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Preface

The entry of HIV into cellular targets is mediated by the envelope protein
(Env) which studs the viral surface. A major milestone for inhibition of HIV
entry was achieved in 2003 with the approval of the HIV fusion inhibitor enfu-
virtide. A number of other entry inhibitors are currently being developed with
diverse mechanisms of action, including (i) interfering with relatively non-spe-
cific Env-cell surface attachment factor interactions, (ii) inhibiting specific
receptor and coreceptor interactions, and (iii) blocking Env transition through
conformational intermediate states. Major challenges facing entry inhibitor
development include the extensive sequence diversity and remarkable plastic-
ity of Env. Env diversity can give rise to marked variability in baseline sus-
ceptibility of HIV strains to entry inhibitors, as opposed to typically minor
variation in baseline susceptibilities to HIV reverse transcriptase and protease
inhibitors.

Entry Inhibitors in HIV Therapy presents the current status of this relative-
ly new and highly dynamic class of inhibitors and provides a unique overview
of obstacles and considerations for HIV entry inhibition compared to other
antiretroviral targets. It will be of interest to research scientists as well as clini-
cians.

The introductory chapters of this book provide an overview of HIV entry,
entry inhibition and envelope diversity. The first chapter, by Tilton and Doms,
reviews current knowledge of how Env mediates entry and presents an
overview of entry inhibitors. Vergne and Peeters then discuss the challenge of
genetic diversity in the HIV envelope.

Subsequent chapters of this volume feature current information on individ-
ual classes of entry inhibitors that target each step of the virus entry pathway,
from attachment to membrane fusion, with an emphasis on the complex deter-
minants of entry inhibitor susceptibility, resistance mechanisms, and how
these issues create new challenges for antiretroviral therapy. Pohlmann and
Tremblay review inhibitors that block HIV cell surface attachment and Lin,
Kadow and Alexander discuss inhibitors that target Env interactions with CD4.
Strizki and Mosier review inhibitors of Env-coreceptor interactions and Wang
and Weiss describe inhibitors that target HIV fusion. Studies of entry inhibitors
as microbicides are presented by Hart and Evans-Strickfaden and the use of
entry inhibitors against non-subtype B viruses is discussed by Morris, Binley
and colleagues. Coakley then discusses the clinical utility of coreceptor typing
and entry inhibitor susceptibility testing.

The final chapters of this book highlight the clinical use of entry inhibitors
and survey antiretroviral development. Heath and Kilby review the current sta-



tus of entry inhibitors in clinical studies. The development and approval of
enfuvirtide is detailed by Greenberg, then past and present drug development
targets are discussed by Gulick.

In summary, this book presents a comprehensive and current overview of
entry inhibitors from an expert panel of authors with diverse backgrounds and
perspectives, incorporating many unrelenting successes against a backdrop of
formidable challenges.

Jacqueline D. Reeves, San Francisco
Cynthia A. Derdeyn, Atlanta February 2007
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Introduction to entry inhibitors in the management
of HIV infection

John C. Tilton and Robert W. Doms

Department of Microbiology, University of Pennsylvania, 225 Johnson Pavilion, 3610 Hamilton
Walk, Philadelphia, PA 19104, USA

Introduction

The introduction of highly active antiretroviral therapy (HAART) has dramat-
ically improved the survival of patients infected with human immunodeficien-
cy virus (HIV). However, HAART is complicated by the continuing emer-
gence of drug-resistant strains of HIV and toxicities associated with the anti-
retroviral agents [1, 2]. Furthermore, since the combination HAART regimens
are incapable of eradicating HIV infection, lifelong therapy is required to
avoid disease progression [3, 4]. Together, these factors necessitate the contin-
ual development of new antiretroviral agents that can be utilized against resist-
ant viruses or that in combination with other agents can provide superior viral
suppression with less toxicity.

While all stages of the HIV life cycle are potential targets for therapeutic
intervention, HAART regimens have been predominantly focused on two viral
enzymes, reverse transcriptase (RT) and protease. New antiretroviral agents
under development include integrase inhibitors as well as compounds that tar-
get components of the viral entry pathway. These latter compounds are collec-
tively known as entry inhibitors, and are the subject of this volume. Entry
inhibitors are varied in that they can target three different steps in the viral
entry pathway: CD4 binding (Chapter by Lin et al.), coreceptor binding
(Chapter by Stritzki/Mosier), or membrane fusion (Chapters by Wang/Weiss
and Greenberg). Regardless of their precise mechanism, all entry inhibitors
target the viral envelope (Env) protein directly or, in the case of coreceptor
inhibitors, indirectly. Thus, a major challenge to the clinical use of entry
inhibitors is the impressive sequence diversity of the Env protein, which con-
tributes to the significant variation in the baseline sensitivity of HIV isolates to
these compounds (Chapter Vergne/Peeters). Patient-specific variation in host
factors involved in the HIV entry process may also modulate the susceptibili-
ty of HIV to entry inhibitors and the development of resistance mutations.
Resistance pathways to entry inhibitors are likely to be complex, and may alter
viral tropism (and hence pathogenesis and disease course) by altering the man-



2 J.C. Tilton and R.W. Doms

ner in which Env interacts with host cell receptors. Together, these factors
make entry inhibitors a particularly interesting class of antiretroviral agent that
may shed significant light on HIV pathogenesis.

The viral Env protein

The Env protein of HIV-1 is the molecular determinant for viral attachment
and membrane fusion. Env is synthesized as a single polypeptide precursor
(gp160) that forms noncovalently associated homotrimers, and which is
cleaved during transport to the cell surface into two subunits, gp120 and gp41.
The gp120 subunit mediates receptor binding, while gp41 mediates the mem-
brane fusion reaction. HIV-1 gp120 consists of five conserved (C1-C5) and
five variable (V1-V5) domains [5], with the conserved domains contributing
to the core of gp120, while the variable domains (and numerous N-linked gly-
cosylation sites) are located near the surface of the molecule. The V1-V4
regions form exposed ‘loops’ anchored at their bases by disulfide bonds [6]
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Figure 1. The HIV envelope proteins gp120 and gp41. (A) Schematic diagram of the HIV gp120 pro-
tein showing the five conserved (C1-C5) and five variable (V1-V5) domains. Positions of conserved
glycosylation sites are indicated by branched chains on the diagram. The conserved “core” of gp120
with deletions of the V1/V2 and V3 loops, and truncations at the N' and C' termini, is depicted under-
neath the main gp120 molecule, and is shaded to match the domains indicated in the space-filling
model of gp120. (B) Space-filling model of gp120 showing the major domains of the protein, includ-
ing the inner domain (dark gray), outer domain (light gray), bridging sheets (white) and V1/V2 and
V3 stems (black). (C) Schematic diagram of the HIV gp41 protein showing the fusion peptide (FP),
heptad-repeat domains (HR1 and HR2), and the transmembrane anchor (TM). (D) A model of the
gp41 protein in the post-fusion conformation, where HR1 and HR2 have interacted to form the six-
helix bundle structure. Note the proximity of the fusion peptide (which has inserted into the host mem-
brane) and the TM region (which is inserted into the viral membrane). The fusion inhibitor enfuvir-
tide acts by interfering with association of the HR1 and HR2 domains, blocking the formation of the
six-helix bundle.
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(Fig. 1A). The gp120 molecule has proven difficult to crystallize in its entire-
ty, but several structures have been solved in recent years, including a degly-
cosylated HIV-1 gp120 bound to CD4 and lacking the V1-3 loops as well as
containing truncations at the N and C termini [7], a similar molecule but con-
taining the V3 loop [8], and a glycosylated form of SIV gp120 also lacking
V1-3 and small portions of the N and C termini [9]. From these structures, it
is evident that in its native state gp120 contains two distinct regions: an inner
domain that is involved in interactions with gp41 and the formation of trimer-
ic envelope spikes, and an outer domain that forms a large part of the exposed
surface of the spikes and is heavily glycosylated. Binding of CD4 to gp120
induces significant conformational changes that result in the formation of a
third domain termed the bridging sheet (Fig. 1B). This domain consists of two
pairs of antiparallel 3-sheets that link the inner and outer domains, and plays
a major role in interacting with the viral coreceptors [10].

The gp41 protein consists of three distinct domains: an unusually large
cytoplasmic domain on the inside of the viral membrane, a transmembrane
(TM) anchor, and an ectodomain that extends from the surface of the virion.
The ectodomain is the principal determinant of membrane fusion and contains
a hydrophobic, N-terminal fusion peptide that is believed to insert into the cel-
lular membrane and two heptad repeat (HR) sequences, HR1 and HR2, which
are critical to the fusion process [11, 12] (Fig. 1C). The only approved mem-
ber of the entry inhibitor class of antiretrovirals, enfuvirtide (Fuzeon, T20) acts
by targeting the interaction of the two conserved HR domains [13] (Fig. 1D).

A major challenge in the design of entry inhibitors that target the viral Env
protein is that the structure of the native, trimeric Env is not known. Recent
electron tomography studies reveal the overall dimensions of Env trimers [14,
15], but more precise information will be needed to assist in structure-based
drug design efforts.

