thérapie antirétrovirale, et plus
particuliérement, pour les patients qui nécessitent des thérapies de sauvetage et

pour qui les options thérapeutiques peuvent étres rapidement épuisées.



PREFACE

This Ph.D. thesis was written in accordance with the Guidelines for Thesis

Preparation from the Faculty of Graduate and Postdoctoral Studies at McGill
University. The structure and contents of the thesis conforms to the option which

states:

“Candidates have the option of including, as part of the thesis, the text of one or
more papers submitted, or to be submitted, for publication, or the clearly-
duplicated text (not the reprints) of one or more published papers. These texts
must conform to the "Guidelines for Thesis Preparation” with respect to font size,
line spacing and margin sizes and must be bound together as an integral part of
the thesis. (Reprints of published papers can be included in the appendices at the
end of the thesis.) The thesis must be more than a collection of manuscripts. All
components must be integrated into a cohesive unit with a logical progression
from one chapter to the next. In order to ensure that the thesis has continuity,
connecting texts that provide logical bridges preceding and following each
manuscript are mandatory. The thesis must conform to all other requirements of
the "Guidelines for Thesis Preparation” in addition to the manuscripts. The thesis
must include the following: (1) a table of contents; (2) a brief abstract in both
English and French; (3) an introduction which clearly states the rational and
objectives of the research; (4) a comprehensive review of the literature (in
addition to that covered in the introduction to each paper); (5) a final conclusion
and summary; (6) a thorough bibliography; (7) Appendix containing an ethics
certificate in the case of research involving human or animal subjects,
microorganisms, living cells, other biohazards and/or radioactive material.

As manuscripts for publication are frequently very concise documents, where
appropriate, additional material must be provided (e.g., in appendices) in
sufficient detail to allow a clear and precise judgement to be made of the
importance and originality of the research reported in the thesis.

In general, when co-authored papers are included in a thesis the candidate must
have made a substantial contribution to all papers included in the thesis. In
addition, the candidate is required to make an explicit statement in the thesis as to
who contributed to such work and to what extent. This statement should appear in
a single section entitled "Contributions of Authors" as a preface to the thesis. The
supervisor must attest to the accuracy of this statement at the doctoral oral
defence. Since the task of the examiners is made more difficult in these cases, it is

in the candidate's interest to clearly specify the responsibilities of all the authors
of the co-authored papers.”
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Original publications presented in chapters 2 and 3 have been published in
refereed scientific journals. Chapter 1 includes a literature review and general
introduction that clearly states the rationale and objectives of this research. A final
conclusion and summary is presented in chapter 4. The candidate’s contribution to

original knowledge and references appear at the end of the thesis.

Two original papers described in chapter 2 and 3 are presented as follows:

Chapter 2: Petrella M., and M.A. Wainberg. 2002. Might the MI184V
substitution in HIV-1 RT confer clinical benefit? AIDS Rev. 4: 224-232.

Chapter 3: Petrelia M., M. Oliveira, D. Moisi, M. Detorio, B.G. Brenner, and
M.A. Wainberg. 2004. Differential maintenance of the M184V substitution in the
reverse transcriptase of human immunodeficiency virus type-1 by various

nucleoside antiretroviral agents in tissue culture. Antimicrob. Agents Chemother.
48: 4189-4194.
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CHAPTER 1

Literature Review and General Introduction



1.1. Literature review
1.1.1. Overview of antiretroviral therapy

The introduction of efficacious combination antiviral chemotherapy for
human immunodeficiency virus type-1 (HIV-1) infection and acquired
immunodeficiency syndrome (AIDS), commonly referred to as highly active
antiretroviral therapy (HAART), during the past decade is widely recognized as a
major realization in the clinical management of this presently incurable infectious
disease with global prevalence (UNAIDS/WHO, 2004). The initial demonstration
of HAART was achieved in therapy-naive and zidovudine (ZDV)-experienced
patients with HIV-1 infection through intensification of incompletely suppressive
regimens consisting of two licensed nucleoside analogue reverse transcriptase
inhibitors (NRTI) with a third drug from a novel and distinct class of
antiretroviral agents (ARV) known as HIV-1 protease inhibitors (PI) (Collier et
al., 1996b; Gulick et al., 1997; Mathez et al., 1997). This strategy was based on
the principle of divergent combination therapy in which drugs with
complementary mechanisms of action are combined to achieve increased
therapeutic activity (Lange, 1995) and was already well-established for the
treatment of diseases such as mycobacterium tuberculosis infection (Eliopoulos
and Moellering, 1982; Snider et al., 1985; Frieden et al, 2003; Di Perri and
Bonora, 2004) and cancer (Frei, 1985; Fan et al., 1998; Hortobagyi, 1997; Bunn,
2001; Yung and Linch, 2003). In comparison to the limited treatment modalities
that were available during the pre-HAART era (i.e., ZDV monotherapy and dual

NRTI regimens), the use of this approach which involved three drugs from



different classes of ARVs allowed for the first time effective suppression of
plasma HIV-1 RNA levels to below the limit of quantitation of the currently
available viral load (VL) assays, and consequently, resulted in superior gains in
HIV/AIDS-related health outcomes (Collier et al., 1996a; Gulick et al., 1997;
Cameron et al., 1998). The primary goals of modermn combination antiretroviral
therapy are multiple and include: maximal and durable suppression of viral
replication as monitored through reduction of plasma HIV-1 RNA, restoration of
immune function and prevention and/or delay of both disease progression and the
emergence of drug resistance (Fischl, 1999; Lederman, 2001; Dybul et al., 2002;

Louie and Markowitz, 2002; Yeni et al., 2004).

Today, the availability of a wide array of ARVs in conjunction with
improved knowledge of HIV-1 pathogenesis has been instrumental for both the
continued development and attainment of the goals of antiretroviral therapy for an
increasing number of patients with HIV/AIDS. Clinicians are now able to
construct potent regimens that can be individualized to some extent with three or
more drugs for initiation, maintenance and salvage antiretroviral therapy (Yeni et
al., 2004). Numerous clinical studies have also demonstrated significantly reduced
HIV/AIDS morbidity and mortality associated with increased use of HAART in
North America and Europe (Hogg et al., 1998; Pallela et al, 1998; Vittinghoff et
al., 1999; Mocroft et al., 2000), and in industrialized countries, HAART has been
adopted as the standard of care (SOC) for the treatment of HIV-infection and

AIDS. The rational implementation of combination antiretroviral therapy on a



larger scale in resource-poor countries commensurate with wider access to anti-
HIV drugs is also viewed as an urgent and important goal (Petrella et al., 2001;

Doualla-Bell et al., 2004; Kuritzkes, 2004a; Wainberg, 2004a).

1.1.2. Classification and availability of antiretroviral agents (ARV)

The ARVs that are currently available for treatment of HIV/AIDS are
listed in Table 1 and belong to four different classes that include: nucleoside
analogue (NRTI) and nucleotide (NtRTI) reverse transcriptase (RT) inhibitors,
non-nucleoside reverse transcriptase inhibitors (NNRTI), protease inhibitors (PI)
and viral entry or fusion inhibitors (FI). In addition, several fixed-dose
combination products (FDC) in which two or three HIV-1 RT inhibitors (i.e.,
NRTI, NtRTI or NNRTI) are co-formulated have recently become available.
FDCs have been of considerable value in helping to lessen the high pill burden
that is typically associated with many antiretroviral therapy regimens (Chesney et

al., 1999; Tapper et al., 2004; Valenti, 2004).

As shown in Figure 1, the pharmacological activity of approved ARVs is
dependent on viral target inhibition and in in vitro assays, these compounds have
been shown to be potent and selective antagonists of HIV-1 enzymes or receptors
that are essential for the retroviral life cycle (Johnston and Hoth, 1993;
Gottfredsson and Bohjanen, 1997; Moore and Stevenson, 2000; Wlodawer, 2002).
Additionally, although many combinations of ARVs can display additive or

synergistic effects in vitro (Merrill et al, 1996; Tremblay et al., 2003),



antagonism between drugs belonging to the same or different class is also
possible. For example, incompatibility between the NRTIs ZDV and d4T has
been observed and is thought to result from competition for metabolic pathways
that are required for the activation of these compounds (Ho and Hitchcock, 1989;
Hoggard et al., 1997; Havlir et al., 2000). Management with ARV's may be also
associated with clinically important toxicities that can seriously diminish the
tolerability, and ultimately, effectiveness of therapy (Brinkman et al., 1999; Carr
and Cooper, 2000; Jain et al., 2001; Anderson, 2002; Coté et al., 2002). Since
some treatment-limiting adverse reactions also have been shown to occur with
higher frequency within certain classes of ARVs (i.e., class-specific toxicities),
careful selection and/or sequencing of the drugs that are included in combination
regimens for treatment of HIV-1 infection is necessary in order to prevent
pharmacokinetic drug interactions (Burger et al., 1997; de Maat et al., 2003) and

potentially dangerous overlapping toxicities.



Figure 1: Schematic representation of the HIV-1 life cycle illustrating the viral

targets for different classes of FDA-approved ARVs
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. Table 1: Antiretroviral drugs approved by the United States Food and Drug

Administration (FDA) for the treatment of HIV/AIDS as of July 2004

Antiretroviral Class Drug Name FDA Approval Date
Zidovudine (AZT) March 1987
Didanosine (ddI) October 1991
Zalcitabine (ddC) June 1992
NRTI/ N(RTI Stavudine (d4T) June 1994
Lamivudine (3TC) November 1995
Abacavir December 1998
Tenofovir DF (PMPA) October 2001
Emtricitabine (FTC) July 2003

NNRTI Delavirdine April 1997

FI Enfuvirtide (T-20) March 2003




1.1.3.1. The emergence of drug resistance in HIV-1 infection

Antiretroviral drug resistance is an important limitation in treatment of
HIV/AIDS that can significantly diminish the effectiveness and duration of
benefit associated with HAART (Lorenzi et al., 1999; Winters et al., 2000;
Quirds-Roldan, 2001; Rousseau et al., 2001; Johnson et al., 2004). Resistance
mutations to all approved and investigational ARVs can emerge spontaneously
because of the error-prone replication of HIV-1 and, in addition, are selected and
maintained both in vitro and in vivo by drug pressure (Roberts et al., 1988;
Preston and Dougherty, 1996; Rezende et al,, 1998; Menendez-Arias, 2002).
Several factors including RT processivity, viral fitness, viral pool size, and
availability of target cells for infection, in addition to the low fidelity of DNA
synthesis by HIV-1 RT are also important determinants of HIV-1 mutagenesis
(Coffin, 1995; Drosopoulos et al., 1998; Colgrove and Japour, 1999; Overbaugh
and Bangham, 2001). Alterations in any one or combination of these factors might
influence the development of drug resistance. Drug-resistant HIV-1 variants may
also be acquired through maternal-fetal (i.e., vertical), sexual and other forms of

transmission (Tyndall, 2003; Gallant, 2004; Hamers and Downs, 2004; Scarlatti,

2004),

Although, resistance-conferring mutations may precede the initiation of
therapy, the development of HIV-1 drug resistance is primarily a consequence of
persistent viral replication and the accumulation of resistance mutations during

administration of incompletely suppressive regimens (de Jong et al., 1996;



Mayers, 1997; Balotta et al., 2000; Clavel and Hance, 2004). Genotypic analysis
has shown that continued exposure to failing combination therapy regimens is
associated with complex and often overlapping patterns of drug resistance
mutations that predict increasing levels of resistance and, for that matter, cross-
resistance, to antiretroviral therapy. In general, multiple drug mutations need to be
selected in order to produce clinical resistance to most ARVs, and in particular,
the PIs. Exceptions to this include lamivudine (3TC) and a structurally-related
compound, emtricitabine (FTC), and the NNRTIs which all have low genetic
barriers for resistance since only a single drug resistance mutation in RT can lead
to substantial loss of antiviral activity (Tisdale et al., 1993; Quan et al., 1996; Gao

et al., 2000; Deeks, 2001; Quirds-Roldan et al., 2002).

In the following sections, genotypic resistance to NRTIs/NtRTIs,
NNRTIs, PIs and viral entry inhibitors will be reviewed with reference to
important aspects of the pharmacology and mechanism of action of these drugs.
Moreover, the emergence and role of the M184V mutation in HIV-1 RT and its
relevance to other NRTI/NtRTI-associated resistance mutations (NAMs) are
fundamental topics with respect to the scope and objectives of this doctoral

dissertation, and therefore, will be discussed more completely hereinafter.



1.1.3.21. Competitive and non-competitive inhibitors of HIV-1 reverse
transcriptase

Together with protease (PR) and integrase (IN), RT is one of three enymes
that is encoded by the HIV-1 polymerase (pol) gene and is responsible for the
transcription of double-stranded proviral DNA from viral genomic RNA (Jacobo-
Molina and Amold, 1991; Katz and Skalka, 1994; Tarrago-Litvak et al., 1994).
RT also contains ribonuclease H (RNase H) enzymatic activity that degrades
genomic RNA generating purine-rich fragments that serve as primers during
retroviral DNA synthesis (Schatz et al., 1990; Davies et al., 1991; Tarrago-Litvak
et al., 1994; Nikolenko et al., 2005). Two categories of drugs have been
developed to block RT; these are the nucleoside analogue (NRTT) and nucleotide
(NtRTI) RT inhibitors that function as competitive antagonists, and secondly, the
non-nucleoside RT inhibitors (NNRTI) that act as non-competitive antagonists of

RT enzyme activity (Yeni et al., 2004).

1.1.3.2.2. Nucleoside analogue (NRTI) and nucleotide reverse transcriptase
inhibitors (NtRTI)

NRTIs/NtRTIs are pharmacologically inactive in their administered form
and are phosphorylated to their virologically competent triphosphate moieties by
host cellular kinases (De Clercq, 1992; Gray et al., 1995, Peter and Gambertoglio,
1998; Schneider et al., 2000; Hoggard et al., 2001; Stein and Moore, 2001). These
analogues resemble naturally occurring deoxynucleotide triphosphates (ANTPs)

and can effectively compete with these substrates for binding to HIV-1 RT and
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incorporation into viral DNA (Furman et al., 1986; Hart et al., 1992). However,
NRTIs/NtRTIs either lack or contain other functional groups that replace the 2’-
and/or 3’-hydroxyl groups on the nucleoside pentose ring that is necessary for
DNA polymerization; hence, the mechanism of action underlying the antiviral
activity of these compounds is based on termination of viral DNA strand
elongation (Mitsuya et al.,, 1987; Furman and Barry, 1988; Goody et al., 1991;

Furman et al., 2000; Wlodawer, 2002).

Inciuding zidovudine (AZT, ZDV), the first antiretroviral drug developed
for the treatment of patients with HIV-1 infection (Mitsuya and Broder, 1986;
Fischl et al., 1987; Loveday, 2001), seven NRTIs i.e., didanosine (ddI),
zalcitabine (ddC), stavudine (d4T), lamivudine (3TC), abacavir (ABC) and
emticitabine (FTC) have been approved to date by the United States Food and
Drug Administration (FDA) and by regulatory agencies elsewhere for use in
antiretroviral combination therapy regimens (Table 1) (Yeni et al, 2004). In
addition, tenofovir dipivoxil fumarate (TDF, PMPA), a potent NtRTI, has been
approved for the treatment of HIV-1 (Fung et al., 2002; Schooley et al., 2002;
Louie et al., 2003) while a related NtRTI, adefovir dipivoxil, is available for
treatment of hepatitis B (HBV) infections (Hadziyannis et al., 2003; Karayiannis,
2003; Marcellin et al., 2003); 3TC 1is also approved for the latter indication
(Dienstag et al., 1999; Jonas et al., 2002). Although they share some structural
similarity with NRTIs, NtRTIs contain a phosphonate group which reduces the

requirement of these drugs for phosphorylation. This property is believed to
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impart certain advantages to TDF such as heightened antiviral potency and longer

intracellular half-life compared to most existing NRTIs (Squires, 2001).

Resistance-conferring mutations to NRTIs/NtRTIs can be selected both in
tissue culture protocols by exposure to increasing drug levels, and similarly, in
patients following treatment with NRTI- or NtRTI-containing regimens. These
mutations encode amino acid substitutions in HIV-1 RT at codons that are
responsible for diminished antiviral susceptibility to these inhibitors and, in
general, are predictive of worse virological responses to antiretroviral therapy
(Lorenzi et al., 1999; Winters et al., 2000; Johnson et al., 2004). Drug resistance
to different NRTI/NtRTIs appears to be mediated by two principal mechanisms.
Firstly, some resistance mutations in RT are associated with increased drug
discrimination, a situation where the binding and/or incorporation of antiviral
drugs by the mutated RT is significantly attenuated (Gotte and Wainberg, 2000;
Soriano and de Mendoza, 2002). The M184V mutation in RT, which confers
high-level phenotypic resistance to 3TC (i.e., 500- to 1,000-fold increase in ICs)
and FTC is considered to be a classical discriminatory mutation (Wainberg et al.,
1995; Keulen et al., 1997) Alternatively, another group of RT mutations known as
thymidine analogue mutations (TAMs) promote resistance to ZDV and d4T as a
result of increased levels of nucleotide primer uncoupling. With this mechanism,
ZDV- or d4T-monophosphate is excised from the terminus of blocked primer

templates by RT containing TAMs, thus restoring DNA polymerization and
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permitting HIV-1 replication to continue in the presence of these antiviral drugs

(Go6tte and Wainberg, 2000; Miller and Larder, 2001).

1.1.3.2.3. Non-nucleoside analogue reverse transcriptase inhibitors (NNRTI)
NNRTIs include a heterogeneous group of compounds that act as non-
competitive inhibitors of HIV-1 RT. The basis for their antiviral activity is not
completely understood but is known to involve the binding of these compounds to
a hydrophobic pocket that is located approximately 10 A from the RT substrate
binding site in the p66 subunit (Wlodawer, 2002). The NNRTI binding pocket
also contains a few amino acid residues from the smaller and catalytically
incompetent pS1lsubunit of RT (Wu et al., 1991; Ding et al., 1995). It is thought
that the inhibition of HIV-1 replication by NNRTIs may be mediated through
allosteric effects which lock the RT active site into a configuration that is
incompatible with DNA polymerization. NNRTIs reduce the catalytic rate of
polymerization without affecting nucleotide binding or nucleotide-induced
conformational change (Spence et al., 1995). These drugs are particularly active at
template positions at which the RT enzyme naturally pauses and, moreover, do
not appear to influence the competition between dideoxynucleotide triphosphates
(ddNTPs) and the naturally occurring dNTPs for insertion into the growing
proviral DNA chain (Sardana et al., 1992; Dueweke et al., 1993; Gu et al., 1995;
Deeks, 2001). There are presently three NNRTIs, i.e., nevirapine (NVP),
delavirdine (DLV) and efavirenz (EFV), that have been approved for use in

antiretroviral combination therapy regimens (Yeni et al., 2004) (Table 1).
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Diminished sensitivity to NNRTIs appears quickly both in tissue culture
selection protocols and in patients (Wu et al., 1991; Ding et al., 1995; Deeks,
2001). NNRTIs share a common binding site, and mutations that encode NNRTI
resistance are located within the binding pocket that makes drug contact
(Richman et al., 1991; Wu et al., 1991; Chong et al., 1994; Vandamme et al.,
1994; Ding et al., 1995; Esnouf et al., 1995; Gu et al., 1995; Spence et al., 1995).
This explains the finding that extensive cross-resistance is observed among all
currently approved NNRTIs (Byrnes et al.,, 1993; Fletcher et al., 1995; Deeks,
2001). A substitution at codon 181 (i.e., Y181C) is a common mutation that
encodes cross-resistance among many NNRTIs (Richman et al., 1991; Balzarini et
al., 1993; Byrnes et al., 1993; Deeks, 2001). Replacement of Y181 by a serine or
histidine also conferred HIV-1 resistance to NNRTIs (Sardana et al., 1992). A
mutation at amino acid 236 (i.e., P236L), conferring resistance to a particular
class of NNRTIs that include DLV, can also diminish resistance to NVP and other
NNRTIs, particularly if a Y181C mutation is also present in the same virus
(Dueweke et al., 1993). Y188C and Y188H are other important mutations that can
also confer resistance to NNRTIs. Another drug resistance mutation namely,
K103N, is also commonly observed and is responsible for reduced susceptibility
to all approved NNRTIs (Richman et al., 1991; Balzarini et al., 1993; Byrnes et
al., 1993; Deeks, 2001). Substitution of K103N results in alteration of interactions
between NNRTIs and RT. The K103N mutation shows synergy with Y181C in
regard to resistance to NNRTIs, unlike antagonistic interactions involving Y181C

and P236L (Nunberg et al., 1991).
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1.1.3.3. HIV-1 protease inhibitors (PI)

The HIV-1 specific aspartyl protease (PR) is responsible for the
processing of gag and gag-pol polyprotein precursors into the functional proteins
(ie., pl7, p24, p7, p6, p2, pl, RT, IN and PR) that are required to generate
infectious virions (Kohl et al., 1988; Navia et al., 1989; Navia and McKeever,
1990; Debouck, 1992; Bhat et al., 1994). HIV-1 protease inhibitors (PI) used for
antiretroviral therapy are generally small (i.e., molecular weight less than 1,000)
synthetic molecules that structurally resemble the viral substrates normally
cleaved by PR (Roberts et al., 1990; Lam et al., 1994; Wlodawer and Vondrasek,
1998; Wlodawer, 2002). These compounds are competitive antagonists of PR and
bind to the enzyme’s catalytic site with a high degree of affinity and selectivity.
Treatment of HIV-1 infected cells with Pls in tissue culture leads to the formation
of immature viral progeny that cannot establish further rounds of infection. The
following PIs are currently approved for treatment of HIV-1 infection: saquinavir
(SQV), ritonavir (RTV), indinavir (IDV), nelfinavir (NFV), amprenavir (APV),
lopinavir (LPV), atazanavir (ATZ) and fosamprenavir (f-APV) (Yeni et al., 2004)

(Table 1).

Drug-resistant viruses have been observed in the case of all PIs developed
to date. In addition, some strains of HIV have displayed cross-resistance to a
variety of PIs after either clinical use or in vitro drug exposure (Condra, 1998;
Deeks, 1999; Murphy, 1999; Johnson et al., 2004). In general, the patterns of

mutations observed with PlIs are more complex and extensive than those observed
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with RT antagonists (Johnson et al., 2004). This involves greater variability, as
well, in temporal patterns of appearance of different mutations and the manner in
which different combinations of mutations can give rise to phenotypic resistance.
These data suggest that the viral PR enzyme can adapt more easily than RT to
pressures exerted by ARVs. At least 40 mutations in PR have been identified as
responsible for resistance to Pls (Condra, 1998; Deeks, 1999; Murphy, 1999;
Johnson et al., 2004). Certain of the mutations within the HIV-1 PR are more
important than others and can confer resistance, virtually on their own, to at least
certain PIs (Condra, 1998; Deeks, 1999; Murphy, 1999; Miller, 2001). One
mutation, in particular, D30N, is probably unique to NFV, a potent HIV protease
inhibitor (Markowitz et al.,, 1998; Patick et al., 1998; Sugiura et al., 2002).
However, a variety of other mutations may confer cross-resistance among
multiple drugs within the PI family. In addition, wide arrays of secondary
mutations have been observed, that, when combined with primary mutations, can
cause increased levels of resistance to occur (Servais et al., 2001b; Clemente et
al., 2003; Turner et al., 2004). Although the presence of secondary mutations on
their own may not lead to increased levels of drug resistance, some of the amino
acid changes encoded by secondary mutations can mediate a compensatory effect
to improve the replication capacity of viruses that contain primary PR mutations
while also conferring cross-resistance to other PIs (Nijhuis et al., 1999; Gatanaga
et al., 2002; Menzo et al., 2003; Weber et al., 2003). In addition, it should be
noted that resistance to Pls can also result from mutations within the substrates of

the PR enzyme, i.e., the gag and gag-pol precursor proteins of HIV. A variety of
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studies have now shown that mutations at cleavage sites within these substrates
can be responsible for drug resistance, both in tissue culture as well as in treated
patients (Zhang et al., 1997; Bally et al., 2000; Miller, 2001; Whitehurst et al.,
2003). The full clinical significance of these cleavage site mutations in regard to

PI resistance, however, remains to be elucidated.

1.1.3.4. Viral entry/fusion inhibitors (FI)

Enfuvirtide (T-20) is the first entry in a novel class of antiretroviral agents
known as HIV-1 entry inhibitors and has recently been approved for the treatment
of HIV-1 infection (Cervia and Smith, 2003). This compound is a synthetic
peptide consisting of 36 amino acids that are homologous to the residues located
at positions 127 to 162 of the C-terminus of the heptad repeat 2 (HR-2) domain in
the gp4l transmembrane glycoprotein of the viral envelope. T-20 binds
competitively to the HR-1 domain within gp41, thus preventing interaction with
HR-2 and formation of the hairpin-like structure that is required for fusion of the

viral and host cell membranes (Tomaras and Greenberg, 2001; Cervia and Smith,

2003).

In the TORO-1 and TORO-2 studies, the addition of T-20 to optimized
background therapy consisting of 3 to 5 active antiretroviral drugs, that were
selected using genotypic drug resistance testing, was shown to result in significant
reduction of plasma HIV-1 RNA and CD4 cell count increases compared to

optimized background therapy alone in heavily treatment-experienced patients
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with HIV-1 infection that was resistant to NRTIs, NNRTIs and PIs (Lalezari et
al., 2003¢c; Lazzarin et al., 2003). The results from additional open-label and
controlled clinical trials with this drug have similarly demonstrated improved
treatment outcomes for up to 48 weeks in HIV-1 patients that were experiencing

virological failure on previous regimens (Lalezari et al., 2003a; Lalezari et al,,

2003b).

In phase 1 clinical testing, resistance to T-20 developed rapidly and was
evidenced by rebounding plasma HIV-1 RNA after 14 days of monotherapy in
four patients receiving an intermediate dose (i.e., 30 mg twice daily) of T-20 (Wei
et al., 2002). Genotypic analysis of cloned virus from these patients showed that
resistance to T-20 was produced by substitutions in the highly conserved GIV
motif which comprises a three amino acid sequence between residues 36 to 38
within the HR-1 domain that is essential for fusion of viral and cellular
membranes to occur. Mutants that contained a single amino acid substitution in
GIV (i.e., G36D, 137V and V38A/M) were frequently detected (Wet et al., 2002).
G36D, and in particular, V38A both elicited significant fold-increases in the ICs
for T-20 compared to HIV-1 strains with wild-type envelope sequences. In
addition, dual mutants that contained G36D together with substitutions at other
amino acid residues within HR-1 (i.e., Q32H/R and Q39R) were also observed
and were shown to confer reduced susceptibility to T-20 to an extent similar to
that produced with G36D by itself (Wei et al.,, 2002). Interestingly, variability in

the HR-1 domain at positions that are associated with resistance to T-20 has been
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demonstrated in both subtype B (i.e., residues 37, 39 and 42) and in non-B (i.e.,
residue 42) HIV-1 strains isolated from T-20-naive patients (Roman et al., 2003).
However, the major GIV mutants commonly associated with T-20 resistant
isolates were not observed in the absence of drug treatment suggesting that
primary genotypic resistance to this drug is uncommon (Roman et al., 2003).
Further study is needed to better understand the long-term implications of these
uncommon resistance mutations in HIV-1 patients undergoing therapy with fusion

inhibitors.

1.1.4.1. Monitoring resistance to antiretroviral therapy

Two types of technology for measuring HIV-1 drug resistance, referred to
as genotypic and phenotypic tests, are available to clinicians to help guide
decisions in antiretroviral therapy. These tests permit characterization of specific
changes in the genomic nucleotide sequence of viral isolates in comparison to a
HIV-1 reference strain to monitor the development of resistance to antiretroviral
therapy (Arens, 2001; Smith, 2001). With genotyping, mutations in the HIV-1 pol
or envelope (env) genes are commonly detected by automated techniques based
on the Sanger method for dideoxy-terminator nucleotide sequencing (Arens,
2001) or, alternatively, with hybridization tests such as the line probe assay
(LiPA) that detect point mutations at codons known to be important for resistance
to specific drugs (Stuyver et al.,, 1997; Arens, 2001; Servais et al., 2001a). The
effective utilization of these genotypic tests requires expert clinical interpretation

of mutational patterns; this task may be facilitated by computerized algorithms
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specifically designed for HIV-1 genotypic analysis (Hanna and D'Aquila, 2001;
Schmidt et al.,, 2002; Youree and D'Aquila, 2002). In contrast to genotyping,
phenotypic tests represent a more direct method for measurement of HIV-1 drug
resistance based on changes in the concentration of a particular drug that is
required to inhibit viral replication by 50 percent (i.e., ICsy) when studying
clinical isolates of HIV-1 (Dunne et al., 2001; Demeter and Haubrich, 2001,
Lerma and Heneine, 2001). Phenotypic resistance can be determined with
traditional tissue culture techniques in which p24 core antigen capsid (CA)
protein production by HIV-1 infected cells is measured, or more recently, using
automated recombinant vector-based assays that work in conjunction with a
luciferase colorimetric readout to detect HIV-1 activity during single-cycle viral
replication in the presence of the test ARVs (Petropoulos et al., 2000; Parkin et
al., 2004). The phenotypic resistance displayed by an HIV-1 isolate to a specific
ARV is customarily expressed as the fold-change (FC) or ratio of ICso values for
the isolate and wild-type (WT) HIV-1, respectively. Thus, higher FC values
obtained after several months of treatment reflect a loss in antiretroviral
susceptibility. Genotypic analysis has confirmed that the number of mutations
associated with drug resistance also increases concomitantly with increases in

1Cs values.

Mutations that encode single or multiple amino acid substitutions in RT,

PR or the HR-1 domain of gp41 in the HIV-1 envelope have been shown to be

directly responsible for diminished susceptibility to the inhibitors of these viral
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targets and, may therefore, be viewed as important molecular markers that are
predictive of drug resistance (Johnson et al., 2004). The prognostic value of
genotypic resistance testing in improving virological outcomes to antiretroviral
therapy for HIV-1 infection has been documented in several prospective and
retrospective clinical studies, including comparisons against standard of care
(Durant et al., 1999; Baxter et al., 2000; Meynard et al., 2002; Torre and Tambini,
2002). In addition, health economics analyses from the CPCRA 046 (Weinstein et
al., 2001) and VIRADAPT (Chaix et al., 2000) studies have confirmed the benefit
conferred by genotypic resistance testing when used for guiding therapy choice
decisions in patients who experienced virological failure on an initial
antiretroviral regimen. In CPCRA 046, patients receiving standard antiretroviral
therapy regimens were randomly assigned to one of two study groups in which
therapeutic decisions were determined by clinical judgment alone or,
alternatively, using genotypic antiretroviral resistance testing (GART) as an
adjunct to clinical judgment (Baxter et al., 2000). With GART, 34% of patients
were reported to achieve a successful virological response compared to 22% of
patients in which therapy choice decisions were based entirely on physician
clinical judgment (Baxter et al., 2000; Torre and Tambini, 2002). Similar results
have also been reported from the VIRADAPT study (Durant et al., 1999), in
which 32% of patients assigned to the drug resistance genotyping (DRG) group
responded satisfactorily to antiretroviral therapy compared to a response rate of

14% in patients without DRG (Durant et al., 1999; Weinstein et al., 2001).

21



The benefit conferred by HIV-1 genotyping in treatment-experienced
patients has also been further corroborated by the Havana trial (Tural et al., 2002).
In this study, a significantly greater proportion of patients in whom genotyping
was used to guide therapy choice decisions achieved undetectable plasma viremia
(i.e., HIV-1 RNA <400 copies/ml) after 24 weeks of therapy as compared to
patients managed in accordance with the standard of care alone (Tural et al,
2002). Additionally, the use of expert advice to assist with treatment decisions
was also shown to be associated with improved virological response, especially in
patients that had experienced a second virological failure (Tural et al., 2002).
Thus, the results from CPCRA 046, VIRADAPT and Havana, as well as those
from other related studies conducted in settings that may more closely reflect
current clinical practice (Badri et al., 2003), support the use of genotypic drug
resistance assays and expert advice as important interventions to help improve the

sustained effectiveness of antiretroviral therapy in patients with HIV-1 infection.

1.1.5.1. Mechanisms of resistance conferred by NAMs

Table 2 illustrates drug resistance mutations in HIV-1 RT that are
commonly associated with reduced antiviral susceptibility to NRTIs/NtRTIs
(Johnson et al., 2004). The resultant amino acid substitutions in mutated RT result
in resistance through one of two mechanisms, i.e., increased discrimination
against antiviral drugs or increased levels of excision of incorporated NRTI
triphosphates or NtRTI diphosphates from elongating chains of viral DNA; a

process also referred to as nucleotide-dependent primer unblocking (Meyer et al.,

22



1998; Gotte and Wainberg, 2000). The first mechanism affects the affinity and/or
incorporation of the active phosphorylated forms of NRTIs/NtRTIs elongating
into proviral DNA (Gao et al., 2000; Gétte and Wainberg, 2000; de Mendoza et
al., 2002; Soriano and de Mendoza, 2002). A classic example of a discriminatory
resistance mutation is the M1841/V substitution in RT that is associated with high-
level phenotypic drug resistance to 3TC. Discriminatory mutations can confer
cross-resistance by also lessening the affinity and/or incorporation into viral DNA
by drugs other than those which may have selected them (Miller and Larder,
2001). Cross-resistance among NRTIs/NtRTIs has been extensively documented
and probably occurs to a greater extent than initially thought (Kuritzkes, 2002).
Cross-resistance is commonly due to the selection by different compounds of
resistance-conferring mutations that result in diminished antiviral activity for
several drugs, but may also be produced by specific mutational patterns that are
selected by a single ARV (Miller and Larder, 2001). The extent of cross-
resistance may increase with the selection of additional mutations following
breakthrough viral replication in the presence of incompletely suppressive
regimens (Lange, 2001; Loveday, 2001). Some have argued that this problem can
be forestalled by reserving the use of those NRTIs/NtRTIs with the greatest

potential for the development of cross-resistance for post first-line therapy

(Lange, 2001).

The excision mechanism can be thought of in some ways as the opposite

of the reverse transcription reaction. Enhanced levels of ATP-dependent primer
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unblocking and/or pyrophosphorolysis are mediated by TAMs that are responsible
for diminished susceptibility to ZDV and d4T (G6tte and Wainberg, 2000; Lange,
2001; Loveday, 2001; Miller and Larder, 2001). More recently, the term
nucleoside excision mutation (NEM) has also been used to characterize this group

of mutations.
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resistance to NRTIs/NtRTIs

Table 2: Mutations in HIV-1 reverse transcriptase commonly associated with

Drug

Zidovudine

Didanosine
Zalcitabine
Lamivudine
Emtricitabine
Abacavir

Stavudine

Tenofovir DF

Thymidine Analogue
Mutations (TAMs)

Multinucleoside
Resistance

Multinucleoside
Resistance

Common RT Resistance Mutations

M41L, E44A/D, D67N, K70R, V1181, L210W,
T215Y/F, K219Q/E

K65R, L74V

K65R, T69D, L74V, M184V
E44A/D, V1181, M184I/V
M184I/V

K65R, L74V, Y115F, M184V

M41L, E44A/D, D67N, K70R, V1181, L210W,
T215Y/F, K219Q/E

K65R

M41L, D67N, K70R, L210W, T215Y/F,
K219Q/E

Q151M resistance complex:
A62V; V751 F77L; F116Y; Q151M

69X XX insertion:
Usually observed with TAMs
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1.1.5.2. The M184V/I mutation

The M184V substitution is selected rapidly in tissue culture following
serial passage of wild-type HIV-1 in the presence of increasing concentrations of
3TC, and 3TC-resistant virus can also be isolated from patients who experience
virological failure as early as eight weeks following initiation of a 3TC-containing
regimen (Larder et al., 1995; Schuurman et al., 1995; Wainberg et al., 1995). In
contrast, longer times (e.g., six months) are commonly required for the
development of drug resistance to other NRTIs such as ZDV (Mayers, 1996;
Mayers, 1997; Miller and Larder, 2001). Resistance to 3TC and FTC is conferred
by a single mutation in the HIV-1 RT gene that encodes a methionine to valine
amino acid substitution at position 184 (i.e., M184V) (Larder et al., 1995;
Schuurman et al., 1995; Wainberg et al., 1995; Gao et al., 2000; Richman, 2001).
The appearance of M184V is commonly preceded by another more transient
mutation, M 1841, which also results in high-level resistance to both 3TC and FTC
(Keulen et al., 1997). The reason that M184I is often transient is that HIV-1
variants harboring M1841 are less fit than M184V-mutated viruses and are
therefore rapidly out-competed both in vitro and in vivo by the latter (Kavlick et

al., 1995; Back et al., 1996; Frost et al., 2000; Devereux et al., 2001).