The HIV-1 entry process

Entry of HIV-1 into cells involves three distinct stages: binding of gp120 to
CD4, binding of gp120 to coreceptor, and gp41-mediated fusion of the viral
and host membranes. The primary receptor for HIV-1 is CD4, a member of the
immunoglobulin superfamily that is expressed on monocytes, macrophages,
and subsets of dendritic cells. CD4 makes contact with the gp120 molecule at
a depression near the intersection of the inner domain, outer domain, and
bridging sheet [7] (Fig. 2A, B). CD4 binding actually appears to induce the
formation of the bridging sheet domain itself, as the two pairs of B-sheets are
spatially separated in a crystal structure of the unliganded core of SIV gp120
but come together to form a four-stranded sheet in the CD4-liganded confor-
mation [7, 9] (Fig. 2C). Additional changes in gp120 occur with CD4 binding,
including movement of the V1/V2 and V3 loop structures. As a result, CD4
binding not only induces the formation of the bridging sheet, it likely enhances
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CD4 binding site

large water-filled
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gp120 - unliganded gp120 - CD4 bound state
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Sheet

Figure 2. Space-filling models of gp120 interactions with CD4. (A) Models depicting the most distal
immunoglobulin domain of the CD4 receptor (black) binding to CD4 gp120 (gray). (B) The CD4-
binding site on the surface of gp120 (white highlight) overlaps the inner domain, outer domain, and
the bridging sheet domain (white) of gp120. Two water-filled pockets, a large cavity and the Phe43
cavity, are conserved features of the CD4-gp120 interface and are thought to be important in the con-
formational changes in gp120 that accompany CD4 and coreceptor binding. (C) Interaction between
gp120 and CD4 results in major conformational changes in gp120. The structure of gp120 in an unli-
ganded form (left) shows the positions of the inner domain (dark gray), outer domain (light gray) and
the B-sheets that comprise the bridging sheet (white). Note that in the unliganded state (left), the bridg-
ing sheet B-sheets are spatially separated, but come together to form a four-stranded domain in the
CD4-bound conformation (right).
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exposure of this region and orients it and the V3 loop towards the target cell
membrane where they can engage the viral coreceptor [16, 17]. Unlike other
regions of the gp120 molecule, the residues contacting CD4 are highly con-
served and are devoid of carbohydrate [7]. These properties make the CD4-
binding face of gp120 a logical target for small molecule inhibitors of gp120-
CD4 binding.

In humans, the major coreceptors for HIV-1 are the chemokine receptors
CCRS5 and CXCR4, both of which are members of the seven-TM G protein-
coupled receptor family [18—25]. These receptors are integral membrane pro-
teins with a small extracellular pocket formed by three loops between TM seg-
ments. The N-terminal segment of the receptor also extends into the extracel-
lular space. Both regions are involved in binding to gpl120. The two main
regions of gp120 that are involved in binding to coreceptor are the coreceptor-
binding site formed by the bridging sheet and adjoining regions, and the V3
loop [26—29]. Several of the amino acids in the coreceptor-binding site are
among the most highly conserved residues between HIV-1, HIV-2, and SIV
[10, 30]. In contrast, the V3 loop is defined as one of the variable domains of
gp120, but the length of the V3 loop is strictly conserved, with most HIV-1 iso-
lates containing between 34 and 36 residues. V3 has a GPGR or GPGQ motif
that forms a B-turn in the loop, a region that comprises the center of the ‘tip’
or ‘crown’ of V3. Binding of gp120 to the pocket of CCRS appears to be
dependent on the residues present at the ‘crown’ of the V3 loop [29]. Contact
between residues in the tip of CCRS and extracellular loop 2 have been shown
to be particularly important for HIV entry [31-34]. These data are consistent
with a recent crystal structure of gp120 in which the V3 loop is found to extend
nearly 30 A from its base towards the cellular membrane, where it could pre-
sumably make contact with the chemokine receptor pocket [8].

On the coreceptor molecules, the N terminus of CCRS5 is rich in sulfated
tyrosines and is highly acidic [35]. Mutagenic studies have indicated that these
sulfotyrosines in the N-terminal extracellular region of CCRS interact with
gp120 by binding to conserved residues at the base of the V3 loop and may
also make contact with the coreceptor binding site [28]. Indeed, sulfated pep-
tides corresponding to this region inhibit infection by CCR5-tropic viruses [36,
37]. Binding of CXCR4 to gp120 appears to occur in a similar fashion [26,
38-41].

Binding of gp120 to coreceptor is believed to trigger further conformation-
al changes in the envelope trimer that enable gp41 to mediate the fusion of
viral and cellular membranes [42]. The structural rearrangements triggered by
binding to CD4 and coreceptor are believed to allow the glycine-rich,
hydrophobic fusion peptide at the N-terminal region of gp41 to insert into the
target cell membrane. Following insertion of the fusion peptides, the heptad
repeat regions of gp41l, HR1 and HR2, undergo an energetically favorable
structural reorganization that results in the formation of a thermostable, six-
helix bundle structure that is essential for membrane fusion (Fig. 1D). In the
six-helix bundle, three HR2 regions wrap in an antiparallel direction around
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e

Figure 3. Model of the multi-step entry process that enables HIV to gain access to target cells. (A) The
CD4 and coreceptor molecules are embedded in the host membrane (bottom), while the gp120 and
gp41 proteins are associated with the viral membrane (curved, top). The V3 loop and bridging sheet
domain of gp120 are identified. The gp41 fusion peptide (FP), heptad-repeat (HR1 and HR2), and TM
regions are also labeled. (B) The attachment of gp120 to CD4 is associated with conformational
changes in gp120 that result in the formation of the bridging sheet domain (white) and the extension
of the V3 loop which prior to CD4 binding partially occludes the coreceptor binding site. (C)
Coreceptor binding relies on interactions between the bridging sheet and CD4-induced (CD4i) epi-
topes and the extracellular N' terminal peptide on the coreceptor as well as on interactions between the
V3 loop of gp120 and the extracellular loops on the coreceptor. (D) Interactions between gp120, CD4,
and coreceptor are believed to result in a conformational change in gp120 that results in dissociation
of the envelope trimeric spike, releasing the fusion peptide of gp41, which then inserts into the host
membrane. (E) Interaction of the HR1 and HR2 domains of gp41 result in the formation of a six-helix
bundle that brings host and viral membranes into close proximity and creates a fusion pore, allowing
entry of the HIV capsid into the target cell.

the central coiled-coil of HR1 domains, bringing the N-terminal fusion pep-
tides of the gp41 trimer, which have inserted into the cellular membrane, into
close proximity to the TM regions, which traverse the viral membrane [43, 44].
This juxtaposition of the viral and cellular membranes results in the formation
of a fusion pore. A schematic model of the multi-step fusion process is pre-
sented in Figure 3.

Entry inhibitors

Blocking the interaction between CD4 and gp120 is a logical strategy for pre-
venting HIV infection, although targeting CD4 itself is complicated by side
effects due to disruption of CD4 function in immune processes. In contrast,
agents that interact with the CD4 binding site on gp120 hold greater promise.
One such antiretroviral agent is the small-molecule inhibitor BMS-806, that
appears to bind in a pocket in gp120 and either prevents CD4 binding, or pre-
vents CD4-induced conformational changes [45, 46]. However, a major chal-
lenge with this class of compounds is the highly variable nature of gp120. It is
not uncommon to identify virus strains that are resistant to BMS-806, and
those that are sensitive can easily acquire resistance via mutations [47]. More
potent, broadly cross-reactive agents are needed if this is to prove to be a
viable antiviral strategy. To do this, a structure of unliganded gp120, preferably
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with the bound drug, may be needed to assist in drug design. A compound with
strategic flexibility at specific bonds may be required to enable the inhibitor to
adapt to a somewhat variable drug-binding pocket. Until more potent and
broadly cross-reactive inhibitors of gp120-CD4 binding are produced, clinical
development of this inhibitor class is unlikely to proceed.

Targeting the interaction between virus and the coreceptor molecules is per-
haps a more viable strategy for preventing HIV-1 infection of host cells. The
CCRS coreceptor is particularly important for HIV transmission and patho-
genesis: the vast majority of virus strains that establish infections in new hosts
are those that use CCRS5 (RS strains) [48—53]; the genetic absence of CCRS5
results in a high level of protection from HIV infection without significant side
effects due to loss of CCRS function [54—56]; heterozygosity for the inacti-
vating A32-ccr5 polymorphism confers a survival advantage upon HIV infec-
tion [55-59], indicating that CCRS levels are rate-limiting for HIV infection
in vivo; and seven-TM domain receptors are good pharmacological targets. In
fact, several CCRS5 inhibitors under clinical development and have been shown
to reduce viral loads in infected humans [60—62]. Nonetheless, the develop-
ment of CCRS inhibitors is not without challenges. Slight variation in the con-
formation of the helices and extracellular loops of chemokine receptors may
result in significant differences in sensitivity to coreceptor inhibitors in vivo.
Viral resistance to this class of entry inhibitors may occur from either a core-
ceptor ‘switch’, either from CCRS to CXCR4 or vice versa, or from altered uti-
lization of the same coreceptor [63—65]. Evidence for both resistance path-
ways have been found in patients treated with these compounds.