M184V is a discriminatory mutation that significantly reduces the affinity
of HIV-1 RT for 3TC triphosphate (3TC-TP) compared to its naturally occurring
counterpart nucleoside, i.e., deoxycytosine triphosphate (dCTP), as a preferred

substrate for incorporation (Larder et al., 1995; Wainberg et al., 1995; Gao et al.,
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2000; Gotte and Wainberg, 2000; de Mendoza et al., 2002). Resistance is due to
steric hindrance effects between the beta side-chains of the isoleucine or valine
amino acid residues at position 184 in the mutated RT and the oxathiolane ring of
3TC-TP that would otherwise result in a catalytically incompetent complex
(Larder et al., 1995; Schuurman et al., 1995; Wainberg et al., 1995; Gao et al.,

2000; Lee et al., 2001; Miller and Larder, 2001).

As stated, M184V is also selected by FTC (Gao et al., 2000; Lee et al.,
2001; Richman, 2001; Schinazi et al., 2001), which is structurally-related to 3TC,
but additionally by structurally-unrelated NRTIs such as ABC (Harrigan et al.,
2000; Miller et al., 2000; Walter et al., 2002) and less frequently by ddC or ddI
(Gu et al,, 1992; Gao et al., 1993; Winters et al., 1997). In fact, M184V is usually
the first resistance mutation that emerges following in vitro or in vivo exposure to
ABC but confers only low-level resistance (i.e., 2- to 4-fold increases in 1Cs) to
this drug. The development of meaningful drug resistance to ABC requires
overcoming a higher genetic barrier that involves the accumulation of several
TAMs and/or other NAMs in RT (e.g, K65R, L74Vand Y115F) before
significant loss of antiviral activity (i.e., >10-fold increase in ICs) is observed
(Tisdale et al., 1997; Moyle, 2001; Ray et al., 2002). Similarly M184V usually
only results in significant resistance to ddC when other mutations in RT are also
present (Gu et al., 1992; Gao et al., 1993). Hence, M184V does not on its own
predict broad cross-resistance to most other NRTIs, including ZDV, ddl, ddC and

ABC (Miller V. et al., 1998; Miller and Larder, 2001) and the presence of M184V
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does not usually limit sequencing options in therapy or compromise the
effectiveness of ABC or ddI in subsequent treatment (Mouroux et al., 2001; Ait-
Khaled et al., 2002a). For example, the presence of M184V which was detected
in 60% of patients experiencing virological failure in first-line regimens
containing 3TC, did not compromise virological outcomes after subsequent
treatment with a new regimen that included d4T plus ddI (Winters et al., 2002;
Winters et al., 2003), and the percentage of patients in which M184V was
detected after such treatment diminished to 27% indicating that d4T/ddI were
effective against M184V-containing viruses; in contrast, M184V remained
present in 100% of patients who received an alternative regimen of 3TC/d4T
(Winters et al.,, 2003). Similar results have also been reported in other studies

(Eron et al., 2002).

1.1.5.3. The V1181 and E44D/A substitutions

Two mutations in RT that frequently appear together are E44D/A with
V1181, this combination has been shown to confer moderate-level resistance (i.e.,
4- to 50-fold) (Hertogs et al., 2000) to 3TC in the absence of M184V (Delaugerre
et al., 2001; Montes and Segondy, 2002; Romano et al., 2002). Unlike M184L/V,
the E44D/A and V1181 mutations are not selected by 3TC (Hertogs et al., 2000;
Delaugerre et al., 2001; Montes and Segondy, 2002) and are generally seen only
In treatment-experienced patients. The presence of these mutations may reach 30-
33% in patients previously treated with NRTIs (Delaugerre et al., 2001; Montes

and Segondy, 2002). In addition, the prevalence of E44D/A and V118I has been
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shown to increase as a function of number of NRTIs used in prior therapy and can
be as high as 42% in individuals treated with at least four antiretroviral regimens
(Montes and Segondy, 2002). The selection of E44D/A and/or V1181 may also be
strongly correlated with prior exposure to ddl and the concomitant presence of
specific clusters of TAMs including M41L and T215Y/F or D67N and L210W
(Montes and Segondy, 2002). These data point to a possible relationship between
these mutations and the prior use of ZDV- or d4T-containing regimens with more
extensive cross-resistance among NRTIs as a consequence (Montes and Segondy,

2002; Romano et al., 2002).

1.1.5.4. Thymidine analogue mutations (TAMs)

The TAMs (Table 2) comprise a group of six drug resistance mutations
(e, M41L, D67N, K70R, L210W, T215Y/F and K219Q/E) (Gétte and
Wainberg, 2000; Johnson et al., 2004) in RT that were initially described in
association with resistance to ZDV (Goétte and Wainberg, 2000; Lange, 2001;
Loveday, 2001; Miller and Larder, 2001; de Mendoza et al., 2002; Soriano and
Mendoza, 2002). Subsequent research has also implicated these mutations in
diminished susceptibility to d4T (Goétte and Wainberg, 2000; Lange, 2001;
Loveday, 2001; Miller and Larder, 2001; Ross and Henry et al., 2001a; Ross and
Scarsella et al., 2001b; Johnson et al., 2004). The presence of TAMs also results
in modest moderate levels of resistance to other NRTIs/NtRTIs, including ddl,
ddC, ABC, and TDF (Miller et al., 2002a; Miller et al., 2002b), depending on the

mutational pattern that is present. However, 174V is the primary mutation that is
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selected by ddI and has been shown to be responsible for the greatest loss of
antiviral activity with this drug (Gétte and Wainberg, 2000; Lange, 2001; Miller
and Larder, 2001; Johnson et al., 2004). Other resistance-conferring mutations
such as L74V, K65R and T69N are also important in regard to resistance to these
compounds (Lange, 2001; Miller and Larder, 2001; Johnson et al., 2004). The
latter, like M184V, are discriminatory mutations in RT and generally yield
resistance only against the drugs that select them; in contrast, TAMs can mediate
increased levels of resistance to multiple unrelated NRTIs so long as other
mutations are also present (Gotte and Wainberg, 2000; Miller and Larder, 2001;

Soriano and de Mendoza, 2002).

1.1.5.5. Genetic pathways for development of TAMs

Two major genetic pathways exist in regard to the development of
resistance to d4T and ZDV, as manifested through detection of TAMs (Marcelin
et al., 2002; Flandre et al., 2003; Van Houtte et al., 2003). Each of the M41L and
T215Y/F mutations are commonly present in both pathways (Marcelin et al.,
2002) and are followed by the stepwise accumulation of other TAMs at positions
210 and 215 (i.e., 41L-210W-215Y/F pattern) or, alternatively, positions 67, 70
and 219 (i.e.,, 67N-70R-219Q/E pattern) (Marcelin et al., 2002; Flandre et al.,
2003). The specific sequence of accumulation of TAMs may depend on whether
HIV-infected patients had initially received ZDV monotherapy or dual NRTI
combinations, 1.e., ZDV monotherapy is more commonly associated with the

initial appearance of the K70R mutation leading predominantly to the 67N-70R-
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219Q/E pattern (Flandre et al., 2003). In contrast, patients who started treatment
with either ZDV/ddl or ZDV/ddC usually developed T215Y/F as an initial
mutation followed by 41L and 210W (Flandre et al., 2003). In addition, different
subtypes of HIV-1 may follow distinct pathways in this regard; these preferences

are referred to as dichotomous pathways in the development of drug resistance.

Genotypic analysis has shown that the 41L-210W-215Y pattern is more
prevalent than 67N-70R-219Q/E (Van Houtte et al., 2003). In addition, the two
other mutations associated with long-term ZDV/d4T usage, i.e., V118l and
E44A/D, cluster together with the 41L-210W-215Y pathway but were only
present individually in association with the 67N-70R-219Q/E pattern (Van Houtte
et al., 2003). The 41L-210W-215Y pathway generally yields higher levels of
resistance to ZDV/d4T and cross-resistance to other NRTIs in association with

other mutations than does the 67N-70R-219Q/E pathway (Van Houtte et al.,

2003).

Differences in the initial presentation and incidence of TAMs have been
reported in therapy-naive patients treated with regimens that included ZDV versus
d4T. One study showed that the incidence of TAMs in patients on a ZDV-
containing regimen (23.8%) was higher than in patients treated with d4T, despite
the fact that the latter had lower CD4 cell counts and higher plasma HIV-1 RNA
pre-treatment values (Bocket et al., 2003). The T215Y/F mutation was also

detected in a higher proportion of patients who began therapy with a ZDV-
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containing regimen (10.4%) in comparison to d4T (1.8%) (Bocket et al., 2003).
Another study on treatment-naive patients (i.e., ACTG 306 rolled-over into
ACTG 370), showed that the frequency of individual TAMs at positions 41, 67,
70, 210, 215, 219 was similar in patients who had received either ZDV/3TC or
d4T/3TC (Kuritzkes et al., 2002). However, M41L was detected earlier in patients
who began with ZDV-based regimens. There was also a trend toward
accumulation of two or more TAMs in the ACTG 370 patients who began with

ZDV (29.4 %) compared to d4T (3.8 %) (Kuritzkes et al., 2002).

1.1.5.6. Effect of TAMs on excision

Enhanced excision of incorporated nucleotide triphosphates, which is due
to either nucleotide-dependent primer unblocking and less commonly to
pyrophosphorolysis, has been identified as the mechanisms that results in
resistance to both ZDV and d4T (Gétte and Wainberg, 2000; Loveday, 2001;
Miller and Larder, 2001; de Mendoza et al.,, 2002; Soriano and de Mendoza,
2002). In the case of ZDV, rescue of viral DNA synthesis by either mechanism
requires the excision of ZDV 5'-monophosphate (ZDVMP) from the 3’ terminus
of the polymerizing c-DNA strand. This reaction is facilitated by ATP or,
alternatively, by pyrophosphate (PP1) (Naeger et al., 2002). Furthermore, levels of
ATP binding, and uncoupling of nucleotide monophosphate-terminated primers
have been reported to increase concomitantly with the accumulation of TAMs

(Meyer et al., 1999; Meyer et al., 2000; Shulman et al., 2002).



An increased level of nucleotide primer unblocking or pyrophosphorolysis
by HIV-1 RT has not been demonstrated in all situations, and therefore, does not
represent the major mechanism responsible for attenuated antiviral susceptibility
to non-thymidine analogues (Naeger et al.,, 2001b; Naeger et al., 2002). It is
noteworthy that the efficiency of removal of such NRTIs as 3TC, ddC, ddI and
ABC by RT containing TAMs at positions 67, 70 and 215 has been reported to be
reduced in comparison to ZDV and d4T (Naeger et al., 2002). Furthermore,
removal of TDF by ATP-dependent primer unblocking in the presence of specific
TAMs (i.e., D67N, K70R and T215Y/F) has been shown to be 22- to 35-fold less
efficient than that observed for either d4T or ZDV, respectively (Naeger et al.,,
2002). These findings suggest that not all TAMs may mediate decreased
susceptibility to TDF to the same degree, a finding corroborated in virological
studies performed with the latter drug (Miller et al.,, 2001). TDF can retain
antiviral activity against HIV-1 that contains as many as three TAMs, as long as
these do not include either M41L or L210W (Miller et al., 2001; Miller et al.,
2002a; Miller et al., 2002b). These findings help to account for the fact that TDF
can often be used successfully to treat individuals previously treated with a

variety of NRTI-based regimens (Squires et al., 2002).

Resistance to TDF is principally associated with the K65R mutation.
Although this mutation was first shown to be selected by TDF in tissue culture
(Wainberg et al., 1999), it was initially rare in patients experiencing virological

failure with this drug. More recent data show that it is now increasing in
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incidence, probably as a consequence of increased usage of TDF. The
development of K65R on its own appears to compromise virological responses
with TDF, although this is exacerbated when additional mutations in RT (i.e.,
TAMs) are also present (Margot et al.,, 2002). K65R on its own decreases
sensitivity to TDF by 3- to 4-fold (Wainberg et al., 1999; Margot et al., 2002);
K65R is also associated with resistance to other NRTIs, most notably ddl, ddC
and ABC (Johnson et al., 2004). An increased prevalence of K65R has also been
reported in antiretroviral therapy-naive HIV-1 patients who failed treatment with
a regimen consisting of ABC/ddl/d4T (Roge et al., 2003). Hence, resistance to
TDF and several other NRTIs can develop via genetic pathways that involve
either the TAMs or K65R as hallmark resistance mutations (Winston et al., 2002),
supporting the view that HIV-1 can select multiple pathways toward drug
resistance (Hertogs et al., 2000; Miller and Larder, 2001; Winston et al., 2002;

Flandre et al., 2003).

1.1.5.7 Multi-nucleoside resistance (MNR)

Mutational patterns associated with the development of broad cross-
resistance to multiple NRTIs include the Q151 multi-nucleoside resistance
(MNR) complex which can be encoded by five distinct mutations in RT: A62V,
V751, F77L, F116Y and Q151M; the latter is considered to be the signature
mutation for this MNR cluster (Johnson et al., 2004) (Table 2). These mutations
were 1nitially observed in viral isolates from patients who received combination

therapy with ZDV plus either ddC or ddI for over one year (Shirasaka et al., 1995;
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Ueno et al., 1995) and who lacked other substitutions associated with resistance
against ZDV, ddl or ddC. Q151M is the first of these five mutations to appear in
vivo and produces the greatest attenuation of antiviral activity to NRTIs (Ueno et

al., 1995).

In addition, a family of insertion mutations between codons 67 and 70 in
RT can cause resistance to a variety of NRTIs including ZDV, 3TC, ddl, ddC and
d4T (Johnson et al., 2004). These insertions confer multi-nucleoside resistance
and usually develop against a background of resistance to ZDV (Larder et al.,
1999; Boyer et al., 2002a). As with the Q151M MNR pattern, the development of
these resistance-conferring insertions is associated with prior treatment with
ZDV/ddl and ZDV/ddC combination regimens. The prevalence of the insertion
mutations is, however, lower than that reported for the Q151M MNR pattern (Van

Vaerenbergh et al., 2000).

1.1.6.1. Viral fitness

HIV-1 variants that are resistant to NRTIs may display diminished fitness
In comparison to viruses that remain sensitive to these drugs (Harrigan et al.,
1998; Dykes et al., 2001; Quifiones-Mateu et al., 2001; Brenner et al., 2002). In
the absence of antiretroviral pressure, wild-type (WT) virus is the fittest and most
prevalent quasispecies in the replicating population. The eventual outgrowth of
resistant variants arises due to their replication advantage under conditions of

selective drug pressure (Coffin, 1995). Estimates for the fitness of NRTI-resistant
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mutants can vary depending on laboratory methodology and the viral strain
utilized. Estimates of the replication impairment of viruses containing single
mutations such as M184V or L74V ranged between 3%' to 60% compared to WT
in initial studies (Sharma and Crumpacker, 1999; Devereux et al., 2001), but,
more recent studies based on recombinant methods that employed a luciferase
colorimetric readout, showed that the extent of fitness impairment attributable to
M184V ranged between 48% to 57% (Miller et al., 2003). The K65R mutation
was also found to diminish viral replication capacity by this method (Miller et al.,
2003). Specific combinations of NRTI-resistance mutations were shown to act
additively in some studies to further impair fitness; e.g., both M184V and K65R
together resulted in about half of the level of replication that would have been

expected if either mutation was present alone (Miller et al.,; 2003).

Viral fitness is an important determinant of HIV-1 pathogenesis, and
infectivity, and may also help to predict treatment outcome, since inefficient viral
replication is associated with reduced plasma viremia, delayed mutagenesis, and
improved immunological responses to antiretroviral therapy. This may sometimes
manifest itself in the form of immunological and virological discordance, in
which CD4 cell counts are stabilized or increase despite detectable plasma HIV-1
RNA. Virological-immunological discordance has also been attributed to the
emergence of fitness-reducing resistance mutations such as D30N in the HIV-1
protease gene (Antinori et al., 2001; Deeks et al., 2001; Stoddart et al., 2001), and

has recently been reported with M184V (Nicastri et al., 2003) in HIV-infected
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patients who experienced virological failure on regimens that included drugs that

had selected for this mutation.

1.1.7.1. Residual antiviral activity of 3TC against M184V-mutated HIV-1

The M184V substitution in RT may be a mitigating factor in regard to
HIV-1 replication capacity, since clinical studies, have shown that this mutation is
associated with lower levels of plasma RNA even after resistance to 3TC has
developed. This was first observed in the NUCA3001 study in which viral loads
consistently remained both below baseline (0.6 to 0.3 logo viral load reduction)
and lower than those resulting from ZDV monotherapy over 52-weeks (Kuritzkes
et al., 1996). Similarly, the development of M184V in 3TC/ZDV-treated patients
enrolled in the AVANTI 2 and 3 trials was associated with lower plasma viremia
than would be expected with ZDV monotherapy, even after the detection of

M184V (Maguire et al., 2000).

Clinical and laboratory data also demonstrate that 3TC possesses a degree
of residual antiviral activity following the development of M184V, and this may
be independent of the effect of M184V on replication capacity. Interruption of
3TC therapy in patients experiencing virological failure resulted in a rebound of
plasma HIV-1 RNA that was about 0.5 log;, above previous levels (Campbell et
al., 2003). In this limited analysis, genotyping revealed that the M 184V mutation
was still present at the time that plasma viremia rebounded, commensurate with

the discontinuation of 3TC (Campbell et al., 2003).
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Laboratory data has also shown that high concentrations of 3TC-TP can
effectively inhibit reverse transcription in cell-free assays that were performed
with purified M184V-RT (Quan et al., 2003). The degree of inhibition caused by
3TC-TP was found to increase with elongation of the RT products that were
generated (Quan et al., 2003). These observations were confirmed in tissue culture
experiments, in which the formation of full-length RT products in peripheral
blood mononuclear cells (PBMCs) newly-infected with M184V-HIV-1 could be
inhibited with 2 to 10 uM of 3TC (Quan et al., 2003). Thus, 3TC may possess a
residual antiviral effect in the presence of M 184V that is not easily revealed with

current phenotypic assays.

1.1.8.1. Cross-resistance amongst NRTIs

Cross-resistance to NRTIs constitutes an ongoing challenge for the
successful long-term management of patients with HIV-1 infection, due to loss of
treatment options. The development and transmission of NRTI resistance-
conferring mutations are also of serious concern, since these mutations can be
selected by suboptimal therapy. The prevalence of drug resistance to NRTIs may
be as high as 70% in patients on failing regimens (i.e., HIV-1 plasma RNA >500
c/ml). In contrast, resistance to PIs and NNRTIs was detected in only 42% and
31% of patients in this cohort, respectively (Richman et al., 2004). In another
study, the horizontal transmission of viruses manifesting high-level resistance to
NRTIs increased from 3% (1995 to 1998) to 7.6% (1999 to 2000) (Little et al.,

2002). Strategies aimed at avoidance of the development and transmission of
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NAMs are important, since the accumulation of additional mutations 1n RT is
associated with increased levels of cross-resistance to NRTIs (Loveday, 2001;

Miller and Larder, 2001).

A possible exception to the adverse role of NAMs on cross-resistance to
NRTIs may be M184V, since delayed or reduced selection of TAMs and/or the
Q151M MNR mutational pattern has been reported in patients with M184V-
mutated viruses (Miller V. et al., 1998; Mouroux et al., 2001; Ait-Khaled et al.,
2002a). However, other studies reported that M 184V did not significantly restrict
the development of resistance-conferring mutations to either Pls (Keulen et al.,
1999) or NNRTIs (Jonckheere et al., 1998). Interestingly, the emergence of
mutations following selection with EFV and APV (i.e,, K103N, V106M in RT,
I54M/L/V in PR) was significantly delayed in HIV-1 subtype B and C clinical
isolates that contained M184V (Diallo et al., 2003a). Therefore, the protective
effect of M184V may not be limited to delayed emergence of TAMs and other
mutations responsible for diminished susceptibility to NRTIs. Numerous
alterations of RT enzymatic function that include decreased RT processivity,
reduced levels of nucleotide-dependent primer unblocking/pyrophosphorolysis,
increased polymerase fidelity in biochemical analyses, diminished rates of
initiation of reverse transcription (Diallo et al., 2003b), hypersensitization to other
NRTIs such as ZDV and TDF, and impaired viral fitness/replication capacity may

contribute to these effects (Miller V. et al., 2002; Petrella and Wainberg, 2002).
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1.2. General introduction

As reviewed previously, significant progress has been made with respect
to the optimization of combination antiretroviral therapy for patients with
HIV/AIDS largely as a result of the development of several novel ARVs and the
routine implementation of sophisticated laboratory tools for monitoring drug

resistance in diverse clinical settings.

Nevertheless, in spite of these important accomplishments, the avoidance
of drug resistance in HIV-1 infection has remained one of the more elusive goals
of HAART to date, and moreover, may be most serious in patients with advanced
infection such as those requiring salvage therapy. These patients generally have a
higher plasma HIV-1 RNA levels and a broader range of quasispecies than newly-
infected individuals as a result of the longer duration of HIV-1 infection and
sequential exposure to multiple failing antiretroviral therapy regimens (Lorenzi et
al., 1999; Rousseau et al., 2001; Bongiovanni et al., 2003). The progressive
depletion of CD4 cells in patients with later stage HIV-1 infection can also
diminishes the capacity for immunological control of viral replication, possibly
leading to more rapid evolution of drug resistance. In addition, such patients are
also more likely to harbor archival drug-resistant HIV-1 variants in latent cells
and other viral reservoirs (Ghosn et al., 2004; Kuritzkes, 2004b; Siliciano and
Siliciano, 2004; Zhang et al., 2004) that can lead to recurrence of drug resistance
when antiretroviral drug pressure is re-introduced as is the case following

repeated structured treatment interruptions (STI) (Kijak et al., 2002; Martinez-
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Picado et al., 2002; Schweighardt et al., 2002; Fischer et al., 2003; Metzner et al.,

2003).

The occurrence of HIV-1 drug resistance in conjunction with cross-
resistance between ARVs belonging to the same class, both of which have been
shown to increase over prolonged periods of treatment, can seriously hmit
management options especially for extensively pretreated patients. Salvage
therapy for HIV-1 infection undoubtedly represents a clinical challenge and
alternative treatment strategies might include; the recycling of drugs in different
ways. These ideas should be pursued contemporaneously with the discovery and
development of novel ARVs with more robust genetic barriers and a broader

spectrum of antiviral activity against drug-resistant HIV-1 variants.

One such possible approach that merits further investigation exploits the
inverse relationship that exists between drug resistance and viral fitness in the
presence of certain mutations in the HIV-1 pol gene (Berkhout, 1999; Quifiones-
Mateu and Arts, 2002; Bates et al., 2003) and more specifically, as concerns this
research project, with the M184V substitution in RT. Although selection of
M184V in HIV-1 RT has been shown in several studies to result in attenuated
viral fitness (Miller et al., 2003; Deval et al.,, 2004, Wainberg, 2004b), this
mutation by itself confers only minimal cross-resistance, and therefore, preserves
most treatment options with NRTIs/NtRTIs except for FTC. In addition, M184V-

containing viruses also have a reduced propensity for further mutagenesis in vitro
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(Wainberg et al., 1996c; Whitney et al., 2002; Diallo et al., 2003a) which in turn
may delay the development of resistance, and hence, extend the clinical
effectiveness of other ARVs, and in particular, that of NRTIs (Miller V. et al,,

2002; Petrella and Wainberg, 2002).

In summary, M184V-mediated alterations of RT biochemical function in
conjunction with the impairment of viral replication capacity produced by this
mutation may be of therapeutic consequence by improving virological and/or
immunological responses to antiretroviral therapy in the aftermath of drug
resistance. Of course, in the context of initial regimens, the role of antiretroviral
therapy should always be to reduce viral load to as great an extent as possible and

as durably as possible, by maximizing the effectiveness of all anti-HIV drugs.

The primary objectives of this research project were two-fold as follows:

(1) To establish the rationale for prospective investigation of the potential
benefit associated with therapeutic maintenance of the M 184V substitution
in HIV-1 RT by antiretroviral therapy in patients with HIV-1 infection that

experienced virological failure with a regimen that initially selected for

this mutation,;

(2) To study whether NRTIs that are structurally-unrelated to 3TC in

addition to subtherapeutic concentrations of this drug can exert adequate
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pharmacological pressure in tissue culture to maintain the M184V
mutation in RT in several HIV-1 clinical isolates harboring different

patterns of NAMs.
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CHAPTER 2
Might the M184V Substitution in HIV-1 RT Confer Clinical Benefit?

Petrella M. and M.A. Wainberg

Preface to Chapter 2:

In chapter 1, the basis for highly active antiretroviral therapy (i.e.,
HAART) for HIV-1 infection and AIDS, the development of genotypic resistance
to currently approved ARVs, and the prognostic value of laboratory tests to
monitor resistance and guide therapy with these drugs have been reviewed. The
emergence of the M184V mutation in the HIV-1 RT gene and its mitigating effect
in regard to mechanisms responsible for resistance to NRTIs/NtRTIs is also

discussed at length. Finally, the possibility that several of the M184V-mediated
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. alterations of RT biochemical activity, and in particular, the impairment of viral
fitness/replication capacity that is mediated by this mutation may be of

therapeutic significance in certain clinical settings is introduced.
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2.1. Abstract

The MI184V substitution in HIV-1 RT develops rapidly following
initiation of therapy with 3TC and confers high-level phenotypic resistance to this
drug both in vitro and in vivo. Interestingly, the presence of M184V is also
associated with alteration of several mechanisms relating to RT function that
include decreased RT processivity, reduced nucleotide-dependent primer
unblocking, increased fidelity, hypersensitization to other NRTIs, impaired viral
fitness, and delayed appearance of mutations in RT that are responsible for
resistance to thymidine analogues (i.e., thymidine-associated mutations or
TAMs). Collectively, these factors might explain the residual antiviral effect and
clinical benefit observed with continued use of 3TC in combination therapy
regimens following the emergence of M184V. Indeed, the results of numerous
controlled as well as observational clinical studies are suggestive of improved
therapeutic outcome associated with continued usage of 3TC and maintenance of
the M184V mutation. However, several of these trials did not possess adequate
statistical power to resolve whether or not continued use of 3TC provided actual
benefit, nor were they specifically designed to test the M184V benefit hypothesis
in prospective fashion. There is a need for randomized clinical trials of this type
in order to validate the potential benefit of maintenance of M184V and whether

continued use of 3TC 1s the only means of attaining this objective.
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2.2. Introduction

The emergence of drug-resistant HIV-1 is both a consequence and
limitation of antiretroviral therapy and has been shown to significantly diminish
the effectiveness and duration of benefit associated with combination therapy
regimens for the treatment of HIV/AIDS (Lorenzi et al., 1999; Winters et al.,
2000; Quirds-Roldan et al., 2001; Rousseau et al., 2001; Yeni et al., 2002).
Although resistance-conferring mutations in both the HIV-1 reverse transcriptase
(RT) and protease (PR) genes may often precede the initiation of therapy, due to
both spontaneous mutagenesis and the spread of resistant viruses by sexual and
other means of transmission, it is generally believed that multiple drug mutations
to any single or combination of antiretroviral agents (ARVs) are selected during
continued viral replication in the presence of incompletely suppressive drug
regimens (De Jong et al., 1996; Mayers, 1997; Balotta et al., 2000). For the
protease inhibitors (PIs) (Molla et al., 1996; Condra, 1998; Deeks, 1999), and
most nucleoside analogue reverse transcriptase inhibitors (NRTIs), the
development of progressive high-level phenotypic drug resistance follows the
accumulation of primary resistance-conferring mutations in the HIV-1 PR and RT
genes, respectively (Frost et al.,, 2000; Goétte and Wainberg, 2000; Loveday,
2001). However, in the case of the non-nucleoside reverse transcriptase inhibitors
(NNRTIs), which have lower genetic barriers for the development of drug
resistance, a single primary drug resistance mutation is generally sufficient to
abrogate antiviral activity and produce extensive cross-resistance within this class

of ARVs (Bacheler et al., 2001; Deeks, 2001). Similarly, a single resistance-

47



conferring mutation encoding a methionine to valine amino acid substitution at
position 184 (i.e., M184V) in the RT enzyme also rapidly results in high-level
resistance (i.e., 100 to 1000 fold increase in ICsp) to the nucleoside analogue
lamivudine ([-]-2', 3’-dideoxy-3'-thiacytidine, 3TC) both in vitro and in vivo
(Boucher et al., 1993; Gao et al., 1993; Tisdale et al., 1993; Quan et al., 1996;
Hertogs et al., 2000). Unlike the situation with the NNRTIs, there is also
considerable evidence at this time suggesting that lamivudine may, in fact,
continue to contribute to the effectiveness of antiretroviral combination therapy
regimens, even after the appearance of the M184V mutation and development of
high-level phenotypic drug resistance to 3TC as confirmed by in vitro drug
susceptibility assays (Wainberg et al., 1996b; Wainberg and Parniak, 1997; Bean,

2002; Miller V. et al., 2002).

In this review, recent laboratory findings on the effects of the M184V
mutation on RT function and viral replication kinetics will be discussed in relation
to clinical studies in which the presence of the M184V mutation has been
associated with a positive treatment outcome. The clinical implications of HIV-1
drug resistance are significant and illustrate the need for continued research in this
area. In order to confront HIV-1 drug resistance, the continued optimization of
antiretroviral therapy constitutes an important goal that needs to be pursued in
tandem with new drug discovery. Approaches based on the maintenance of the

M184V substitution in HIV-1 RT through the use of sufficiently selective
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antiretroviral regimens may represent a viable intervention that should be

considered alongside other therapeutic options.

2.3. Development of M184V in HIV-1 RT

Lamivudine ([-]-2', 3’-dideoxy-3'-thiacytidine, 3TC) is a potent and highly
selective nucleoside analogue inhibitor of wild-type HIV-1 RT (Schinazi et al.,
1993; Pluda et al., 1995; Perry and Faulds, 1997; Anderson, 2001). As with other
members of this class of antiretroviral drugs, 3TC is phosphorylated to its active
triphosphosphate form (3TCTP) by host cellular kinases. 3TCTP lacks a 3’-
hydroxyl group on the nucleoside pentose ring that is required for DNA
polymerization and, hence, the antiviral activity of 3TC and other NRTIs is based
on the ability of these compounds to prematurely terminate viral DNA strand
elongation (Mitsuya et al., 1987; Furman and Barry, 1988; Goody et al., 1991;
Furman et al., 2000; Anderson, 2002). Resistance to 3TC is rapidly selected in
tissue culture following serial passage of wild-type HIV-1 in the presence of
increasing concentrations of drug. In addition, 3TC-resistant HIV-1 can be
1solated from patients who experience virological failure as early as eight weeks
following initiation of a 3TC-containing regimen (Larder et al., 1995; Schuurman
et al., 1995; Wainberg et al., 1995). Resistance to 3TC follows the development of
a single primary mutation in the HIV-1 RT gene that encodes a methionine to
valine amino acid substitution at position 184 (i.e., M184V) in both the p66 and

p51 subunits of HIV-1 RT. The appearance of this mutation is usually preceded
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by another more transient mutation, in which the methionine residue at position

184 is replaced with isoleucine (i.e., M1841) (Keulen et al., 1997).

Use of the limited dilution method to quantify the relative proportions of
HIV-1 variants that are selected by 3TC in vitro has determined that the frequency
of M1841 (56%) is initially more than 4 times greater than that observed for
M184V (12.5%) (Keulen et al., 1997). These findings indicate that HIV-1 RT has
a mutational bias for the M184I substitution which explains the earlier appearance
of this variant over M 184V following initiation of treatment with 3TC (Keulen et
al., 1997; Rezende et al., 1998). Both the M184] and M184V substitutions each
only require a single nucleotide change or mutation in the HIV-1 genetic
sequence. However, HIV-1 variants harboring M1841 are less fit than their
M184V counterparts and are therefore rapidly out-competed both in vitro and in
vivo by the latter (Back et al., 1996; Keulen et al., 1997; Frost et al., 2000;

Devereux et al., 2001).

The proximity of the methionine amino acid residue at position 184 in
relation to the active site of HIV-1 RT is important for RT enzyme function
(Kohlstaedt et al., 1992; Huang et al., 1998; Feng and Anderson, 1999). M184V is
a discriminatory mutation (Soriano and De Mendoza, 2002) that significantly
reduces the affinity of HIV-1 RT for some NRTIs in comparison with naturally
occurring deoxynucleoside triphosphates (dNTPs) as preferential substrates for

the mutated enzyme (Gao et al., 2000; De Mendoza et al., 2002). This altered
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selectivity of M184V RT is responsible for high-level phenotypic drug resistance
to 3TC in vitro and has been shown to increase the concentration of drug needed
to inhibit viral replication by 50 percent (i.e., ICsq) for M184V HIV-1 from 100-
to 1000-times over levels observed for wild-type virus (Kavlick et al., 1995;
Larder et al., 1995; Schuurman et al., 1995; Wainberg et al., 1995; Wainberg et

al., 1996a).

2.4. M184V does not confer significant cross-resistance to other NRTIs

The M184V mutation can be selected by structurally unrelated NRTIs
such as abacavir (ABC) (Harrigan et al., 2000; Miller V. et al., 2000; Walter et al.,
2002) and less frequently by didanosine (ddI) or zalcitabine (ddC) (Gu et al.,
1992; Gao et al., 1993; Winters et al., 1997). M184V is, in fact, the first resistance
mutation that emerges following in vitro or in vivo exposure to ABC and, contrary
to the situation with 3TC, confers only low-level resistance (i.e., 2- to 4-fold
increases in ICsg) to ABC. Indeed, the latter represents a high genetic barrier
compound in regard to development of drug resistance, and requires the
accumulation of several nucleoside analogue mutations (NAMs) in RT (e.g.,
M41L, K65R and Y115F in addition to M184V) before significant loss of
antiviral activity (i.e., >10 fold increase in ICsg) is observed in vitro (Tisdale et
al., 1997, Ray et al., 2002). Similar attenuation of antiviral drug susceptibility
with M184V has been reported for both ddl and ddC only in the presence of
additional mutations (Gao et al., 1993). These labofatory findings are of clinical

relevance and predict that the emergence of the M184V mutation should not be
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associated with broad cross-resistance to most NRTIs including zidovudine
(ZDV), ddI, ddC and ABC; this has been confirmed by observational and

controlled clinical trials (Miller V. et al., 1998; Miller and Larder, 2001).