Finally, entry inhibitors targeting the gp4l-mediated fusion stage of the
entry process have been developed. One of these agents, enfuvirtide, is the only
currently approved member of the entry inhibitor class of antiretroviral agents,
and is a peptide with an amino acid sequence identical to the HR2 region of
gp41. This agent has been demonstrated to potently inhibit HIV infection in
vitro and in vivo, but viral resistance to these compounds has also been identi-
fied [66, 67]. Mutations in the HR1 region of gp41 result in decreased sensi-
tivity to enfuvirtide but also result in slower fusion kinetics [68]. In vivo, com-
pensatory mutations occur in the HR2 region that improve the kinetics of viral
fusion, while maintaining resistance to enfuvirtide [69, 70].

Challenges in the development and use of entry inhibitors

The emerging class of entry inhibitors holds considerable potential for the
treatment of patients with HIV infection, particularly those harboring viruses
that have resistance to RT and protease inhibitors. However, while progress has
been made in understanding the HIV-1 entry process, a number of critical gaps
remain. As noted previously, structures of gp120 in an unliganded state and
bound to CD4 have been solved, as has the structure of the core of gp41 in the
post-fusion state. However, determination of the structures of the gp120-core-
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ceptor interaction, the conformation of gp41 prior to fusion, and the structure
of the native trimer remain elusive. Additionally, structures of CD4 inhibitors
bound to gp120 and of coreceptor inhibitors bound to CCRS5 or CXCR4 are
also unavailable. A better understanding of how entry inhibitors bind to Env or
coreceptors should make it possible to develop more potent and broadly cross-
reactive inhibitors, as well as to design drugs with ‘strategic flexibility’ that
might enable them to bind to a somewhat variable target, such as HIV gp120.

Other challenges in the use of the entry inhibitors are viral and host factors
that may alter drug effectiveness in vivo. The diversity of the viral envelope
proteins suggests that not all viral isolates interact with CD4 and coreceptor in
exactly the same way. As a result, there are likely to be some viral isolates that
are more sensitive to entry inhibitors and others that are more resistant. Host
diversity may also have a role. As indicated by the slower rate of disease pro-
gression in patients with the heterozygous A32-ccr5 mutation [55, 57-59], the
amount of CCRS5 expressed on the cell surface is a critical factor in viral patho-
genesis. Differences between patients in CCRS structure or expression levels
may also modulate their susceptibility to entry inhibitors [71]. Together, these
viral and host factors have a potent effect: viral isolates from patients have dif-
fered in susceptibility to enfuvirtide by several orders or magnitude, a much
larger range than has been seen with other classes of antiretrovirals [72, 73].
Whether this diversity will affect the clinical outcomes of these patients
remains unclear, but must be monitored as use of these agents becomes more
established.

Resistance pathways

There are a number of fundamental clinical questions regarding the use of
entry inhibitors in the treatment of patients in vivo. One of the principal con-
cerns with all antiretroviral agents is the development of viral resistance, and
resistance mechanisms to entry inhibitors may not only be complex and vari-
able, but might have the potential to alter viral tropism and pathogenesis by
altering the way in which Env binds coreceptors.

In contrast to CD4-binding inhibitors and fusion inhibitors targeting gp41,
the coreceptor inhibitors will theoretically be less susceptible to viral resist-
ance mechanisms since they target host proteins rather than the viral envelope.
However, the coreceptor inhibitors present some unique challenges also based
on the relationship between coreceptor usage, cell tropism, and viral patho-
genicity. Coreceptor usage is a principal factor in determining the cellular tar-
gets of HIV, with R5-tropic viruses infecting primarily cells of the monocyte
and macrophage lineage and memory CD4" T cells, while X4-tropic viruses
predominantly infect naive CD4" T cells [74, 75]. X4-tropic viruses are also
more infectious and more pathogenic for developing thymocytes than are R5
isolates [76—81]. Viral isolates from patients in early stages of disease are
almost universally R5-tropic, regardless of the route of transmission [48-53,
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82-85]. Since it appears that a mix of RS and X4 viruses are transmitted in cer-
tain cases [86, 87], and the number of mutations needed to switch coreceptor
usage are minimal [88—90], it seems evident that a selection pressure is acting
to maintain RS dominance in early disease. A coreceptor switch from R5- to
X4-tropic viruses has been observed in patients during late-stage HIV disease
and has been associated with rapid depletion of CD4* T cells and progression
to AIDS [49, 50, 91-95]. However, it remains to be determined whether the
emergence of X4-tropic strains is a cause or a consequence of deteriorating
immune function.

Viral resistance to coreceptor inhibitors in patients has been seen with two
distinct mechanisms. In several patients treated with the RS inhibitor miravi-
roc, viral resistance to coreceptor inhibitors has been the result of a ‘shift’ in
viral coreceptor usage from CCRS to CXCR4 [63]. Notably, the X4-tropic
strains that emerged were found to be pre-existing in the patients’ viral reser-
voirs. A second mechanism has been observed in patients treated with other R5
inhibitors, including AD101 and SchD, in which virus continued to utilize the
same chemokine receptor but in a drug-insensitive manner [64, 65]. Both of
these resistance mechanisms may have profound effects of HIV cell tropism
and pathogenicity. Whether a treatment-induced shift from R5- to X4-tropism
will accelerate disease progression in patients with preserved immune function
is unclear, and will need to be closely monitored during the clinical trials of
these agents. The alternative pathway of resistance to coreceptor inhibitors —
altered utilization of the same chemokine receptor — may also influence the
cellular tropism of HIV. Studies of chemokine receptor mutations that influ-
ence sensitivity to AD101 and SchC have suggested that chemokine receptors
can exist in several possible conformations on the cell surface [96]. This rais-
es the possibility that altered chemokine receptor usage may influence the sub-
sets of R5- and X4-expressing cells that HIV can infect, potentially changing
the pathogenicity of the virus. Future studies of patients developing resistance
to coreceptor inhibitors will be important to dissect the mechanisms of viral
resistance and their effects on viral pathogenicity and clinical outcome.

Clinical use of HIV entry inhibitors

Although the fusion inhibitor enfuvirtide is the only entry inhibitor currently
approved for the treatment of patients, CD4 and coreceptor inhibitors are in
various phases of testing (Chapter 10). The varied mechanisms of actions of
these agents, acting at different stages of the multi-step entry process, com-
bined with the complications of targeting a highly diverse viral protein with
complex resistance pathways, indicates that the effective use of entry
inhibitors will require a high degree of clinical acumen. Phenotypic or geno-
typic tests that predict sensitivity to entry inhibitors — as are available for RT
and protease inhibitors — will likely be possible with a better understanding of
the mechanisms of viral resistance, and would be useful in selecting agents
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when initiating therapy or if a change in therapy is required. Similarly, studies
will need to be done to address whether combination therapy with several
entry inhibitors targeting multiple stages of the entry process may have syner-
gistic effects that may improve viral suppression and reduce side effects. The
use of entry inhibitors along with other classes of antiretroviral agents will also
have to be investigated. Collectively, the entry inhibitors are a complex but
exciting new class of antiretroviral agents that provides significant opportuni-
ties and challenges for the treatment of HIV infection and the understanding
of HIV pathogenesis.
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The challenge of HIV sequence diversity in the
envelope glycoprotein
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Agropolis, 34394 Montpellier, France

One of the major characteristics of the human immunodeficiency viruses
(HIVs) is their extremely high genetic variability, which makes HIV one of the
fastest evolving among many other human pathogens. Viral heterogeneity is
one of the classical means by which HIV evades the host immune system, and
also leads to the resistance to various antiretroviral regimens. Highly active
antiretroviral therapy to treat HI'V-infected patients is mainly based on a com-
bination of protease and reverse transcriptase inhibitors. However, resistance
to these drugs, the persistence of latent viral reservoirs and long-term toxici-
ties require the continuous need to improve these classes of drugs and to devel-
op new drugs with other targets. Therefore, a new generation of drugs has been
recently developed to inhibit viral entry into the cell.

This chapter presents obstacles and considerations for HIV entry inhibition
that can result from the high levels of sequence diversity observed in Env gly-
coproteins compared to other antiretroviral targets, like protease and RT
sequences, which have relatively well-conserved sequences.

Why does HIV have high genetic diversity?

The extensive heterogeneity of HIV is the result of several factors. First, there
have been multiple introductions of the genetically diverse simian viruses into
humans. Both HIV-1 and HIV-2 represent zoonotic transmissions from two
different sources, namely chimpanzees (Pan troglodytes) and sooty mangabeys
(Cercocebus atys). Second, since these simian viruses entered the human pop-
ulation, they have rapidly accumulated more genetic diversity because of the
high error rate and recombinogenic properties of reverse transcriptase (RT),
and the fast turnover of virions in HIV-infected individuals.

The RT enzyme, which is responsible for converting the single-stranded
viral genomic RNA to double-stranded DNA that integrates into the host chro-
mosome, is known for its high rate of incorrect nucleotide substitutions during
this reverse transcription step: at least 0.2 errors per genome during each repli-
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cation cycle [1, 2]. As reverse transcription is the first step of the viral replica-
tion cycle, errors made at this stage ensure propagation of the erroneously
copied genome to form the quasi-species of HIV found in the infected indi-
viduals. Among these quasi-species, between 1% and 5% diversity can be
observed in some viral genes, and each quasi-species continues to propagate
the cycle of error-prone reverse transcription and recombination. Each HIV-1-
infected patient is thus infected with a population of highly related but genet-
ically distinct viruses. Figure 1 shows the intra-patient diversity for different
subtype- (three subtypes C and three subtypes E) infected patients at two dif-
ferent time points. For each patient, a high level of diversity is seen at each
time point, and moreover, over time (13—22 months later) diversity increases,
and many of the previously documented variants are no longer present.