In the CNA3003 study, for example, antiretroviral-naive patients initially
randomized to a dual NRTI regimen consisting of 3TC and ZDV were eligible to
receive ABC with or without additional ARVs following the sixteen-week
double-blind phase of this study. Despite the presence of the M 184V mutation in
more than 70 percent of patients, the intensification of therapy with ABC
produced further suppression of viral replication and 65 percent of patients
attained <400 copies/ml plasma HIV-1 RNA after 48 weeks of therapy.
Thymidine analogue mutations (TAMs) were also observed infrequently in this
group of patients (Ait-Khaled et al., 2002a). Low selection rates for TAMs or for
the QI151M multi-dideoxynucleoside resistance mutation in the presence of
M184V have been described in other studies in which patients were treated for up
to 48 weeks with a stavudine (d4T)/3TC dual NRTI regimen (Mouroux et al.,
2001). Taken together, the results from these and related protocols strongly
suggest that the presence of the M184V mutation does not, by itself, limit
treatment-sequencing options available with most other NRTIs or compromise the

clinical effectiveness of either ABC- or ddI-containing regimens.
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2.5. Reversal of resistance to AZT and synergistic antiviral activity with other
drugs

The M184V substitution in HIV-1 RT may also have a role in the reversal
of phenotypic susceptibility to ZDV in HIV-1 variants that have already acquired
ZDV resistance mutations (Larder, 1995; Staszewski, 1995; Catucci et al., 1999;
Loveday, 2001). For example, in the DELTA roll-over study, selection of the
M184V mutation was associated with a transient resensitization to ZDV during a
one-year follow-up period in 20 of 29 patients in whom baseline HIV-1 isolates
were phenotypically resistant to ZDV (Masquelier et al., 1999). Restoration of
antiviral susceptibility to ZDV observed during concomitant treatment with 3TC
is thought to be mediated primarily by impaired rescue of dideoxy-terminated
primers by HIV-1 RT containing the M184V resistance mutation (Gétte et al.,
2000). Two related mechanisms, notably enhanced pyrophosphorolysis and
nucleotide-dependent primer unblocking, have been identified as the underlying
cause of resistance to ZDV and d4T (Gétte and Wainberg, 2000; Boyer et al.,
2001; Isel at al., 2001; Soriano and De Mendoza, 2002). Rescue of viral DNA
synthesis by either mechanism requires the excision of ZDV 5'-monophosphate
(ZDVMP) from the 3’ terminus of the polymerizing c-DNA strand and is
facilitated by pyrophosphate (PPi), or alternatively, by ATP which is believed to
be the principal PPi donor in vivo. Furthermore, ATP binding and consequently,
uncoupling of ZDVMP-terminated primers, have been reported to increase
concomitantly with the development of TAMs (Meyer at al., 1999; Meyer et al.,

2000; Meyer et al., 2002).
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In addition to reports of a potential benefit regarding reversal of ZDV
resistance, the M 184V mutation may also enable a synergistic interaction between
3TC and ZDV that temporarily boosts the in vitro antiviral activity of ZDV (Quan
et al.,, 1998; Boyer et al., 2002b). Similarly, the ICsy values for two related
nucleotide analogue inhibitors of HIV-1 RT, i.e., adefovir (PMEA) and tenofovir
(PMPA or TDF), are approximately two-fold lower for M184V-containing HIV-1
in comparison to wild-type virus and appear to be unaffected by the presence of
ZDV resistance-conferring mutations in RT (Miller et al., 1999; Wainberg et al.,
1999; Miller et al., 2001; Naeger et al., 2001b). Reduced nucleotide-dependent
primer unblocking and reduced levels of pyrophosphorolysis have been
documented in HIV-1 RT that contains the M184V mutation (Gotte and
Wainberg, 2000; Gotte et al., 2000), and this provides a possible mechanism to
explain the resensitization that occurs when viruses that are initially resistant to
ZDV regain susceptibility to this drug. Notably, the incorporation of ZDV
triphosphate into a growing viral DNA chain may not be as easily reversed in the
case of viruses and RT enzymes containing the M184V substitution. Hence, in
this situation, DNA chain termination will still be expected to occur to some
extent at least. Furthermore, since even wild-type RT possesses some degree of
nucleotide primer unblocking activity, it also follows that drugs such as d4T,
PMEA and PMPA might also display heightened antiviral activity against
M184V-containing viruses for the same reason. It is only the later accumulation

of other mutations in RT, such as V118I, that may play a negative compensatory
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role in regard to M184V, which may reverse these effects (Hertogs et al., 2000;

Delaugerre et al., 2001; Romano et al., 2002).

Indeed, the possibility that viruses containing M184V may remain
minimally sensitive to 3TC for these same reasons should not be discounted. It is
also correct that M184V discriminates against incorporation of 3TC triphosphate
at levels between 50- to 200-fold, depending on how these measurements are
performed; nonetheless, once a single molecule of 3TC-TP is incorporated into
viral DNA, the likelihood of its excision is reduced compared to wild-type RT
because of the MI184V effect on pyrophosphorolysis/nucleotide primer
unblocking. In this context, it has been shown that modest concentrations of 3TC-
TP can exert chain termination effects against M184V-containing RT in
biochemical assays (Quan et al., 1996; Quan et al., 1998). However, reduced
pyrophosphorolysis/nucleotide primer unblocking by HIV-1 RT containing the
M184V substitution has not been consistently demonstrated in all situations and,
therefore, may not represent the sole mechanism responsible for heightened

antiviral susceptibility to other compounds (Naeger et al., 2001a).

2.6. Improved HIV-1 RT fidelity with M184V and delayed emergence of TAMs
Resistance mutations to ARVs arise spontaneously as a result of the error-

prone replication of HIV-1 and, in addition, are selected both in vitro and in vivo

by pharmacological pressure (Roberts et al., 1988; Preston and Dougherty, 1996;

Menéndez-Arias, 2002). The high rate of spontaneous mutation in HIV-1 has
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been largely attributed to the absence of a 3’->5’exonuclease proof-reading
mechanism. Sequence analyses of HIV-1 DNA have detected several types of
mutations including base substitutions, additions and deletions (Roberts et al.,
1988). The frequency of spontaneous mutation for HIV-1 varies considerably as a
result of differences among viral strains studied in vitro (Rezende et al., 1998).
Overall mutation rates for wild-type laboratory strains of HIV-1 have been
reported to range from 97 X 10 to 200 X10™ per nucleotide for HXB2 to as high
as 800 X 10™ per nucleotide for the HIV-1 NY5 strain (Roberts et al., 1988;

Rezende et al., 1998).

In addition to the low fidelity of DNA synthesis by HIV-1 RT, other
interdependent factors that affect rates of HIV mutagenesis include RT
processivity, fitness, viral pool size, and availability of target cells for infection
(Coffin, 1995; Drosopoulos et al., 1998; Colgrove and Japour, 1999; Overbaugh
and Bangham, 2001). It follows that an alteration in any single one or
combination of these factors might influence the development of HIV drug
resistance. Of relevance is the positive effect of the M184V substitution on HIV-1
RT fidelity (Wainberg et al., 1996¢; Wainberg, 1997; Feng and Anderson, 1999).
Furthermore, the presence of the M 184V substitution in both HIV-1 and in simian
immunodeficiency virus (SIV), containing large genomic deletions, results in a
relative inability to regain replication competency due to compensatory mutations
and reversions compared to matched wild-type variants lacking M184V (Whitney

et al., 2002). Clinical benefit due to M184V is not evident for all classes of ARV,
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and may be limited to the delayed emergence of TAMs (Jonckheere et al., 1998;
Keulen et al., 1999). In the ALBI trial (Molina et al., 1999) for example, the
T215Y mutation developed in a significantly higher proportion of patients
randomized to treatment with ddl/d4T (62%) compared to those who received
ZDV/3TC (10%) (Picard et al., 2001). The Q151M multi-nucleoside resistance
mutation was also observed less frequently in patients treated with 3TC (Picard et

al., 2001).

Similar results have also been obtained following a retrospective analysis
of the effect of the M184V substitution in RT on the incidence of TAMs and fold
differences in phenotypic resistance to ZDV and d4T among baseline HIV-1
clinical isolates from NRTI-experienced patients enrolled in the CNAB 3002
study. Patients previously treated with 3TC prior to initiating a new regimen with
3TC, ABC and ZDV were observed to have a significantly lower proportion of
isolates that contained 3 or more TAMs (9%) in comparison to 3TC-naive patients
(36%). In addition, the frequency of viral isolates containing D67N, L210W and
T215Y/F was also lower in 3TC-experienced patients. This reduction in
proportion of TAMs was independent of levels of plasma HIV-1 RNA and
duration of prior treatment with ARVs. Levels of phenotypic resistance to ZDV
and d4T were also reduced in patients in whom M184V was selected as a result of
previous exposure to 3TC, compared to cases in which this mutation was not

present (Ait-Khaled et al., 2002b).
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The development of ZDV resistance was also evaluated in patients
experiencing virological failure with 3TC-containing regimens in the AVANTI 2
and 3 clinical studies. In these trials, antiretroviral therapy-naive patients with
HIV infection were randomly assigned to treatment with 3TC/ZDV or
3TC/ZDV/IDV for 52 weeks in AVANTI 2 or with 3TC/ZDV and nelfinavir
(NFV) for 28 weeks in the case of AVANTI 3 (The Avanti Study Group, 2000;
Gartland and The Avanti Study Group, 2001). Using combined data from both
trials, genotypic analysis revealed ZDV resistance-conferring mutations in 27% of
patients from the 3TC/ZDV arm of AVANTI 2, whereas these mutations were
absent in patients from both arms of AVANTI 3, as well as in patients who
received 3TC/ZDV/IDV in AVANTI 2 (Maguire et al.,, 2000). The M184V
mutation, in these studies, was present in viral isolates from most patients who
were treated with 3TC/ZDV. Overall, these results compare favorably to those
from the CNA3003 study of ABC intensification therapy, in which selection rates
for TAMs and Q151M were also reduced following appearance of M184V (Ait-
Khaled et al., 2002a). In contrast to these findings, it has been demonstrated that
the presence of either the M1841 or M184V substitutions in RT did not
significantly restrict the kinetics or extent of mutagenesis in the PR gene of HIV-1
compared to wild-type virus during tissue culture selection with protease
inhibitors (Keulen et al., 1999). In other experiments, the development of drug
resistance to the NNRTIs nevirapine and loviride was not delayed in M184V-
containing HIV-1 compared with wild-type HIV-1 strain [1IB (Jonckheere et al.,

1998). Hence, the potential protective effects of M184V against selection of
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resistance-conferring mutations may be limited to delayed emergence of TAMs
and further research on this topic is required. Of course, the multiple alterations in

RT enzyme function associated with M184V may contribute to these effects.

In fact, a number of clinical trials with triple drug combination therapy
regimens have been performed in which the first and most prevalent mutation to
have arisen in the context of an initial regimen was M 184V (Table 1). The finding
that the occurrence of M184V is so extensive suggests that this substitution
should be considered to be a marker of ongoing viral replication in the face of
drug pressure as much as a determinant of resistance to 3TC. The various clinical
trials in Table 1 represent situations in which the development of M184V was not
necessarily accompanied by a sharp rebound in viral load, as long as the other two
drugs in the regimen continued to maintain antiviral effect. This is also reflected
by the observation that patients in each case had a significantly reduced likelihood
of developing TAMs or mutations associated with protease inhibitor resistance.
Thus, while the occurrence of M184V may sometimes be predictive of treatment
failure, this is not always the case. Moreover, viruses containing M184V remain

susceptible to all other approved antiviral drugs.
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Table 1: Incidence of various resistance-conferring mutations in patients on initial

triple combination therapy regimens

Study

Start [ & I1

AVANTI 2

AVANTI 3

CNA3005

NZTA4002

ACTG 347

ACTG 343

Treatment

3TC/ZDV/IDV

3TC/ZDV/IDV

3TC/ZDV/NFV

3TC/ZDV/IDV

3TC/ZDV/NFV

3TC/ZDV/APV

3TC/ZDV/IDV

No.

34

11

29

33

17

M184V

59

45

43

70

61

57

82

% Patients with

TAMSs Protease inhibitor

resistance
0 6
0 0
0 14
0 5
3 52
0 14
0 0

* Sampling for genotypic analysis was performed on clinical isolates from patients
whose viral load had rebounded to >400 copies HIV-1 RNA/ml.
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2.7. Diminished HIV-1 RT processivity and impaired viral fitness with M184V
The processivity of the HIV-1 RT enzyme may be affected by the
presence of several NAMs. These mutations which include L74V and M184V
reduce the processivity of RT, while it is unclear what role the zidovudine
resistance-conferring mutations (i.e., D67N, K70R and T215Y/F) may play in this
regard (Boyer and Hughes, 1995; Caliendo et al., 1996; Oude Essink et al., 1997,
Sharma and Crumpacker, 1999). Furthermore, certain combinations of M184V in
the presence of TAMs, in particular the T215Y/F mutation, have been shown to
interact additively or synergistically to inhibit RT processivity to a higher degree
than produced by M184V alone (Arion et al., 1998). The acquisition of a
compensatory mutation at position 219 in RT together with T215Y/F may result
in higher RT processivity than is observed for wild-type virus (Back and

Berkhout, 1997; Miller M.D. et al., 1998).

HIV-1 RT processivity may be a major determinant of viral replication
capacity or fitness (Caliendo et al., 1996; Back and Berkhout, 1997; Sharma and
Crumpacker, 1999; Naeger at al., 2001a). It has been shown that HIV-1 harboring
drug resistance mutations to nucleoside analogues have a measurable replication
disadvantage in comparison to wild-type virus. However, it has also been reported
that the extent of the impairment of HIV-1 fitness, associated with RT mutations,
is less than that produced by primary PR drug resistance mutations (Harrigan et
al., 1998; Berkhout, 1999; Kosalaraska et al., 1999; Quinones-Mateu et al., 2000;

Dykes et al., 2001; Nijhuis et al., 2001; Quifones-Mateu et al., 2001). Although
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estimates for the fitness of M184V HIV-1 mutants vary considerably depending
on laboratory methodology and the viral strain utilized, the replication efficiency
of these viruses appears to be reduced by about 3 to 10 percent in comparison to
wild-type HIV-1 (Sharma and Crumpacker, 1999; Devereux et al., 2001; Miller
V. et al., 2002). In a recent study that examined the fitness of multi-class resistant
HIV-1 acquired during primary HIV infection (PHI), it was observed that plasma
HIV-1 RNA levels in two cases were initially suppressed but increased to levels
comparable to those for PHI patients without these mutations following
disappearance of the M184V mutation. Remarkably, a third PHI case infected
with M 184V virus maintained consistently low levels of plasma HIV-1 RNA for
up to five years from the estimated time of seroconversion. Furthermore, virus
from another individual could only be isolated for growth competition
experiments following the loss of the M184V mutation (Brenner et al., 2002). Of
relevance to these observations, the M184V mutation has also been reported to
produce a slight impairment of SIV fitness, although this did not affect disease

outcome in a macaque study of SIV infection (Van Rompay et al., 2002).

As stated previously, in either SIV or HIV-1 variants containing large
deletions in the viral genome, the simultaneous presence of M184V in RT has
been shown to severely restrict the ability of these initially attenuated viruses to
regain viral replication competence as a result of compensatory mutagenesis
(Whitney et al., 2002). HIV-1 variants containing M184V have also been reported

to show slower escape from neutralizing antibodies as consequence of mutations
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in the envelope (env) gene, than did wild-type virus (Wainberg et al., 1996b;

Wainberg and Parniak, 1997; Inouye et al., 1998).

Diminished fitness may also be advantageous in helping to improve HIV-
1-related disease outcome, as inefficient viral replication has been shown to be
associated with reduced plasma viremia, delayed emergence of resistance
mutations, and improved immunological responses to antiretroviral therapy. With
respect to the latter, immunological and virological discordance, in which CD4
cell counts are stabilized or increase despite detectable plasma HIV-1 RNA, has
been partially attributed to the emergence of fitness-reducing resistance mutations
such as D30ON in the HIV-1 PR gene in patients continuing treatment with failing
PR inhibitor-based regimens (Picchio et al., 2000; Antinori et al., 2001; Liegler et

al., 2001; Stoddart et al., 2001)

Similarly, impaired fitness associated with M184V may explain residual
antiviral activity reported for 3TC following the development of high-level
resistance to this drug. In the NUCA3001 study, 366 patients with baseline CD4
cell counts between 200 to 500 cells/mm’ and less than 4 weeks of prior exposure
to ZDV were randomized to receive treatment with 3TC monotherapy (300 mg
every 12 h), ZDV monotherapy (200 mg every 8 h) or combination therapy with
3TC (150 or 300 mg every 12 h) with ZDV for up to 52 weeks (Eron et al., 1995;
Eron, 1996). In this study, plasma HIV-1 RNA in the 3TC monotherapy arm

attained a nadir of -1.2 logj, by week 4 after initiation of treatment before
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rebound occurred concomitant with the appearance of M184V; however, viral
load levels consistently remained below baseline (0.6 to 0.3 log)o viral load
reduction), and were significantly lower than those resulting from treatment with
ZDV alone, for the trial’s 52-week duration (Kuritzkes, 1996). The development
of the M184V mutation in 3TC/ZDV-treated patients enrolled in the AVANTI 2
and 3 trials was also associated with significant reduction of baseline plasma
HIV-1 RNA that was, in fact, greater than would be expected with ZDV
monotherapy (Maguire et al.,, 2000). Collectively, these results from the
NUCA3001 and AVANTI trials provide further evidence for a residual antiviral

effect with 3TC following the emergence of M184V.