This rapid variability provides the virus with the capability to adapt its
genome to escape selective pressures from the immune system and antiretro-
viral therapy. The high genetic variability of HIV is also the result of the
recombinogenic properties of RT [3]. HIV, like all other retroviruses, is
diploid, containing two genomic RNA molecules per virion. Therefore, cells
infected with two different HIV strains [subtypes, circulating recombinant
forms (CRFs) or quasi-species] might produce heterozygous virions, provid-
ing an opportunity for recombination to occur during reverse transcription.
HIV-1 recombines approximately two to three times per genome per replica-
tion cycle [4].

The rapid viral turnover in an HIV-infected individual also plays a role in
the extent of heterogeneity [5]. It has been estimated that about 300 rounds of
replication occur per year in infected patients [6]; each day about 10'° to 10"
new virions are produced [7].

Classification of HIV and geographic distribution of HIV-1 variants
Classification of HIV

On the basis of phylogenetic analyses of numerous isolates obtained from
diverse geographic origins, HIV is subdivided into types (HIV-1 and HIV-2),
groups, subtypes, sub-subtypes, CRFs and unique recombinants (URFs) [8].
The initial epicenters of HIV-1 and HIV-2 infection appear to have been
Central Africa and West Africa, respectively, reflecting the natural habitats of
chimpanzees and sooty mangabeys. HIV-2 is still primarily found in West
Africa, and currently the HIV-2 prevalence is stable or even decreasing [9]. In
contrast, HIV-1 has spread throughout Africa, including West Africa, and some
lineages of HIV-1 have dispersed around the world, so that HIV-1 is predomi-
nant globally.

Three HIV-1 groups (M, N, O) exist. Group M (for major) represents the
vast majority of HIV-1 strains found worldwide and is responsible for the pan-
demic [10]. Variability between the three groups is estimated at 30% overall,
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Figure 1. HIV gp120 intra-patient variability for six patients infected with different HIV-1 subtypes
and characterized at different time points. Three patients were infected with subtype C (C1, C2, and
C3) and three by subtype E (E1, E2, and E3) (called CRFO1_AE). Genetic characterization (V1-V5)
was performed at twice (black and gray), with an period of 13—22 months between samples, for each
patient.
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and 50% for the env gene. HIV-1 groups O and N are genetically very diver-
gent from group M. Group O is endemic to Cameroon and neighboring coun-
tries in West Central Africa, but even there these viruses represent a minority
of HIV-1 strains: their highest prevalence is 1-5% of HIV-1-positive samples
[11]. Phylogenetic analyses of group O strains have not revealed the same sub-
structure as that found within the evolutionary tree of group M. At present, it
is unclear whether group O should be divided into subtypes because only a
limited number of full genomes are available, which do not describe the full
spectrum of group O diversity that is suggested through analysis of partial
genome sequences [12]. Group N forms an independent lineage most closely
related to group M, using the sequence from the 5' end of the genome, and
clusters more closely with a chimpanzee virus (SIVcpz), using the sequence
from the 3' end of the genome [13]. These viruses have only been identified in
Cameroon, and represent only a minority of HIV-1 infections, with about 10
patients identified to date.

Group M can be further subdivided in subtypes (A-D, F—H, J and K), sub-
subtypes (A1l and A4; F1 and F2), and mosaic viruses, called CRFs when they
play a major role in an epidemic (Fig. 2). Currently, more than 30 different
CRFs have been reported. Figure 3 shows the complex recombinant structures
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Figure 3. Schematic representation of the env mosaic structure of circulating recombinant forms
(CRFs).

for 19 CRFs in the env gene. The variability between subtypes within M
varies for different genes; inter-subtype nucleotide sequence divergence may
exceed 20%, 15% and 30% for gag, pol, and env, respectively. The subtypes
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are approximately equidistant from each other over their entire genome and,
by definition, CRFs should resemble each other also over the entire genome,
with similar breakpoints reflecting common ancestry from the same recombi-
nation event. In addition, many unique recombinants have been documented.

Worldwide distribution of HIV-1 group M variants

Subtype and CRF designations have been powerful molecular epidemiological
markers to track the course of the HIV-1 pandemic. Extensive efforts have
been made to collect and characterize HIV-1 isolates from around the world,
and a broad picture of the distribution of HIV-1 variants has emerged (Fig. 4).
Globally, the predominant viral forms are subtypes A and C, followed by sub-
type B and the recombinants CRFO1_AE and CRF02_AG [14]. The heteroge-
nous distribution of HIV-1 variants is probably the result of founder effects.
The greatest genetic diversity of HIV-1 has been found in Africa, consistent
with this continent being the source of the epidemic.

In North America, Europe and Australia, subtype B is by far the most com-
mon. Therefore, the majority of our knowledge on HIV-1 pathogenesis, diag-
nosis, antiretroviral treatment and development of antiretroviral drugs is based
on subtype B. However, subtype B accounts only for 12% of the total disease
burden globally, and various other group M subtypes, and even group O virus-
es, have been reported in the US and several European countries. HIV-1 sub-
type C caused globally 47.2% of all new HIV-1 infections [15]. This subtype
predominates in all countries in southern Africa, where the AIDS epidemic is
explosive, and also in Ethiopia and in India. The second most common clade
is subtype A, which caused 30% of all new infections, including CRFO1_AE
and CRF02_AG [14]. CRFO1_AE viruses are responsible for the epidemic in
Southeast Asia, and have been documented at low frequencies in several

Figure 4. Geographical distribution of HIV worldwide.
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Central African countries. CRF02_AG, a complex mosaic of alternating sub-
type A and G sequences, is the predominant strain in West and West Central
Africa. Subtype D is generally limited to Eastern and Central Africa. Subtype
F has been reported in Central Africa, South America and Eastern Europe.
Subtype G, and A/G recombinant viruses have been observed in Western and
Eastern Africa as well in Central Africa. Subtypes H and K have only been
detected in Central Africa. Subtype J has been reported in Central Africa and
occasionally also in Central America.

Overall, more than 18% of new infections have been attributed to HIV-1
recombinants [10]. In addition to CRFO1_AE and CRF02_AG, many other
mosaic viruses circulate around the world, but, in contrast, their prevalence
seems to be lower, and they often play a major role in certain local epidemics.
CRFO03_AB is the predominant CRF among intravenous drug users (IDUs) in
Kalingrad, in Russia. CRF04_cpx, found in Cyprus and Greece, is a complex
mosaic comprising subtypes A, G, H, K and unknown fragments with multiple
breakpoints. CRFO5_DF has only been identified in Democratic Republic of
Congo. CRF06_cpx is a complex mosaic composed of fragments of diverse
subtypes A, G, K and J, and circulates principally in West Africa, where it can
represent 30—50% of HIV-1 infections in certain countries like Burkina Faso
or Niger. CRFO7_BC and CRF08_BC are two different inter-subtype B and C
recombinants, detected in Northwestern and in Southern China, respectively,
mainly among IDUs. CRF09_cpx has been described in several west African
countries (Senegal and Ivory Coast), but at low frequencies. CRF10_CD was
identified in Tanzania. CRF11-cpx, involving subtypes A, G, J, and CRFOI-
AE has been detected in Central Africa. CRF12_BF was observed in Argentina
and Uruguay. CRF13_cpx is a complex recombinant comprising subtypes A,
G, J, and one CRF, CRF01_AE, and was identified in Cameroon. CRF14_BG
was documented in IDUs from Spain and Portugal. CRF15_01B found in
Thailand is a complex recombinant, comprising CRF and subtypes.
CRF16_A2D was identified in Kenya, South Korea and Argentina. At present,
32 different CRFs are described in the HIV Database, but for many of them,
no epidemiological background has been reported yet.

It is interesting that many of the CRFs have a restricted geographic spread
and are the result of recombination of local co-circulating strains. This illus-
trates clearly that the global distribution of different forms of HIV-1 is a
dynamic process. As more HIV-1 variants inevitably intermix in different parts
of the world, the likelihood of generating new recombinant viruses will
increase. The pattern of mosaicism will become even more complex, since
recombination involving viruses that are already recombinant will also occur
(an example being recombination between CRF02 and CRF06 in West Africa).
Continued monitoring is necessary to determine the future role of non-subtype
B viruses in North America and Europe where they seem to be increasing with
time, and to chart the emergence of new predominant subtypes and CRFs
around the world.
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Challenges of genetic diversity in Env glycoproteins and entry inhibitors

The pol gene encodes functional proteins that are targeted by RT inhibitors,
and less genetic variation is observed in this gene compared to env.
Nevertheless, some in vitro and in vivo observations suggest that genetically
distinct viral variants may respond differently to certain antiretroviral drugs
that target the pol gene. HIV-1 group O and HIV-2 strains are naturally resist-
ant to non-nucleoside RT inhibitors (NNRTIs) [16]. The rate of occurrence of
nevirapine resistance-associated mutations after a single dose is significantly
higher in women with HIV-1 subtype C than in women with subtype A or D
[17]. Many studies have also shown the existence of polymorphisms among
non-B strains [18—-20]. These accessory (or minor) mutations may not result in
a significant decrease in susceptibility [21, 22], but may be associated with an
increase in viral fitness (replication capacity) and/or increase in resistance
level associated with major mutations, and thus long-term failure of therapy.