Coincidently, lamivudine (3TC)-resistant hepatitis B virus (HBV) variants
have been selected in patients following prolonged treatment with this drug. As
with HIV-1, this resistance results from either isoleucine (I) or valine (V)
substitutions in place of methionine (M) within the C domain of the highly-
conserved tyrosine-methionine-aspartate-aspartate (i.e., YMDD) motif of the
HBYV DNA polymerase. In most patients with chronic HBV infection, serum
HBV-DNA remains suppressed below baseline so long as treatment with 3TC is
continued even after emergence of M184V (Fischer et al., 2001; Liaw, 2001;
Rizzetto, 2002). HBV variants that contain M184V are thought to have decreased
replication capacity compared to wild-type virus, which helps to explain the
sustained antiviral activity of 3TC in this circumstance (Melegari et al., 1998;

Fischer et al., 2001; Papatheodoridis et al., 2002).
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The Trilége trial was designed to evaluate virological outcomes with
induction antiretroviral therapy followed by maintenance therapy with a less
potent regimen. A total of 378 antiretroviral-naive patients with HIV-1 infection
received treatment during the induction phase of the trial with 3TC/ZDV/IDV for
a 12-week period. Of these patients, 279 attained the virologic endpoint for the
induction phase which required a reduction of plasma HIV-1 RNA levels to <500
copies/ml and were randomly assigned to the maintenance phase to continue
treatment with 3TC/ZDV/IDV or, alternatively, with 3TC/ZDV or ZDV/IDV
(Pialoux et al., 1998). The effectiveness of either dual combination regimen to
maintain plasma HIV-1 RNA below 500 c¢/ml or to produce further suppression to
below 50 ¢/ml was diminished in comparison to that noted with 3TC/ZDV/IDV.
Furthermore, despite reduced antiviral potency, maintenance therapy with
3TC/ZDV or ZDV/IDV in the Trilége trial did not compromise the virological
benefit conferred by subsequent treatment with either the original induction
regimen or other antiretroviral combinations (Flandre et al., 2002). Removal of
3TC from the triple-drug induction regimen was associated with rapid rebound of
HIV-1 RNA that increased from -1.66 logy at the time of virological failure to
near pre-treatment levels (i.e., -0.31 log;o) six weeks later. In contrast, plasma
HIV-1 RNA 1n the 3TC/ZDV group did not rebound as sharply as was the case in
patients treated with ZDV/IDV, and remained suppressed at a level of -1.38 log)o
below baseline for the six-week period following removal of IDV from the

induction regimen (Descamps et al., 2000).
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Others have also reported differential kinetics of plasma HIV-1 RNA
rebound in patients experiencing virological failure on triple antiretroviral therapy
regimens. In these studies, it was noted that the slope of plasma HIV-1 RNA for
virus escaping with the M184V 3TC-resistance mutation was lower and did not
attain as high levels compared to those cases in which virological failure followed
the emergence of HIV-1 containing NNRTI resistance-conferring mutations (e.g.,

Y181C or K103N) (Press et al., 2002).

2.8. Effect of M184V on HIV disease outcomes and need for additional clinical
trials

Further clinical evidence regarding continued use of 3TC in the face of the
M184V mutation is provided by the CAESAR trial. Briefly, patients with HIV-1
infection were randomized to receive either placebo, 3TC or, alternatively, a
combination of 3TC and loviride, an NNRTI, added onto a ZDV-based regimen
for up to 52 weeks. The results on 1,080 patients revealed that treatment with 3TC
resulted in isigniﬁcantly less HIV disease progression and death compared to the
placebo arm (CAESAR Coordinating Committee, 1997; Montaner et al., 1998).
However, the clinical benefit conferred by 3TC in this study was of limited

duration, most likely due to accumulation of other resistance-conferring

mutations.

To date, clinical benefits resulting from selection of M184V in 3TC-

containing regimens have been largely inferred from mechanistic studies of RT
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function and the results of post-hoc and meta-analyses from numerous clinical
trials. However, discordant findings that interrogate the utility of continuing
treatment with 3TC after the development of high-level resistance have also been
published. A notable example is ACTG 370 in which suppression of baseline
plasma HIV-1 RNA levels to < 200 copies/ml was reported to be superior after
24 weeks of therapy when 3TC was replaced by delavirdine (DLV) (73%
response for DLV versus 58% response for 3TC maintenance) in NRTI-
experienced patients also treated with IDV and ZDV (Kuritzkes et al., 2000).
Although differences in virologic outcome between both treatment groups in this
study were not statistically significant (p = 0.29), these results nevertheless reflect
the need for other randomized clinical trials that will be sufficiently powered to
validate the M 184V benefit hypothesis. In this regard, the COLATE trial, a large
multi-center European study initiated by the Copenhagen HIV Programme
(CHIP), may help to address this important objective. In this study, 160 patients
experiencing viral load rebound (plasma HIV-1 RNA =1000 copies/ml) on an
initial 3TC-containing regimen will be randomized to one of two treatment groups
in which 3TC is either continued or substituted by another drug in individualized
second-line combination therapy regimens. This study also involves new

restrictions to be placed in regard to use of other ARVs.

2.9. Conclusion
Several mechanisms including decreased RT processivity, reduced

nucleotide-dependent primer unblocking, increased fidelity, hypersensitization to
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other NRTIs, and impaired viral fitness have been invoked to explain the clinical
benefits associated with continued 3TC therapy following emergence of the
M184V substitution in RT. However, the importance of each of these factors in
regard to therapeutic outcome may be difficult to ascertain, and, indeed, it is
increasingly clear that M184V can have multiple simultaneous effects based, in
large part, on its strategic location close to the active catalytic site of RT. Thus,
multiple mechanisms may, in fact, be responsible, including reduced RT
processivity and impairment of viral fitness. In designing future clinical trials to
test the M 184V benefit hypothesis, as is the case with COLATE, consideration of
these mechanisms alongside the potential for augmentation of the antiviral
activity of other drugs will be important factors to help guide the selection of

antiretroviral drugs to be used in combination with 3TC.

3TC was one of the first ARVs to result in reductions in HIV/AIDS-
related morbidity and mortality and remains a cornerstone of current antiretroviral
therapy. Hopefully, continued research to further study the potential benefits of
M184V will lead to optimized therapy with available drugs and provide insight
into future optimization of combination regimens. It should be noted, as well, that
continued 3TC usage may not be the only means of preserving M184V and that
alternative ways of attaining this goal could be explored. These could include a
variety of measures that would keep pressure on M184V including the use of
ABC and/or low doses of 3TC. These and related concepts could likewise

constitute the basis of future clinical trials although, to be sure, continued 3TC
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usage is the only clinically proven means of preserving the M184V mutation at

this time.

Finally, none of the points made in this paper in regard to potential
benefits of M184V would justify, as some have suggested, that this substitution be
deliberately selected by 3TC as part of a therapeutic strategy. Antiviral drugs
should ideally be used for their intended purpose which is to arrest viral
replication and reduce viral load. The arguments raised here pertain only to the

wisdom of whether to maintain M 184V once it has already been selected.
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CHAPTER 3
Differential Maintenance of the M184V Substitution in the Reverse
Transcriptase of Human Immunodeficiency Virus Type-1 by Various
Nucleoside Antiretroviral Agents in Tissue Culture

Petrella M., M. Oliveira, D. Moisi, M. Detorio, B.G. Brenner and M.A. Wainberg

Preface to Chapter 3:

In chapter 2, we discussed the results of several clinical trials in which
improvements in virological and/or immunological responses to 3TC-containing
combination therapy regimens were positively correlated with the presence of the
M184V substitution in HIV-1 RT. These outcomes have also been explained on

the basis of the many modifications of RT biochemical activity and viral fitness
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that result from the M184V substitution. Collectively, these findings create a
rationale for further investigation of the therapeutic relevance associated with

maintenance of the M184V mutation, a concept referred to as the M184V benefit

hypothesis.
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3.1. Abstract

The M184V substitution in human immunodeficiency virus type-1 reverse
transcriptase (RT) is rapidly selected in tissue culture following serial passage of
wild-type virus in the presence of increasing concentrations of lamivudine (3TC).
M184V is also associated with several alterations of RT enzymatic function in
vitro that may adversely affect viral fitness or replication capacity, which creates
a potential rationale for its maintenance once it has been selected by antiviral
chemotherapy. However, the relative effectiveness of nucleoside RT inhibitors
that are structurally-unrelated to 3TC in selecting and/or maintaining M184V has
not been investigated. In the present study, we have studied the abilities of a
variety of drugs, i.e., zalcitabine (ddC), didanosine (ddI), abacavir (ABC), and the
novel nucleoside SPD754, in addition to 3TC, to maintain the presence of M184V
in tissue culture and have shown that SPD754, ABC and 3TC are able to preserve
M184V in mixed dual infections consisting of wild-type viruses and clinical
i1solates which contained the M184V mutation. Moreover, M184V could also be
maintained in these cultures when a subtherapeutic concentration of 3TC (i.e.,
(0.05 uM) was used. In contrast, neither ddI nor ddC was able to maintain M184V
to the same extent as the other drugs after 10 weeks of tissue culture in mixtures

of wild-type viruses and isolates containing M184V in different proportions.

72



3.2. Introduction

Lamivudine [3TC; (-)-2', 3’-dideoxy-3'-thiacytidine] is a potent nucleoside
analogue inhibitor (nucleoside reverse transcriptase [RT] inhibitor [NRTI]) of
human immunodeficiency virus type-1 (HIV-1) RT (Hart et al., 1992; Schuurman
et al, 1995; Gray et al, 1995). 3TC is an integral component of many
combination therapy regimens (Yeni et al., 2002), and intensification of
zidovudine (ZDV) monotherapy or dual therapy with ZDV-zalcitabine (ddC) or
ZDV-didanosine (ddI) with 3TC was shown to result in significant reductions in
HIV- and AIDS-related morbidity and mortality (CAESAR Coordinating
Committee, 1997; Montaner et al., 1998). Resistance to 3TC is rapidly selected in
tissue culture following serial passage of wild-type (WT) HIV-1 in the presence
of increasing concentrations of drug (Boucher et al., 1993; Gao et al., 1993;
Tisdale et al.,, 1993). In addition, HIV-1 variants with high-level phenotypic
resistance to 3TC can be isolated from patients who experience virological failure
as early as 8 weeks following the initiation of therapeutic regimens that include

3TC (Larder et al., 1995; Schuurman et al., 1995; Wainberg et al., 1995).

A single mutation at position 184 (i.e., M184V) in the HIV-1 RT gene is
responsible for high-level resistance (i.e., =500-fold) to 3TC (Quan et al., 1996;
Frost et al., 2000; G&tte and Wainberg, 2000), although a more transient
substitution, M1841, usually develops first (Keulen et al., 1997; Rezende et al.,

1998). However, HIV-1 variants harboring M184I are less fit than their M184V
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counterparts and are therefore rapidly outcompeted by the latter both in vitro and

in vivo (Back et al., 1996).

The MI184V mutation can also be selected by structurally related
compounds such as (-)-beta-2', 3’-dideoxy-5-fluoro-3'-thiacytidine (FTC;
emtricitabine,) (Gao et al, 2000; Lee and Chu, 2001) as well as by several
structurally-unrelated NRTIs such as abacavir (ABC) (Harrigan et al., 2000;
Miller V. et al., 2000). Two other NRTIs that select less frequently for M184V are
ddI and ddC, and both ddI and ABC retain clinical efficacy against viruses that
contain the M184V substitution (Gu et al., 1992; Gao et al., 1993; Winters et al.,
1997). This is due, in part at least, to the fact that M184V confers only very low
levels of resistance to such drugs as ddI and ABC in tissue culture (i.e., two- to
four-fold increases in the 50% inhibitory concentration (ICsg) (Tisdale et al.,
1997; Moyle, 2001; Ray et al., 2002), in contrast to its effect against 3TC. Hence,
the potential ddI-, ABC-, and ddC-resistance-conferring effect of M184V may be
manifested only in the presence of additional mutations in the RT gene (Gao et
al.,, 1993; Miller V. et al., 1998). Although M184V also confers high-level
resistance to FTC (Schinazi et al., 1993; Tisdale et al., 1993; Richman, 2001),
clinical experience with this compound is limited, and it is not clear whether FTC

selects for this mutation as efficiently as 3TC does in patients receiving therapy.

The M 184V substitution is also associated with altered RT function as a

possible consequence of the location of M184V within a conserved YMDD motif
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that constitutes part of the enzymatic active site (Kohlstaedt et al., 1992; Jacobo-
Molina et al., 1993). These altered functions include decreased RT processivity,
reduced nucleotide-dependent primer unblocking, increased polymerase fidelity in
biochemical analyses, diminished rates of initiation of reverse transcription
(Di1allo et al., 2003b), hypersensitization to other NRTIs, impaired viral fitness,
and delayed appearance of mutations in the RT gene that are responsible for
resistance to thymidine analogue inhibitors such as ZDV and stavudine (d4T)

(Miller V. et al., 2002; Petrella and Wainberg, 2002).

For these reasons, some clinicians believe that the M184V mutation
should be maintained once it has been initially selected by antiretroviral therapy.
However, it is not known whether continuous exposure to therapeutic levels of
3TC is the only means of achieving this goal or if other drugs might also be able
to maintain the pressure required to prevent the disappearance of the M184V
mutation once it has been selected. Other methods of maintaining M184V could
potentially include the use of other NRTIs, combinations of drugs, or even low

doses of 3TC. This study was performed to address this subject.
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3.3. Materials and methods
3.3.1. Tissue culture selection experiments

Stocks of HIV-1 HXB2D and three different clinical HIV-1 isolates
harboring the M184V substitution (isolates 3350, 4742, and 4205) were used to
establish initial infections in 2 X 10° peripheral blood mononuclear cells (PBMCs)
at a multiplicity of infection of 0.01, based on 50% tissue culture infectious doses,
in 24-well plates in the presence or absence of ddC, ddI, d4T, 3TC, SPD754, or

ABC (Johnson and Byington, 1994; Salomon et al., 1994).

Clinical isolate 4205 displayed resistance to multiple NRTIs and contained
several mutations for resistance to thymidine analogues (i.e., D67N, T215F and
K219Q) as well as M184V. This isolate also harbored mutations in the RT gene at
A98G, T69D, V118I, and R211K in addition to L63P in the protease gene, but did
not harbor primary mutations associated with resistance to protease inhibitors.
Two other clinical isolates, 1.e., 3350 and 4742, a subtype C variant, contained
only M184V as a drug resistance-associated mutation. In some experiments, cells
were infected with alternating 1:9 or equal (i.e., 5:5) mixtures of the different
HIV-1 isolates used. After seven days, the cells were resuspended in their original
culture medium, and 500 pL of supernatant and cell mixture were transferred to a
new well with 2 X 10° PBMCs and fresh solutions of the NRTIs. Thereafter, new
rounds of infection were initiated by serial passage of the viral cultures at weekly

intervals for the duration of the experiments (i.e., 9, 10 or 26 weeks).
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3.3.2. Genotypic analysis

Proviral DNA was extracted and amplified from viral cultures of the HIV-
1 isolates in preparation for genotypic analysis. The TRUGENE® HIV-1
Genotyping Test was used in conjunction with the OpenGene® automated DNA
sequencing system (Bayer Diagnostics Inc., Toronto, Ontario, Canada) to
sequence the RT and protease regions of HIV-1 (Salomon et al., 2000). The
sensitivity of this genotypic assay for the detection of minority viral species in
mixtures is reported by the manufacturer to be 20% (OpenGene® System User

Manual).

In some experiments, the line probe assay (LiPA; LiPA HIV-1 RT;
Innogenetics Inc., Norcross, Ga.) was used as described previously to detect WT
and drug resistance-related codons at position 184 in the RT gene (Stuyver et al.,
1997; Servais et al., 2001a). The intensities of the reactive LiPA bands were
scored to estimate the percentage of WT or M184V species in mixtures of
different viruses whose proportions were predetermined. Previous studies have
shown that semiquantitative interpretation of LiPA band signals is possible for
various RT codons in order to determine the relative presence of both WT and
mutant viruses in clinical samples (Sheridan et al., 1998; Villahermosa et al.,,
1998). The basis for the LiPA technology involves reverse hybridization of a
biotin-labeled PCR fragment that encodes the HIV-1 RT or protease gene region
of interest to immobilized oligonucleotides that are embedded within

nitrocellulose membrane test strips (Van Laecthem et al,, 1999; Servais et al.,,
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2001a). The presence of WT or drug-resistant variants is determined using a
biotin-streptavidin colorimetric read-out in which the relative amount of either
species is proportional to the intensity of the bands (Descamps et al., 1998;
Rusconi et al., 2000), enabling this test to detect individual genotypes among
populations with mixtures of genotypes (Descamps et al., 1998; Van Laethem et
al., 1999; Rusconi et al., 2000; Servais et al., 2001a; Halfon et al., 2003). LiPA
can often reveal the presence of minority species that constitute as little as 1% of
the viral population, whereas the cutoff for detection of majority species using
DNA sequencing ranges from 10% to 30% (Stuyver et al., 1997; Descamps et al.,
1998; Van Laethem et al.,, 1999; Rusconi et al., 2000; Servais et al., 2001a;

Halfon et al., 2003).

3.3.3. Phenotypic resistance testing

The drug susceptibility of HIV-1 clinical isolates was measured by
determining the extent to which select NRTIs inhibited replication in tissue
culture (Salomon et al., 2000). Briefly, infected PBMCs were grown in 96-well
culture plates in both the absence and presence of various concentrations of
NRTIs. After 7 days, RT assays were performed with culture fluids, in
conjunction with Prism analytic software (GraphPad Prism version 3.03 for
Windows; GraphPad Software, San Diego Calif.), to determine the ICsys
(Salomon et al., 2000). The ICsys obtained for isolates were compared to the ICsos
previously determined for WT viruses in order to compute the fold-resistance to

the NRTIs tested. In instances in which more than one measurement of the ICsg
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was performed, the results are expressed as the mean ICsp + the standard deviation
(S.D.). The antiretroviral drugs used for phenotypic testing included ZDV, 3TC,

ABC, ddl, and d4T.

The following NRTIs were kindly provided by various pharmaceutical
companies: ABC, ZDV and 3TC, GlaxoSmithKline, SDP-754 [(-)-2’-deoxy-3’-
oxa-4’-thiocytidine], Shire Biochem; ddl and d4T, Bristol-Myers Squibb; and

ddC, Roche.
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3.4. Results

The in vitro sensitivities of multinucleoside-resistant HIV-1 strain 4205
and two 3TC-resistant viruses, i.e., isolates 3350 and 4742, were studied with a
panel of NRTIs that included ZDV, 3TC, ddI, d4T, and ABC. Table 1 shows that
clinical isolate 4205 was highly resistant to 3TC (>1,000-fold), ZDV (59-fold)
and ABC (50-fold) compared with the wild-type, while also displaying
significantly reduced susceptibility to both ddI (10-fold) and d4T (12-fold) due to
the presence of several mutations for resistance to nucleoside analogues. Clinical
isolates 3350 and 4742 were, as expected, highly resistant to 3TC (>1,000-fold).
Both of these viruses were resistant to each of ddl, d4T, and ABC while they

retained their sensitivities to ZDV.

The effect of various concentrations of select NRTIs or the absence of
drug on maintenance of the M184V substitution in culture was examined with
these isolates for 26 weeks. The concentrations of ddI and ABC that were used
were one, two, and five times their respective ICsps; and the isolates were assessed
for the presence of the M184V mutation in the RT gene after 26 weeks. For
clinical isolate 4205, the results in Table 2 show that the absence of drug pressure
resulted in reversion to the WT, 1.e., M184, during this time, while exposure to
ABC at the ICsq (i.e., 0.2 uM) did not provide sufficient drug pressure to fully
maintain M184V, with M184 and 184V being detected as a mixture after 26
weeks. However, higher concentrations of ABC (i.e., two and five times the ICs)

were able to preserve the M184V mutation over 26 weeks. In this experiment, all
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Table 1: ICsq of various NRTIs for clinical isolates and fold-resistance of clinical

isolates to the various NRTIs

Drug

ZbV

3TC

ddI

d4T

ABC

Isolate 3350

0.01%0.01 (0.4)

>100 (>1,000) ®

>20 and <80 (8-32) ®

0.6+0.2(12)

9.9+ 2.1 (40)

ICsy [uM] (fold-resistance)”

Isolate 4742

0.01 + 0.005 (0.5)

>100 (>1,000) °

254+42(10)

0.3 £ 0.08 (6)

45+0.9 (18)

Isolate 4205

1.7+ 0.5 (59)

>100 (>1,000) ®

25.2+ 0.5 (10)

0.5+0.3 (12)

12.4 £ 11 (50)

* Standard deviations are included for all studies except those for which a broad

range of ICsy was obtained (n = 2). Isolates 3350 and 4742 (a subtype C isolate)

contained the M 184V mutation. Isolate 4205 contained the A98G, D67N, T69D,

V1181, M184V, R211K, T215Y, K219Q, and L63P mutations.

®In these instances, a broad range of ICsy was obtained, as indicated (n = 2).
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concentrations of ddI evaluated (i.e., 2.5, 5.0, and 10.0 uM) were able to maintain
M184V over the 26 weeks, and genotypic analysis after that time did not reveal

other changes in the RT gene.

We also investigated the effects of two concentrations of 3TC on the
maintenance of M184V in culture using two different clinical isolates. The data
of Table 2 show that M184V was preserved during 26 weeks when either the ICs
of 3TC (0.1 uM) or a subtherapeutic concentration of 3TC (i.e., 0.05 uM) was

used.

The effect of antiretroviral pressure on the selection or preservation of
M184V was also investigated in cultures in which infection of PBMCs was
initiated with mixtures of WT HXB2D cloned virus and clinical isolate 3350 that
contained M184V. The concentrations of the viral inocula were based on the p24
values for viruses that had been grown in PBMCs as described (Johnson and
Byington, 1994; Salomon et al., 1994); and the ratio of viruses used was 1:1, 5:5,

or 1:9.

The data in Table 3 show that ddC at a concentration of 0.05 uM, i.e., the
ICsq, was not able to select for M184V in cultures of WT HXB2D but show that
this concentration of drug was able to maintain M184V over 9 weeks in all of the
cultures with dual infections with HXB2D and clinical isolate 3350. Control

cultures containing only isolate 3350 reverted or deselected to either a mixed
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Table 2: Effects of different NRTIs on maintenance of the M184V mutation in

tissue culture

Virus

isolate 4205

[solate 3350

Isolate 4742

Wk

26

6

13

28

13

19

28

No Drug

M184

Genotype obtained with the following drugs at the indicated concn:

3TC

0.1 0.05

M

iizzzz7zz2727277774/4/44

184V 184V
184V 184V
184V 184V

I

184V 184V
184V 184V
184V 184V

uM

ddl

5.0 10.0
pM uM
184V 184V
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184M-184V genotype or the WT during this period in the absence of drug

pressure.

In 1:9 mixtures of WT HXB2D and isolate 3350, 0.05 uM ddC was more
effective than 0.006uM ddC at maintaining M184V over 9 weeks. In the latter
case, mixtures of both WT viruses and viruses with the M184V mutation were
found. Reversion to M184 with 0.006 uM ddC was also observed in cultures
containing equal mixtures of both viruses. In contrast, at 0.05 uM either ddC or
3TC provided adequate pressure to maintain M184V. In cultures infected with 9:1
mixtures of WT virus and isolate 3350, M184V was effectively selected and/or

maintained with 0.05 uM ddC, indicating the importance of the concentration of

ddC used.

The effectiveness of ABC and ddl in selection and/or maintenance of
M184V were also evaluated using different mixtures of infecting viruses in tissue
culture. The results in Table 4 show that treatment with 3.0 uM ddlI for 10 weeks
was unable to select for the M184V mutation in the HXB2D WT strain. In
contrast, 3.0 uM SPD754 (60% 184V) and 1.28 uM ABC (50% 184V) were only
partially selective for this mutation over this time. However, selection of M184V
did occur with 1.28 uM 3TC. In the absence of drug pressure, reversion to WT
M184 was much more efficient with the M184V clone (isolate 3350) than with

the multinucleoside-resistant HIV-1 variant (isolate 4205). In the latter case, LiPA
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Table 3: Effect of 9 weeks of antiretroviral drug pressure on maintenance of
M184V in mixtures of HXB2D and clinical isolate 3350, an M184V-containing

HIV-1 variant

Virus mixture Genotype at RT codon 184 after 9 wk of treatment with:

(HXB2D:3350)

No drug ddC (0.05 pM) ddcC (0.006 pM) 3TC (0.05 uM)
HXB2D Only M184
19 M184, M184° 184V, 184V * 184M/V 184V
5:5 M184 184V, 184V * M184 184V
9:1 M184 184V M184 184V
3350 Only 184M/V, M184 184V 184V

“ Results of two replicate experiments.
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testing revealed that the frequency of M184V codons was 70% after 10 weeks

without treatment with antiretroviral drugs.

When M184V-containing species were already present in the infecting
viral population, all of the NRTIs used were capable of preserving the M184V
mutation in various mixtures of HXB2D and isolate 4205. However, in mixtures
of HXB2D and isolate 3350, 3.0 uM ddI was not able to maintain the presence of
MI184V to the same extent as 1.28 uM either ABC or 3TC after 10 weeks of
tissue culture in the presence of these drugs. In this study, the use of 3.0 uM
SPD754 also provided adequate drug pressure to preserve the M184V mutation in

all mixtures of HXB2D and isolate 3350.
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Table 4: Selection and/or maintenance of the M184V mutation during 10 weeks

of antiretroviral drug exposure in mixtures of HIV-1 isolates

LiPA genotype at codon 184 and % of isolates with the genotype after 10 wk of treatment

Virus Ratio with:
mixture

No drug ABC ddl 3TC SPD754

(1.28 pM) 3.0 uM) (1.28 uM) (3.0 M)
HXB2D Only M184 184V (50%) M184 184V (100%) 184V (60%)
HXB2D:3350 9:1 M184 184V (100%) M184 184V (100%) 184V (100%)
HXB2D:3350 5:5 M184 184V (95%) 184V (60%) 184V (100%) 184V (100%)
HXB2D:3350 1:9 184V (2%) 184V (100%) 184V (70%) 184V (100%) 184V (100%)
3350 Only Mig4 184V (55%) 184V (100%) 184V (100%) 184V (100%)
HXB2D:4205 9:1 184V (50%) 184V (100%) 184V (100%) 184V (100%) 184V (100%)
HXB2D:4205 5:5 184V (60%) 184V (100%) 184V (100%) 184V (100%) 184V (100%)
HXB2D:4205 1:9 184V (50%) 184V (100%) 184V (100%) 184V (100%) 184V (100%)
4205 Only 184V (70%) 184V (100%) 184V (100%) 184V (100% 184V (100%)
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3.5. Discussion

The M 184V substitution in HIV-1 RT is rapidly selected in tissue culture
following serial passage of WT virus in the presence of increasing concentrations
of 3TC and is associated with the development of high-level phenotypic
resistance (i.e., >500-fold) to this antiviral agent (Boucher et al., 1993; Gao et al,,
1993; Tisdale et al., 1993). M184V is also rapidly selected in vivo and can be
frequently detected in antiretroviral-naive patients experiencing plasma HIV-1
RNA rebounds following initiation of therapy with 3TC-containing regimens
(Kavlick et al., 1995; Larder et al., 1995; Schuurman et al., 1995; Wainberg et al.,

1995; Kuritzkes et al., 1996; Wainberg et al., 1996a).

M184V is known to impart a fitness disadvantage to HIV-1. In the
absence of selection pressure for this mutation, the replication capacity of viruses
harboring M184V may be reduced by 3% to 10% (Sharma and Crumpacker,
1999; Devereux et al., 2001; Quifiones-Mateu et al., 2001) to as much as 48% to
57% in comparison to that of WT HIV-1 (Miller et al., 2003), depending on the
viral strain and laboratory methods used. In addition, infection with viruses
containing M184V often results in lower levels of viremia in plasma as a result of
their diminished replication competence (Catucci et al., 1999). The rapid
disappearance of M184V has been documented in treatment-experienced patients
in whom selection pressure for this mutation was removed (Zaccarelli et al.,
2003), and this has been shown to be frequently associated with a sharp rebound

of plasma viremia, as was the case following the removal of 3TC from a triple-
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drug induction regimen (Descamps et al., 2000) and, more recently, in therapy-
experienced patients undergoing partial treatment interruption in which NRTIs
were discontinued from a regimen that initially contained both these drugs and
protease inhibitors (Deeks et al., 2003). Moreover, virological and immunological
discordance in which CD4 cell counts are stable or increased, despite persistent
plasma viremia (i.e., HIV-1 RNA levels, >10,000 copies/ml), has been reported in
a subset of heavily pre-treated patients who were infected with isolates with the
M 184V substitution and who experienced virological failure during antiretroviral

therapy (Nicastri et al., 2003).

However, the selection or maintenance of M184V by NRTIs other than
3TC has not been extensively investigated. By using a multinucleoside-resistant
viral isolate that harbored M184V, in addition to several other mutations for
resistance to nucleoside analogues, both ABC (0.4 and 1.0 uM) and ddI (2.5, 5.0,
and 10.0 uM) effectively maintained M184V over a period of 26 weeks.
Similarly, treatment of an M184V-containing clinical isolate with ddC (0.05 or
0.006 uM) for 9 weeks also maintained M184V in vitro. Exposure to 0.05 uM

ddC for 9 weeks did not select for M184V with HIV-1 HXB2D, a laboratory WT

clone.

LiPA was used instead of DNA sequencing for some experiments (Table
4) 1n order to detect the proportions of WT and M184V variants in primary cell

cultures infected with different mixtures of these viruses. In our study, HIV-1
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genotyping by LiPA revealed a considerably lower proportion of M184V-
substituted codons in the 9:1 (0% 184V), 5:5 (60% 184V) and 1:9 (70%184V)
mixtures of HXB2D and isolate 3350 that were maintained with 3.0uM ddlI for 10
weeks than in cell cultures exposed to 1.28 pM either ABC or 3TC for the same
length of time. Although the relative frequency of mutants with M184V
maintained by ddl in the viral mixtures was observed to increase
contemporaneously with the dilution of WT species, our data suggest that ddI
may not be able to provide selection pressure to the same degrees as ABC and
3TC to preserve M184V, especially when the latter constitutes a minority species

in the viral population.

Genotypic analysis indicated that isolate 4205 contained V118I. This
mutation, when it 1s present either alone or together with E44A/D, can confer
moderate phenotypic resistance to 3TC (Hertogs et al., 2000; Romano et al.,
2002). In addition, data from other studies (Brenner et al., 2003) suggest that
V118I may also mediate a negative compensatory effect in regard to M184V that
could possibly improve the replicative fitness of multi-drug-resistance HIV-1
variants that also harbor the M184V substitution in the RT gene. It is possible
that V1181 may have imparted a competitive advantage to isolate 4205 that
allowed this virus to replicate to high levels and persist for 10 weeks in mixed

viral populations that also contained WT species.
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The M 184V substitution in the RT gene confers low-level cross-resistance
to structurally unrelated NRTIs, such as ABC, ddC, and ddI in tissue culture (Gao
et al, 1993; Miller V. et al., 1998; Miller and Larder, 2001). However, the
presence of M184V, which was detected in 60% of 3TC-experienced patients
with virological failure, did not compromise the virological outcomes during
subsequent treatment with new regimens that included d4T plus ddI (Winters et
al.,, 2003). Furthermore, M184V was detected in only 27% of these patients,
whereas it was detected in 100% of the patients who received an alternate
regimen that included d4T plus 3TC (Winters et al., 2003). Similar results were
reported in another study (Eron et al., 2002), in which virological responses
during 8 weeks of treatment with ddl or ddI-hydroxyurea were not adversely
affected by the presence of M184V. Thus, clinical studies suggest that the
presence of the M184V mutation does not appear to adversely affect virological
response to ddl-containing regimens. Moreover, our LiPA results with ddI are
consistent with the clinical data that show that treatment with this drug is
relatively ineffective at maintaining M184V in clinical samples (Svedhem et al.,

2002; Winters et al., 2003).

One important limitation of this work is that we have not carried out these
studies using isogenically matched WT and M184V-containing clinical variants.
Consequently, the results obtained could conceivably have been affected by
differences in alleles in a variety of viral genes that might have affected viral

fitness or the ability of other mutations to compensate for the effects of M184V.
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The construction of several pairs of matched clinical isolates containing multiple
resistance-associated mutations is in progress. The fact that a variety of both
clinical and laboratory-generated viruses have been used in this study and the fact
that consistent results have been obtained with each type make it unlikely that the
results that will be ultimately obtained with isogenic pairs of viruses will be

different from those described here.

We have demonstrated .that a variety of drugs, including ABC, the novel
nucleoside analogue SPD754, and a subtherapeutic concentration of 3TC (i.e.,
0.05 uM) can be used in tissue culture to maintain the M184V substitution in RT.
These findings may have important clinical implications, insofar as the presence
of this mutation has been shown in certain circumstances to be associated with
improved therapeutic outcomes. It should be noted that a recent clinical study in
which 3TC was either maintained or discontinued in a second-line regimen in
which patients otherwise received three effective new drugs did not show
virological benefit for the maintenance of M184V (Dragsted et al., 2004).
However, this study was not sufficiently powered to reveal small differences
between the arms in regard to the levels of plasma viremia, since all of the
patients had received new active drugs. Prospective clinical trials are still
warranted to investigate whether the maintenance of M184V can confer clinical

benefit.
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CHAPTER 4

Final Conclusion and Summary
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We have investigated the effectiveness of various NRTIs that are
structurally-unrelated to 3TC in maintenance of the M184V substitution in HIV-1
RT in 3TC-resistant viruses that contained M184V alone or in a background that
included other NAMs. Overall, the results of our study showed that each of ABC,
ddI, the novel cytosine analogue SPD754, and a subtherapeutic concentration of
3TC (i.e., 0.05 uM) were able to provide adequate pharmacological pressure in
tissue culture needed to maintain the M184V mutation in primary cells infected
with a multi-NRTI resistant HIV-1 variant (i.e., isolate 4205). However, our
analysis of genotypic data obtained with the LiPA test also suggests that ddI may
not be able to preserve M184V as effectively as the other drugs tested, especially
when M184V represents a minority species in the replicating viral pool (i.e., 10%
to 50%) and in the absence of additional mutations in the RT gene.
Comparatively, subtherapeutic 3TC was able to maintain the M184V substitution
for up to 28 weeks in tissue culture in a clinical isolate (i.e., isolate 3350) in
which no other NAMs were present. In another study from our laboratory,
treatment with 0.1 pM 3TC (the ICsp) also maintained the presence of the M184V
mutation in this clinical isolate for 20 weeks (Diallo et al., 2002). Furthermore,
and in accord with these findings, it was observed that ddI could not initially
select the M 184V mutation in a wild-type HIV-1 laboratory strain (i.e., HXB2D)
while 3TC, and to a lesser extent, SPD754 and ABC were able to do so. This
suggests that ddI by itself may not exert significant pharmacological pressure for

M184V unless additional mutations are also present in the RT gene.
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The observation that ddI was able to maintain M184V in a multi-NRTI
resistant 1solate but could not do so to the same extent as ABC, SPD754 and 3TC
in another virus that contained only M184V underscores the importance of
differences in viral replication capacity on the emergence of drug resistance and
outcomes of antiretroviral therapy. In the complete absence of pharmacological
pressure, M184V was detected as a majority species (i.e., 70%) in PBMCs
infected with isolate 4205. Additionally, the persistence of M184V-variants in
mixed genotypic populations (i.e., 50% to 60%) was relatively unaffected by
increasing dilution with wild-type species. This finding is not entirely unexpected
and is consistent with previous reports that multi-drug resistant HIV-1 variants
that contain resistance-conferring mutations to two or three classes of ARVs are
able to establish persistent infections, and moreover, that these viruses can remain
genotypically stable in tissue culture for extended periods without drug pressure
in spite of their significant replication disadvantage compared to drug-sensitive

species (Brenner at al., 2002; Simon et al., 2003).