In the same way, since entry inhibitors target the highly variable env gene,
it is likely that antiviral responses of entry inhibitors are even more influenced
by the genetic diversity that exists among HIV-1 subtypes and CRFs. In addi-
tion to divergence among subtypes, a high intra-patient diversity is also seen;
the overall rate of intra-patient divergence of the env gene is close to 1% per
year. Slower rates of evolution are found in the other parts of the viral genome.
These differences are likely driven by varying selective pressures rather than
differences in the underlying mutation rate. Intra-host diversity reflects the
successive fixation of advantageous mutations and the extinction of unfavor-
able lineages [23]. HIV successively fixes mutations that allow it to escape
immune responses in the host, or antiviral drugs.

Targeting the envelope glycoproteins (gp41 and gp120) represents a very
great challenge because of their high levels of sequence diversity. The entry of
HIV into a target cell represents the key initial step in the replication cycle of
the virus and involves three different steps: (1) viral attachment of gp120 to
CD4 receptor, (2) binding of gp120 to the co-receptors, and (3) fusion of viral
and cellular membranes. The entry process thus involves a coordinated series
of molecular interactions between the components of the virus glycoprotein
complex (gp120/gp41) and the components of the receptor complex (CD4 and
a chemokine co-receptor, CXCR4 or CCRS). Upon receptor and co-receptor
binding to the surface subunit of gp120, subsequent rearrangements within
gp41 allow fusion of viral and cellular membranes. It is important to note that
the gp120 compromises five variable (V1-V5) domains interspersed with con-
served (C1-C5) regions (see chapter by Tilton/Doms, Fig. 1).

Because of the diversity in the viral glycoproteins and host receptor mole-
cules, their mechanism of action, and consequencely development of resist-
ance, will also differ. Several CD4-gp120 inhibitors are under development.
Apparently the degree of sequence variation in the nearby V1/V2 variable
regions indirectly influences the susceptibility to these drugs [24]. Therefore,
it can be expected that the natural variation in these regions that exist among
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different subtypes can significantly influence baseline susceptibility to certain
of these compounds for some subtypes/CRFs. Moreover, a high intra-patient
diversity is also seen in env sequences over time.

After binding of the HIV-1 gp120 envelope glycoprotein to CD4, confor-
mational changes occur in the gpl20 that translocate the variable regions
V1/V2 and V3 of gp120 to create or expose a binding site for co-receptor. An
interesting target in HIV entry is the co-receptor binding phase, and current
research is focused on designing compounds that interact with the CCRS and
CXCR4 receptors. Resistance to co-receptor antagonists can be the result of
either a shift in co-receptor usage or from other changes in the envelope gly-
coproteins that alter the interaction with co-receptor. Multiple mutations in V3,
but also in V2, C2 and V4 seem to account for drug resistance. These regions
are known to be highly variable among different subtypes, and, moreover, dif-
ferent co-receptor usage has also been reported for certain subtypes, e.g.,
CXCR4 variants are rarely observed among subtype C [25], whereas these
variants seem to occur at higher frequencies in subtype D [26]. Although pre-
liminary results have not yet identified co-receptor switch as a main resistance
pathway, this has to be monitored closely since such shifts could have serious
consequences in disease progression. Independent of subtype-related differ-
ences, the presence of X4 viruses as minor quasi-species in an individual could
allow selection of this variant.

The final step in the viral entry pathway is fusion of the viral envelope with
the target surface membrane, and the gp41 ectodomain is the key structure
responsible for membrane fusion. Enfuvirtide, previously known as T-20, is
the first fusion inhibitor to be approved for the treatment of AIDS. Enfuvirtide
is a 36-amino acid peptide derived from a continuous sequence within HR2
from the gp41 from the HXB2 HIV-1 subtype B prototype strain. The peptide
binds to the HR1 region and prevents gp41-mediated fusion with the host cell
membrane (see Chapter 6 for details). Overall, enfuvirtide should be consid-
ered as a drug with a low genetic barrier to resistance [27]. Drug resistance to
this new drug seems to occur in the HR1 region and, more precisely, genetic
changes within the 36—45 amino acid region of HR1 have been shown to con-
fer resistance to enfuvirtide, especially mutations in the highly conserved 3-
amino acid motif at codons 36-38 (GIV) [28]. Other common substitutions
observed in phase II and III studies, including Q40H and N42T, and in vitro
studies showed that site-directed HR1 mutants G36D, V38A, Q40H, N42T,
N43D, N43S and N43K are significantly resistant to enfuvirtide. Due to its
cutaneous route of administration and its high cost, the use of this drug
remains limited to the US and Europe, where subtype B HIV-1 strains pre-
dominate. Data on sensitivity and resistance are thus derived mostly from sub-
type B-infected patients. However, the majority of HIV-1 infections worldwide
are with other HIV variants and the proportion of non-B strains is increasing
in the western hemisphere. Several studies have examined baseline suscepti-
bility to enfuvirtide using genotypic and/or phenotypic methods. Natural enfu-
virtide resistance is rare in B and non-B HIV-1 group M strains [29]. No resist-
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ance-associated mutations were seen as natural variants on non-B group M
HIV-1 strains. However, other polymorphisms were seen, e.g., Q39L and
Q40K, but these mutations were not documented to be associated with resist-
ance, although it has to be further examined to what extent they might affect
the accessibility of the drug to its target sequence. On the other hand, the N42S
polymorphism has been previously observed in 15% of baseline isolates and is
associated with mild hypersusceptibility [30]. This latter mutation is present at
the baseline in a large majority of non-B strains, e.g., in 80% of 185 strains
studied from Cameroon, and could be detected in almost all the subtypes/CRFs
[31]. Analysis of the HR2 domain, from which the peptide is derived, indicat-
ed a much greater genetic variability as compared to HR1. Only certain amino
acid positions are highly conserved between the different HIV-1 variants and
correspond mainly to the amino acids involved in the 5-helix interaction and
binding. Despite this high genetic diversity in the HR2 region, the efficacy of
enfuvirtide to inhibit replication of such polymorphic strains seems not to be
influenced. This was shown by a few studies analyzing the in vitro efficacy of
T-20 on non-B samples (C, CRF01, CRF02) from Africa and India with more
than half of the loci harboring amino acids that are different from the enfuvir-
tide peptide, suggesting that the HR2-HR1 interaction can tolerate significant
genetic changes [32]. Although, the in vitro observations together with the
highly conserved HR1 regions suggest a broad applicability of T-20 against
very diverse HIV-1 group M strains, T-20 is not effective against HIV-2 [30].
Unexpectedly, despite the high genetic diversity in HR1 and HR2, HIV-1 O
isolates were as sensitive as group M viruses to inhibition by T-20 in vitro and
in vivo [28, 33]. These findings suggest that T-20 has a broad antiretroviral
activity against a large diversity of HIV-1 strains. Other fusion inhibitors tar-
geting HR1 are in clinical development, for example T-1249. Although, group
O viruses are susceptible to T-20, polymorphisms in gp41 seem to affect the
sensitivity of HIV-1 O to second-generation fusion inhibitors like T-1249. On
the other hand, mutations in HR1, known to be associated with resistance to
T-20, are not resistant to T-1249. More in vitro and in vivo studies will be nec-
essary using a larger panel of non-B subtypes to determine the impact of sub-
types on enfuvirtide efficacy.

Conclusion

One of the major characteristics of lentiviruses is their extensive genetic vari-
ability. This diversity is observed worldwide with a heterogeneous geographi-
cal distribution of HIV-1 subtypes and CRFs, but also a high intra-patient
diversity (1-5%) is seen. The variability of the env gene among the different
HIV-1 groups, subtypes worldwide and quasi-species observed within the
patient, together with the different regions in the envelope involved (according
to which step in viral entry is targeted by the molecule), make it a real chal-
lenge to design antiretroviral drugs in this region. Moreover, the genetic diver-
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sity of HIV continues to increase, the geographical distribution of subtypes is
evolving and intermixing of HIV-1 variants is inevitable. The development of
entry inhibitors is mainly based on subtype B sequences and, due to factors
related to the complex route of administration or high cost for certain drugs,
the clinical evaluation for most entry inhibitors remains limited to the US and
Europe, where subtype B HIV-1 strains predominate. Data on susceptibility
and development of resistance against entry inhibitors are thus mainly derived
from subtype B-infected patients. However, because the majority of HIV-1
infections worldwide involve other subtypes and genetic diversity is increas-
ing, studies of the efficacy of entry inhibitors against non-subtype B viruses
will be important from a global perspective.

On January 6th, 2007, Laurence Vergne died tragically in Yaounde,
Cameroun. She was only 31 years old. She obtained her PhD degree in 2003
at the University of Montpellier, and had been working with Eric Delaporte
and Martine Peeters’ team at the Institute for Research and Development
(IRD, Institut de Recherche pour le Developpement) in Montpellier, France,
since 1998. Her research activities were focused on the genetic diversity of
HIV and its implications on antiretroviral drug resistance in developing
countries, especially Africa. In Yaounde, Cameroun, with the support of the
World Health Organization (WHO-Afro), the International Atomic Energy
Agency (IAEA) and ANRS (National Institute for AIDS Research, France),
she had just set up a regional reference laboratory for Central Africa for the
surveillance and monitoring of genotypic drug resistance of HIV-1.
Laurence was a particularly bright young scientist whose generosity
towards others had led her to commit herself in the fight against AIDS in
Africa. Besides her professional assets, her personal qualities create a terri-
ble sense of loss for all those who knew her.
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Multifaceted events regulate initial interactions between HIV-1 and
target cells

The entry of enveloped viruses involves virus adsorption followed by close
apposition of the viral and plasma membranes. This multistep process is initi-
ated by specific binding interactions between glycoproteins in the viral enve-
lope and appropriate receptors on the cell surface. In the case of HIV-1, attach-
ment of virions to the cell surface is attributed to a high affinity interaction
between envelope spike glycoproteins (Env, composed of the surface protein
gp120 and the transmembrane protein gp41) and a complex made of the pri-
mary CD4 receptor and a seven-transmembrane co-receptor (e.g., CXCR4 or
CCRS5) (reviewed in [1]). Then a chain of dynamic events take place that enable
the viral nucleocapsid to penetrate within the target cell following the destabi-
lization of membrane microenvironment and the formation of a fusion pore.
Although it is generally accepted that HIV-1 attachment to its major cellu-
lar reservoirs (i.e., T helper cells and macrophages) occurs through the two-
stage receptor-interaction pathway, there is accumulating evidence indicating
that the initial attachment step is a more complex phenomenon than initially
thought. Indeed it seems that adsorption of HIV-1 to the cell surface is modu-
lated by a large variety of interactions between the viral entity and the target
cell surface (reviewed in [2]). This retrovirus may also attach to some cell
types by CD4-independent interactions involving highly glycosylated groups
or basic residues found on gp120 and polyanionic sulfated chains or lectin-like
domains on some specific cell surface receptors (reviewed in [1]). For exam-
ple, heparan sulfate proteoglycans, which are expressed at high levels on dif-
ferent cell types, such as epithelial and endothelial cells, can interact with the
envelope spike glycoprotein and serve as docking structures for HIV-1 [3].
Heparan sulfate proteoglycans such as syndecans serve as the main class of
attachment receptors for HIV-1 on different cell types, e.g., macrophages and
endothelial cells, and are thought to play a cardinal role in virus transmission
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[4, 5]. GP120 can bind also to galactosyl ceramide and its sulfated derivative
(i.e., sulfatide) [6, 7] that are found on macrophages and neural, glial and colon
epithelial cells [6-8]. It can also associate with the mannose-specific
macrophage endocytosis receptor (MR) [9] and other cellular lectins. In fact,
the determinant role played by dendritic cells (DCs) in HIV-1 transmission
might rely on specific interactions between gp120 and C-type lectins, of which
the DC-specific intercellular adhesion molecule-3 (ICAM-3) grabbing nonin-
tegrin (DC-SIGN) and DC-SIGNR (for DC-SIGN-related) are the best studied
[10, 11]. These two lectins are expressed on certain DC populations and
endothelial cells, respectively, and are described in more detail in this article.

HIV-1 attachment mediated by host cell proteins incorporated into the
viral envelope

Incorporation of host cell surface molecules within nascent HIV-1

HIV-1, as an enveloped virus, is released by budding through the plasma mem-
brane of the productively infected cell. In addition to its own virus-encoded
envelope glycoproteins, the virus incorporates many different cellular proteins
normally found on the cell surface (reviewed in [12—15]). These include major
histocompatibility complex (MHC) class I and II determinants [16—19], adhe-
sion molecules [20—-23], complement regulatory proteins [24] and costimula-
tory molecules [25, 26], which have been found inserted in the viral envelope.
The process of incorporation of host cell membrane proteins was found to be
conserved among all tested HIV-1 subtypes and strains that were expanded in
natural cellular reservoirs, such as mitogen-activated peripheral blood lym-
phocytes and human lymphoid tissue cultured ex vivo [27-32]. The physio-
logical significance of this phenomenon is provided by two previous reports
showing that host-encoded cell surface constituents were incorporated in plas-
ma-derived clinical HIV-1 isolates [33, 34]. Although different host cell con-
stituents can be found embedded within HIV-1, the incorporation process
seems to be selective. For example, CD45 is the most abundant leukocyte cell
surface glycoprotein [35], but is not acquired by HIV-1 [18, 36]. The CXCR4,
CCRS, and CCR3 co-receptors are also excluded from HIV-1 [37]. This abili-
ty to incorporate discriminatory host antigens into mature virions has allowed
two groups to demonstrate that cell-type-specific antigens can serve as mark-
ers of the cellular origin of HIV-1 replication [33, 38]. It has been estimated
that between 375 and 600 HLA-DR molecules are found associated with
HIV-1y5 emerging from H9 cells [39]. This observation suggests that virally
embedded host HLA-DR outnumbered virus envelope (Env) glycoprotein
gp120 by a factor of 8.9 to 28.6 considering that HIV-1 possesses an average
of between 21 and 42 gp120 molecules per virion [40].

The molecular basis governing the selective incorporation of cell surface
proteins within emerging HIV-1 particles is only beginning to be exposed. It
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was established that the virus envelope spike glycoproteins (i.e., gp120 and
gp41) are not essential to achieve insertion of ICAM-1 into HIV-1 [41].
Interestingly, ICAM-1 incorporation is governed by an intimate association
between the cytoplasmic domain of ICAM-1 and the viral Gag precursor
polyprotein Pr55%¢ [42].

Involvement of virus-anchored host proteins and their ligands in the
attachment process

It can be proposed that besides interactions between gpl20 and multiple
attachment receptors, interactions can also occur between host-derived cell
surface components incorporated within emerging virions and their natural
counter-ligands. This scenario has been confirmed in numerous studies where
such host cell membrane molecules were found to retain their biological
activity when located on the virus. For example, HLA-DR can increase HIV-1
infectivity for CD4-expressing T cells by about twofold [43], whereas
ICAM-1 alone augments virus infectivity for LFA-1"* target cells by up to
100-fold depending of the LFA-1 conformational state [22, 44, 45].
Activation of primary human CD4* T lymphocytes was found to result in
LFA-1 clustering, an event that promotes the early events of HIV-1 replica-
tion cycle through an interaction between virus-embedded host ICAM-1 and
LFA-1 clusters [46]. Confocal analyses showed that HIV-1 is concentrated in
microdomains rich in LFA-1 clusters [46]. Virus entry studies including sub-
cellular fractionation experiments with primary human CD4" T cells illustrat-
ed that the acquisition of ICAM-1 by nascent HIV-1 modified the entry route
of the virus within such target cells [47]. It was established that the ICAM-1-
mediated increase in virus infectivity was linked with a more productive entry
process into primary CD4" T lymphocytes (i.e., cytosolic delivery of viral
material) [47]. It has been reported that the higher susceptibility of memory
CD4* T cells (CD45RO" subset) to HIV-1 infection is due to secondary inter-
actions between virus-associated ICAM-1 and cell surface LFA-1 [48]. The
presence of host-encoded CD28 in newly formed HIV-1 particles resulted in
a close to 20-fold augmentation in virus infectivity when using target cells
that express high levels of CD80 and CD86, two natural ligands of CD28
[49]. In addition, an increase in virus infectivity was also seen following
insertion of host-encoded costimulatory molecules CD80 and CD86 within
progeny viruses [50].

Strategies to reduce viral load by blocking interactions between virus-
associated host molecules and their physiological counter-receptors

Given that attachment of HIV-1 to host cells can be modulated by the addi-
tional interactions provided by virus-anchored host cell membrane proteins, it
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is thus not surprising to discover that virus susceptibility to blocking agents is
affected. For example, ICAM-1-bearing virions are more resistant to antibody-
mediated neutralization and this decreased sensitivity is even more dramatic
when target cells expressed on their surface the activated form of LFA-1 [51,
52]. Additionally, it was reported that virions carrying host ICAM-1 on their
surface are more resistant to the fusion inhibitor T-20 than are isogenic virus-
es lacking host ICAM-1 [53].

Although the physical presence of such host constituents on the exterior of
virions might be detrimental for the infected individual, the propensity of
HIV-1 to acquire numerous host cell surface components could be exploited to
control viral load. Indeed, it has been shown in numerous reports that HIV-1
infectivity can be efficiently neutralized, both in vitro and in vivo, with anti-
bodies specific for such host membrane proteins [22, 23, 26, 39, 44, 45, 54,
55]. Interestingly, it was demonstrated that HIV-1 replication is diminished
upon treatment with statin compounds (e.g., lovastatin) [56], the primary drugs
used in the treatment of hypercholesterolemia. The antiviral potency of lovas-
tatin seems to be linked with its capacity to inhibit interactions between virus-
associated host ICAM-1 and cell surface LFA-1. This in vitro work was con-
firmed by a proof-of-concept small-scale clinical study [57]. In this provoca-
tive study, six Al stage HIV-1 patients not receiving combined therapy were
given lovastatin for a month as their only medication. This short-term statin
treatment clearly reduced serum viral RNA loads in all patients and in gener-
al increased their CD4" T cell counts. Discontinuation of treatment was fol-
lowed by a rebound in viral load.