However, this was not the case for isolate 3350 where the presence of
M184V species could not be maintained in tissue culture without the gain in viral
fitness imparted by drug pressure. Genotypic analysis of isolate 4205 detected the
V118l mutation in the RT gene which, when present alone or together with
another mutation, E44A/D, can confer moderate phenotypic resistance to 3TC in
the absence of M184V (Hertogs et al., 2000). In addition, V1181 is thought to

develop as a compensatory mutation in multi-NRTI resistant HIV-1 that may
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partially offset the impairment in replication capacity associated with M184V
(Brenner et al., 2003). In our study, the V118I mutation may have conferred a
competitive replication advantage to isolate 4205 that allowed this virus to persist
during 10 weeks in mixed genotypic populations that also contained considerable
proportions of wild-type species. Although ddI infrequently selects for M184V in
tissue culture, pressure provided by this drug in viral mixtures containing
significant levels of pre-existing M184V species may have further amplified the
replication capacity differential between wild-type and M184V species, thereby
allowing the latter to replicate to even higher levels as confirmed by our LiPA
results. Therefore, in the context of the multi-NRTI resistant isolate 4205, all of
the drugs studied (i.e., ddI, ABC, SPD754 and 3TC) possessed similar ability to
maintain the M184V mutation in tissue culture because of the presence of

compensatory mutations such as V1181 that can antagonize the effect of M184V.

Our data may also provide a laboratory basis for explaining the differential
rates of persistence for the M184V substitution following virological failure of
antiretroviral combination therapy regimens that include NRTIs such as ABC or
ddl, subsequent to selection of M184V during earlier treatment with 3TC. In one
study, M184V was present in 95% of patients that experienced initial virological
failure with a 3TC-containing regimen (i.e., 54/57 patients), but could be detected
in only 67% of patients who had switched to a new regimen (i.e., 38/57 patients),
including 12% (n = 7) and 3.5% (n = 2) of patients in whom 3TC had been

switched to ddl and ABC, respectively. Overall, the M184V mutation was
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maintained in fewer than 50% (n = 7) of all patients (n = 17) in which 3TC had
been substituted by ddl (Svedhem et al., 2002). Consistent results have been
reported in other studies performed with NRTI-experienced patients who had
experienced virological failure on a 3TC-containing regimen in which the
prevalence of the M184V mutation was found to be reduced considerably
following substitution of 3TC by ddl in a second line regimen in comparison to
those cases in which 3TC was retained (Eron et al., 2002; Gazzard et al., 2002;
Winters et al.,, 2003). Taken collectively, the results of several clinical trials
indicate that the appearance of the M184V mutation in NRTI-experienced patients
does not prejudice treatment outcomes to ddI, and moreover, that ddI is relatively
ineffective at preserving M184V compared to 3TC. The latter conclusion seems
substantiated on the basis of findings obtained in this study with the LiPA test,
which provides a better indication of the presence of minority viral populations in
genotypic mixtures than does population-based sequencing such as TruGene

technology.

The M184V substitution in HIV-1 RT has been shown to mediate several
changes in RT enzymatic activity that are thought to explain the residual antiviral
activity of 3TC following the development of high levels of phenotypic resistance
to this drug (Petrella and Wainberg, 2002; Diallo et al., 2003c; Tumer et al.,
2004). However, the relative contribution and durability of each of these
alterations of RT function may not be the same at all times. For instance, some of

these effects such as enhanced levels of pyrophosphorolysis and/or nucleotide-
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dependent primer unblocking, both of which play a role in regard to restoration of
antiviral susceptibility to ZDV in the setting of ZDV resistance (and
hypersusceptibility to ZDV and TDF) may occur only transiently and not be of
equal therapeutic consequence in all circumstances. It has been shown that
pressure from ZDV can accelerate reversion of M184V variants in vitro (Rusconi
et al., 1998; Diallo et al., 2002), and, although the emergence of M184V may be
advantageous for some drugs such as ZDV, it is not known if the use of the latter
NRTI in therapeutic regimens may also contribute to the loss or reduced

persistence of M 184V in viral isolates over time.

As discussed previously, the viral fitness deficit conferred by the M184V
mutation is also a consequence of multiple alterations of RT function, e.g.,
reduced enzyme processivity (Sharma and Crumpacker, 1999; Naeger et al,,
2001a; Wainberg, 2004b), and delayed initiation of reverse transcription (Diallo et
al., 2003b), and is considered by many to represent a mitigating factor in regard to
virological and immunological outcomes of antiretroviral therapy. M184V-
mediated reductions of plasma HIV-1 viremia and/or augmented CD4 cell counts
have been documented in early clinical trials of 3TC monotherapy (Eron, 1996;
Kuritzkes et al., 1996) and in a small number of studies in which treatment with
3TC was intentionally stopped as part of a therapeutic strategy to assess the
effectiveness of a simpler maintenance regimen e.g., the Trilége study (Pialoux et
al., 1998; Descamps et al, 2000). Another trial involving partial treatment

interruption (PTI) in which either Pls, or alternatively, NRTIs were discontinued
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from a regimen that initially had contained both these drugs (Deeks et al., 2003)
showed a benefit for continuation of 3TC. More recently, the potential benefit of
sustained drug pressure to preserve the M184V mutation as a means of preventing
immunological failure (i.e., CD4 cell count <350 cells/ mm’) was further
investigated in a small unblinded pilot study (i.e., E-184V study) (Castagna et al.,
2004). In this trial, 50 HIV-infected patients with persistent viremia (i.e., plasma
HIV-1 RNA >1,000 copies/ml) and relatively high CD4 cell counts (i.e., 500
cells/mm’) were randomized to either a complete treatment interruption (TI) or
montherapy with 3TC for 48 weeks. A preliminary analysis performed on 8/22
patients and 9/18 patients that completed 24 weeks of follow-up in the TI and
3TC monotherapy groups, respectively, showed that treatment with 3TC resulted
in lower levels of HIV-1 plasma viremia while also conferring a protective effect
in regard to the CD4 cell count compared to the TI arm. Although based on a
relatively small sample size, the findings of the E-184V study are in agreement
with those of related studies that collectively suggest that maintenance of the
M184V mutation with drugs such as 3TC in patients with virological failure is
associated with improved virological and/or immunological outcomes in certain

clinical settings.

Interestingly, studies have shown that other inhibitors of HIV-1 RT in
addition to 3TC may also manifest residual antiviral activity in extensively pre-
treated patients (Maldarelli et al., 2003). The discontinuation of d4T, but not ddI

or EFV, from combination therapy regimens in patients with virological failure
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(i.e., HIV-1 RNA>5,000 copies/ml) in whom baseline viral isolates harbored
several NAMs that predict resistance to d4T, was observed to elicit a further
increase in levels of plasma viremia that later decreased in most patients electing
to resume treatment with this drug. These findings suggest that continued
treatment with d4T, like that with 3TC, may be of benefit to HIV-1-infected
patients in need of salvage antiretroviral therapy despite the presence of

resistance-conferring mutations to these drugs.

In summary, we have established a rationale in support of the need for
additional clinical studies to further elucidate the potential benefit of maintenance
of the M184V substitution as an adjunct therapeutic intervention in patients
experiencing virological failure on a regimen that had previously selected for this
mutation. The basis for this has been largely inferred from both laboratory studies
that have documented a diverse array of M184V-mediated alterations of RT
activity, some of which are associated with impairment of viral fitness, and
additionally, from limited clinical trials of treatment interruption in antiretroviral
therapy-experienced patients in whom an observed improvement in virological
and/or immunological responses was positively correlated with the continued
presence of M184V in the viral isolates from these patients. However, only one
study, (see below), i.e., the COLATE Tral, has examined the therapeutic
relevance of preserving the M184V mutation in treatment-experienced patients

with detectable levels of HIV-1 plasma viremia in a prospective manner.
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Therefore, additional randomized controlled clinical trials (RCTs) to validate this

concept are warranted.

The COLATE Trial (Dragsted at al., 2004) was an open-label, multi-
centered, randomized study to evaluate the virological efficacy and safety of
continued treatment with 3TC versus discontinuation of 3TC in a second-line or
subsequent regimen in patients with HIV-1 infection with incomplete viral
suppression (i.e., HIV-1 RNA >1,000 copies/ml) who had received treatment with
an initial 3TC-containing regimen. Eligible patients with genotypic evidence of
the M184V mutation in their baseline viral isolates received treatment with a new
regimen that contained three new active ARVs other than 3TC for 48 weeks. In
addition, patients were also stratified according to whether they experienced
virological failure on their first (i.e., stratum A) or a later regimen (i.e., stratum
B). The primary study endpoint was reduction of log;; plasma HIV-1 RNA after
48 weeks of treatment as determined using the area under the curve over time
minus changes from baseline method (i.e., AAUCMB); secondary virological
endpoints included the proportion of patients with plasma HIV-1 RNA less than
400 copies/ml and 50 copies/ml, and, the time to protocol-defined virological
failure which required plasma HIV-1 RNA levels to have either decreased by <0.5
log)p from baseline, or alternatively, increased >1.0 log, relative to the
documented viral load nadir. The differences in the CD4 cell count change from
baseline or the time required for an increase of >100 CD4 cells/ml after 48 weeks

of therapy were also assessed between the two treatment groups.
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As originally planned, 160 patients needed to be randomized into the
COLATE Trial in order to detect statistically significant (i.e, p < 0.05)
differences of >0.5 log)o in AAUCMB between the two treatment groups with a
power of 90%. However, because of an unexpectedly long patient enrollment
period, an interim statistical analysis was requested by the COLATE Trial’s data
safety monitoring board (DSMB) in order to ascertain the continued validity of
this study. An intention-to-treat statistical analysis was performed using data that
were available from 54 (83%) and 60 patients (91%) from the control (i.e., no
3TC) and 3TC groups, respectively, that had completed 48 weeks of treatment on
their originally assigned regimen. No significant differences in the primary study
endpoint could be shown between patients who had discontinued 3TC (AAUCMB
= -1.4) versus those who had received treatment with 3TC (given as 150 mg twice
daily) in their new regimen (AAUCMB = -1.5). Neither did this analysis show
statistically significant differences with respect to the secondary endpoints or the
proportions of patients who experienced grade 3 or 4 adverse events between the
two arms of the study. Furthermore, in those cases in which a sequence could be
obtained, genotypic analysis revealed that the M184V mutation was maintained in
viral isolates from patients who had continued treatment with 3TC but that
reversions to wild-type had commonly occurred between 12 to 24 weeks in the

patients who discontinued the 3TC.

Several ideas have been proposed to explain the failure of the COLATE

Trial to demonstrate a benefit of continued 3TC use in patients who experienced
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virological failure with the M184V mutation. Firstly, COLATE was not powered
to detect plasma HIV-1 RNA differences <0.5 log)o between the two treatment
groups, and, moreover, the study’s statistical power was further diminished as a
result of this trial’s inability to attain its target enrollment of 160 patients. These
limitations may be especially relevant in view of the fact that both of the
randomized treatments produced excellent suppression of plasma HIV-1 RNA,
which would have precluded detection of a more modest 3TC-mediated
therapeutic effect (i.e., <0.5 logyo). Further dilution of a potential 3TC effect may
also have occurred because of the high proportion of stratum A patients (n = 55)
enrolled early in the trial, because these patients would have had a better chance
of becoming aviremic compared to the more therapy-experienced stratum B
patients (n = 76), independent of the randomized treatment that they received. In
accordance with this finding, it would be of interest to study more heavily-treated
patients in future prospective clinical trials to test the M 184V benefit hypothesis.
Also, the adoption of an open-label study design in COLATE may have rendered
the trial more susceptible to investigator bias. Of course, this problem might have
been eliminated by blinding the 3TC intervention group with the use of matching

placebo, as is generally the standard for RCTs.

In planning new trials, consideration should also be given to assure that
proper study conditions are maintained so that an M184V-associated therapeutic
benefit can be realized. This requirement could entail not only the recruitment of

more heavily treatment-experienced patients but also the concomitant use of drugs
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such as ZDV or TDF in 3TC-containing regimens since, as previously discussed,
the presence of the M184V mutation in the RT gene has been shown to be
advantageous, even if only transiently, in regard to the antiviral activity of both of
these ARVs. Another strategy that may also have merit involves monitoring the
replication capacity (RC) of viral isolates obtained at baseline and at the end of
the treatment period from both patients with undetectable levels of plasma HIV-1
RNA as well as in patients who experience virological failure on a new
antiretroviral regimen. The correlation of changes observed in RC with genotypic
analysis of the HIV-1 RT and PR genes may be of assistance with respect to the
identification of confounding factors (e.g., compensatory mutations), that can
interfere with the detection of a 3TC-mediated effect regarding virological and/or

immunological responses.

Finally, it is important to remember that COLATE was the first RCT
conducted to test the M184V benefit hypotheses. The trial’s equivocal but
nonetheless disappointing outcome can be considered to be as much a reflection
of this study’s inherent flaws and limitations as it is of the technical complexity of
clinically validating the study concept. Therefore, additional verification of the
therapeutic relevance of the M184V substitution in HIV-1 RT remains an
important goal that, ultimately, may lead to the development of complementary

treatment strategies for salvage therapy patients for whom current therapeutic

options are limited.
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The research results and concepts presented in this doctoral dissertation
are based on manuscripts that have already been published in two refereed
scientific journals. This work was performed under the supervision of Dr. Mark
A. Wainberg and in collaboration with the co-authors identified in the title pages
for chapters 2 and 3 of this thesis. The originality of this research and my

contributions to the scientific community are summarized as follows.

Chapter 2: The development and presence of the M184V mutation within the
highly conserved YMDD motif of HIV-1 RT, located close to the polymerase
catalytic site has been shown to be associated with multiple alterations of RT
enzymatic function (i.e., decreased RT processivity, reduced nucleotide-
dependent primer unblocking, increased fidelity, hypersusceptibility to ZDV and
TDF, impaired viral fitness, and delayed appearance of mutations in the HIV-1
pol gene that are responsible for resistance to certain NRTIs, and possibly, Pls)
that may be of therapeutic consequence. However, the potential clinical benefit
conferred by maintenance of the M184V mutation has not been adequately
investigated in prospective fashion in randomized controlied clinical trials. We
have therefore conducted a systematic review of the recent HIV/AIDS clinical
trials literature in order to identify and evaluate circumstances in which the
presence of the M184V mutation in viral isolates from patients with persistent
and/or rebounding plasma HIV-1 viremia was positively correlated with improved
virological and/or immunological outcomes in different clinical settings. Taken

together with the aforementioned M184V-mediated alterations of RT biochemical
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activity, the results of our survey provide a sound scientific rationale for further
investigation of the therapeutic maintenance of the M184V mutation in second-
line or subsequent regimens in patients with chronic HIV-1 infection in whom this
mutation was previously selected by an initial 3TC or other NRTI-containing

regimen.

Chapter 3: The M184V substitution in HIV-1 RT is rapidly selected in vitro by
3TC and a related nucleoside analogue, FTC, while conferring high-level
phenotypic resistance to both of these drugs. However, the relative effectiveness
of NRTIs that are structurally-unrelated to 3TC at maintaining the M184V
mutation in tissue culture has not been extensively documented. Therefore, we
studied the maintenance of the M184V mutation by a diverse set of NRTIs that
included 3TC, ABC, ddC, ddl, and the novel nucleoside analogue SPD754 in viral
isolates that contained M 184V alone or in a background that also included several
other resistance-conferring mutations in the HIV-1 RT gene. Our study showed
that ddl, unlike 3TC, ABC and SPD754, was unable to select the M184V
mutation in a wild-type HIV-1 clonal virus (i.e., HXB2D). Moreover, it was also
observed that ddI was not as effective as the other NRTIs tested at preserving the
M184V mutation in mixtures of HXB2D and an M184V-clinical isolate in which
no other drug resistance mutations were present (i.e., isolate 3350), especially
when the latter constituted a minority species in the replicating viral population.
However, all of the drugs studied, including ddl, displayed similar capacity to

maintain the M 184V mutation in mixtures of HXB2D and a multi-NRTI-resistant
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clinical isolate (i.e., isolate 4205). In addition, a sub therapeutic level of 3TC (i.e.,
0.05 uM) was also able to maintain the M184V mutation during 28 weeks in
HIV-1 subtype B (i.e., isolate 3350) and C (i.e., isolate 4742) variants that did not
contain any drug resistance mutations other than M184V. Collectively, these
findings may be helpful in providing guidance for choice of antiretroviral
regimens when planning clinical trials for therapeutic maintenance of the M184V

mutation.

Chapter 4: Despite the availability of concordant data from laboratory and
clinical studies suggesting that therapeutic maintenance of the M184V mutation
might be of clinical benefit, this subject has not been thoroughly investigated in
randomized controlled clinical trials with the exception of the COLATE Trial.
The COLATE Trial’s equivocal outcome has been analyzed in relation to
important aspects of the study design and inherent technical limitations that may
have biased this trial’s overall conclusion. We have made several
recommendations to improve future studies regarding M184V-mediated effects on
virological and/or immunological responses in NRTI-experienced patients with
HIV-1 infection. As discussed herein, these potential improvements may include:
Investigation of more heavily pre-treated subjects, combined use of drugs such as
ZDV or TDF in conjunction with 3TC in second-line or later regimens designed
to preserve the M184V mutation, and monitoring changes in the baseline

replication capacity of viral isolates from both the 3TC-treated and control study
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‘ groups in order to detect the antagonistic effects of compensatory mutations in

regard to M184V and/or other non-M184V-mediated alterations of viral fitness.
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