HIV-1 attachment mediated by cellular lectins
HIV-1 capture by cellular lectins: Targets for microbicides

The prevention of HIV-1 infection by microbicides, topically applied
inhibitors that block access of sexually transmitted HIV-1 to the host system,
is an attractive strategy [58]. Understanding which cell types are first targeted
by sexually transmitted HIV-1 and how these cells interact with HIV-1 is key
to the generation of effective microbicides. Several studies suggest that DCs,
professional antigen-presenting cells, might be intimately involved in the early
local and subsequent systemic spread of sexually transmitted HIV-1 [59].
Langerhans DCs in the top layer of the anogenital mucosa are probably the
first cells exposed to sexually transmitted HIV-1. Mucosal macrophages and
submucosal DCs might subsequently get into contact with virus crossing the
mucosal barrier via local breaches or with progeny virions generated by infect-
ed Langerhans cells. DCs and macrophages express CD4 and chemokine
receptors, and are thus permissive to HIV-1 infection, albeit infection of DCs
is often relatively inefficient and depends on the subpopulation analyzed [59].
It has been proposed, however, that mere attachment of HIV-1 to mucosa asso-
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ciated DCs might be sufficient to promote HIV-1 spread, since these motile
cells might ferry bound virus into lymphoid tissue, the major compartment of
HIV-1 replication, as part of their migratory and antigen-presenting functions
within the immune system [10]. Several cellular lectins have been implicated
in virus attachment to DCs, macrophages and other cell types relevant to
HIV-1 spread. Here, we discuss the role of the lectins DC-SIGN, DC-SIGNR,
MR and langerin in HIV-1 infection and introduce strategies to inhibit HIV-1
interactions with these molecules.

DC-SIGN and HIV-1: Uptake, processing and MHC presentation versus
transmission

DC-SIGN has initially been identified as a gp120-binding calcium-dependent
lectin expressed in placental tissue [60]. The lectin has been “rediscovered” in
2000 when Geijtenbeek and colleagues [10] showed that DC-SIGN is
expressed on DCs and is involved in HIV-1 binding and subsequent transfer of
the virus to T cells, the latter process presumably involving DC-SIGN-depend-
ent endocytosis and conservation of infectious HIV-1 in a low pH compart-
ment [61]. DC-SIGN seemed to mainly account for the ability of DCs to pro-
mote HIV-1 infection of cocultured T cells, and it was proposed that DCs
might function as Trojan horses, which take up HIV-1 via DC-SIGN and trans-
port the virus into lymphoid tissue [10, 62]. Geijtenbeek and coworkers also
provided evidence that DC-SIGN interacts with ICAM-2 on endothelial cells
[63] and ICAM-3 on T cells [64], and proposed that these interactions con-
tribute to extravasation of DCs from blood vessels into tissues and to the close
contact between DCs and T cells required for efficient antigen presentation,
respectively. Thus, a scenario emerged in which DC-SIGN was involved in DC
functions critical for the establishment of an effective immune response and
simultaneously allowed HIV-1 to misuse DCs to ensure its spread in the host.

A critical contribution of DC-SIGN to DC interactions with
T cells/endothelial cells or HIV-1 has subsequently been challenged. It was
reported that DC-SIGN or the related protein DC-SIGNR bind to ICAMs with
submicromolar affinities similar to that observed for nonspecific cellular pro-
teins [65], suggesting that ICAM recognition might not account for a potential
role of DC-SIGN in cell-cell interactions. It was also documented that HIV-1
capture by DCs does either not dependent on DC-SIGN [66, 67] or that the
contribution of DC-SIGN is relatively modest with other factors playing an
important role [68—71]. In fact, Truville and colleagues [72] provided evidence
that different DCs bind to HIV-1 gp120 via different lectins or via CD4, as dis-
cussed below. Moreover, it has been demonstrated that transformed cells fre-
quently used to assess DC-SIGN function were not THP-1 monocytes, as
reported [10], but most likely Raji B-cells [73], and that these cells as well as
monocyte-derived DCs were permissive to infection by HIV-1 [74-76]. The
latter observation suggests that the ability of DC-SIGN-expressing cells to
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maintain HIV-1 infectious over prolonged time is most likely due to produc-
tive infection of these cells [74-76]. Indeed, DC-SIGN-dependent HIV-1
transmission is probably a short-lived process (Fig. 1), which is only observed
a few hours after the DC-SIGN-positive, HIV-1-exposed cells make contact
with target cells. Mainly, HIV-1 might be endocytosed and processed for MHC
presentation ([77, 78], Fig. 1). Finally, two reports indicate that DC-SIGN
might not be a good marker for DCs in vivo [68, 79], with DC-SIGN-positive
cells in lymphoid tissue being of macrophage origin [68]. How these results
relate to a series of previous studies demonstrating DC-SIGN expression on
tissue DCs [10, 80, 81] is currently unclear.

Short term "
CD4 DC-SIGN transfer
Progeny
CCR5 virus
i | R

Infection Processing
Long term transfer | | MHC presentation

Figure 1. HIV-1 interactions with DC-SIGN on dendritic cells (DCs). DC-SIGN is expressed at high
levels on DCs and binds to carbohydrates present on the surface of the heavily glycosylated HIV-1
envelope protein. Binding of HIV-1 to DC-SIGN-positive DCs can have multiple consequences.
During a relatively short time window (hours) bound virus can be transferred to adjacent susceptible
cells (“short-term transfer”). Certain HIV-1 isolates can also productively infect DCs via CD4 and a
chemokine coreceptor. Prior engagement of DC-SIGN might augment infectious entry. Progeny viri-
ons produced from infected DCs can then be efficiently transmitted to cocultured T cells over a pro-
longed time period (days, “long-term transfer”). Finally, HIV-1 captured by DC-SIGN can be endo-
cytosed and processed for MHC presentation.
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Can a significant contribution of DC-SIGN to DC interactions with HIV-1,
and thus to sexual transmission of HIV-1, be disregarded in the light of these
results? Probably not, since several studies also provide evidence for a role of
DC-SIGN in HIV-1 capture and transmission by DCs. For example, Arrighi
and colleagues [82] demonstrated that siRNA-mediated down-modulation of
DC-SIGN diminishes HIV-1 capture by DCs. The contribution of DC-SIGN to
this process might be due to an involvement of this lectin in the formation of
an infectious synapse [83], a microenvironment established between HIV-1-
bearing cells and target cells, which promotes efficient transfer of infectious
virions [84]. Interestingly, DC-SIGN did not contribute to HIV-1 infection of
target cells in cervical explants but, together with CD4, was mainly responsi-
ble for HIV-1 uptake by migratory cells present in these explants [85], sug-
gesting that in HIV-1-infected individuals DC-SIGN might indeed contribute
to HIV-1 dissemination by motile cells expressing this lectin. In this regard, it
is noteworthy that platelets have been shown to express DC-SIGN and to cap-
ture HIV-1 in a largely DC-SIGN-dependent manner [86, 87]. These cells
might bind HIV-1 via DC-SIGN once the virus has reached the blood stream
and might promote its dissemination in the host system. Similarly, a recent
report suggests that a subset of B cells expresses DC-SIGN and facilitates
HIV-1 transmission to T cells in a DC-SIGN-dependent manner [88]. Finally,
two groups found that certain polymorphisms in the DC-SIGN gene are asso-
ciated with decreased risk of HIV-1 infection [89, 90], highlighting that DC-
SIGN might modulate important events leading to the establishment of HIV-1
infection. Thus, further research is needed to clarify the role of DC-SIGN in
HIV-1 infection and to evaluate whether this protein is a potential target for
microbicides.

DC-SIGNR polymorphisms and susceptibility to HIV-1 infection

DC-SIGNR [11], also termed L-SIGN (for liver SIGN) [91], shares 77%
sequence identity with DC-SIGN and is expressed by sinusoidal endothelial
cells in liver (LSECs) and in lymph nodes, alveolar macrophages [92] and
enterocytes of the small intestine [93]. Moreover, DC-SIGNR transcripts have
been detected at sites of mucosal HIV-1 transmission [94]. DC-SIGNR, like
DC-SIGN, binds to high-mannose carbohydrates and captures HIV-1, HIV-2
and simian immunodeficiency virus [11, 91]. Binding to ICAM proteins has
also been demonstrated [91]. However, the natural function of DC-SIGNR is
currently unclear. Expression of DC-SIGNR in lymph node sinusoids might
concentrate HIV-1 in this compartment, while DC-SIGNR on LSECs might
promote infection of this cell type, which was shown to be permissive in vitro
[95] and in vivo [96, 97]. LSECs might therefore constantly release progeny
virus into the blood stream, thereby promoting HIV-1 spread.

DC-SIGN and DC-SIGNR are both organized into a N-terminal intracellu-
lar domain, a transmembrane domain, a neck region containing 7.5 repeats of
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a 23-amino acid-comprising sequence and a C-terminal lectin domain. In con-
trast to the neck domain of DC-SIGN, which is highly conserved among indi-
viduals, the neck domain of DC-SIGNR is polymorphic. While 7.5 repeats are
most often found and are considered wild type (wt), alleles with 5.5 and 6.5
repeats are also frequent (28.9% and 12.2%, respectively, in the Caucasian
population [91]). The impact of polymorphisms in the DC-SIGNR neck
region on susceptibility to HIV-1 infection has been analyzed by two studies.
Lichterfeld and colleagues [98] found no significant differences in DC-
SIGNR allele distribution between HIV-1-infected individuals and healthy
controls. Also, no correlation between DC-SIGNR allele frequency and
course of HIV-1 disease was observed [98]. In contrast, Liu and colleagues
[99] found that the 7/7 genotype was significantly less frequent in high-risk
HIV-1-seronegative individuals compared to HIV-1-seropositive individuals,
while the 5/7 genotype was associated with some protection against HIV-1
infection. It is currently unclear, however, how such a protective effect can be
explained on the molecular level. Thus, DC-SIGNR variants with 5 and 6
repeats were found to form stable homo-oligomers [100] and to augment
HIV-1 infection [101] with similar efficiency as the wt protein. Also, coex-
pression of DC-SIGNR alleles with 5 and 7 repeats allowed formation of sta-
ble hetero-oligomers and did not result in decreased HIV-1 interactions when
compared to controls expressing the 7/7 allele combination [101]. A linkage
between DC-SIGNR polymorphisms and alterations in unrelated genes deter-
mining susceptibility to HIV-1 infection can therefore at present not be
excluded.

MR and langerin mediate HIV-1 gp120 binding to DC subsets

The observation that DCs can bind to HIV-1 independently of DC-SIGN raised
the question whether related lectins might be involved. A detailed analysis of
gp120 interactions with different DC subsets revealed that MR on dermal DCs
might contribute to gp120 capture by these cells [72]. MR is an endocytic
receptor that harbors multiple lectin domains and recognizes ligands bearing
mannose, fucose or N-acetylglucosamine (GlcNac) [102]. The lectin is
expressed on DCs, macrophages and some endothelial cells [102] and might
contribute to capture of HIV-1 virions by these cells. In fact, it has been
demonstrated that an MR-specific antibody can reduce HIV-1 attachment to
macrophages [103]. Langerin contains a single carbohydrate recognition
domain specific for mannose, fucose and GlcNac and is expressed exclusively
by Langerhans cells [104, 105]. Expression of langerin triggers formation of
Birbeck granules, which are part of the endosomal recycling machinery of
Langerhans cells [106, 107]. The lectin might function as an antigen uptake
receptor that releases ligands upon exposure to low pH in endosomal com-
partments [105]. While Langerin recognizes HIV-1 gp120, it needs to be deter-
mined whether it contributes to infection of Langerhans cells, which are sus-
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ceptible to HIV-1 in culture and in patients [108, 109], or to transmission of
HIV-1 from Langerhans cells to adjacent target cells.

Approaches to inhibit HIV-1 interactions with cellular lectins

Lectin-dependent HIV-1 attachment to cells can be prevented by interfering
with lectin expression or by targeting domains in the lectin required for effi-
cient ligand recognition. Alternatively, carbohydrate structures in HIV-1-
gp120, which are recognized by relevant lectins, are targets for intervention.
Down-modulation of lectin expression can be achieved by specific siRNA [82,
110] and by sanglifehrin A [111], an immunosuppressant that diminishes C-
type lectin expression on DCs. However, issues with delivery (siRNA) and
possible unwanted side effects (sanglifehrin A) need to be addressed. Several
inhibitors that impede the interaction of DC-SIGN with HIV-1 or other virus-
es have been described. A synthetic, branched molecule that presents 32 man-
nose residues on its surface has been shown to inhibit HIV-1-gp120 binding to
DC-SIGN [112] and to block DC-SIGN interactions with reporter viruses
bearing the Ebola virus glycoprotein [113], a well-established DC-SIGN lig-
and [114, 115]. The antiviral activity of comparable molecules bearing sialic
acid, the structure recognized by influenza hemagglutinin, has also been
demonstrated in a mouse model for influenza infection [116], underlining the
feasibility of this approach. The inhibitory substances used to target lectin-
mediated HIV-1 attachment must not necessarily be of synthetic origin, since
bovine lactoferrin [117] and a substance in human milk which harbors Lewis
X carbohydrates [118] were shown to bind to DC-SIGN and to inhibit HIV-1
transmission by DCs. Similarly, a DC-SIGN inhibitory activity was identified
in human cervicovaginal lavage fluid [119]. These natural substances might
modulate the risk of HIV-1 transmission and merit further investigation.
Finally, inhibition of ligand binding to lectins can be achieved by monoclonal
antibodies, and a variety of DC-SIGN- or DC-SIGNR-specific monoclonal
antibodies that inhibit pathogen interactions with these lectins have been gen-
erated [68, 69, 71, 120].

While several lectins expressed at the cell surface can mediate HIV-1 attach-
ment, soluble human-, plant- and bacteria-derived lectins can be employed to
inhibit this process. Thus, mannose-binding lectin (MBL), a soluble lectin that
is involved in innate immunity and is known to bind to HIV-1-gp120 [121],
inhibits DC-SIGN-dependent HIV-1 transmission to target cells, probably by
competing with DC-SIGN for binding sites in HIV-1-gp120 [122]. A similar
observation was reported for Ebola virus [123], validating that lectins with
overlapping carbohydrate specificity can compete for binding sites in gp120,
which can result in reduction of viral attachment. In fact, soluble lectins were
shown to be effective against HIV-1 transfer by DCs and direct infection of
DCs [124], highlighting that lectins applied within a microbicide formulation
might help to block HIV-1 infection upon sexual transmission. A promising
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candidate microbicide is Cyanovirin N, a mannose-specific lectin obtained
from the Cyanobacterium Nostoc ellipsosporum [125]. CV-N binds to the
HIV-1-gp120 protein and inhibits HIV-1 interactions with DCs in vitro [124]
and, when applied topically, infection of macaques with a simian/human
immunodeficiency hybrid virus upon vaginal and rectal challenge [126, 127].

Concluding remarks

A more complete understanding of the possible contribution of virus-associat-
ed host proteins to the HIV-1 life cycle is crucial because it might lead to the
development of alternative approaches for the treatment of HIV-1 infection
and/or the design of an efficient vaccine strategy. Interestingly, a therapeutic or
vaccine strategy targeted at virus-associated host cell surface proteins might
circumvent problems due to the great genetic variability displayed by HIV-1.
Elucidation of the molecular mechanisms underlying HIV-1 capture by cellu-
lar lectins and assessment of the contribution of this process to HIV-1 dissem-
ination in and between individuals might help to define novel strategies for pre-
ventive or therapeutic intervention. Moreover, lectins on DCs can be used as
tools to target HIV-1 antigens to these important antigen-presenting cells
[128—131], which might facilitate the generation of an effective HIV-1 vaccine.
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Introduction

The treatment of HIV-1 is moving towards chronic management of the disease,
e.g., by combining three-drug regimens to reduce the number of dosing units.
However, four classes (nucleoside/nucleotide and non-nucleoside reverse tran-
scriptase, protease, and fusion inhibitors) including 24 approved drugs are still
inadequate and treatment failures continue to occur. Factors contributing to
such failures include: the emergence of drug-resistant strains, suboptimal
exposure, and poor adherence that is mainly attributable to side effects.
Moreover, the transmission of drug-resistant viruses is expected to rise over
time. For these reasons, there is a pressing need for new classes of antiretrovi-
ral agents that are effective against HIV-1 resistant or insensitive to current
drugs and that have the potential for co-formulation in convenient dosing reg-
imens.

HIV-1 entry into host cells, which begins with the binding of the envelope
protein gp120 to cellular CD4 receptors, is an attractive target for the devel-
opment of novel antiretroviral agents. CD4 is primarily expressed on the sur-
face of T cells and macrophages. The protein consists of an extracellular
region of 370 amino acid residues organized into four domains (D1-D4), with
the HIV-1-binding site of CD4 being localized to D1. In particular, the primary
binding site for gp120 maps to positions F43 and R59 on CD4 [1]. Sequence
analysis of HIV-1 isolates has identified five highly glycosylated variable
(V1-V5) regions of gp120 interspersed with five conserved regions (C1-C5).
Intramolecular disulfide bonding in V1-V4 results in loop formation, and
C1-CS5 fold to form the gp120 core. This structural design allows genetically
diverse HIV-1 isolates to retain a common mechanism for cell entry using the
conserved core, while simultaneously evading the host immune system [2].
These concepts are based, in part, on the elucidated crystal structure of the
HIV-1 gp120 core (lacking the V1-V2, V3 loops, and the N and C termini) in
complex with a two-domain fragment of CD4 and the Fab fragment of 17b, a
monoclonal antibody (mAb) that recognizes the CCRS co-receptor-binding
region of gp120 [1]. In this CD4-bound structure, the inner core domain and
the variable outer domain as well as a bridging sheet contribute to interactions
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with CD4. More recently, the structure of a fully glycosylated simian immun-
odeficiency virus (SIV) gp120 core (excluding the V1-V2, V3 loops, and parts
of the N and C termini) in an unliganded conformation was solved [3].
Comparison of the structure of unliganded gp120 with that of the CD4-bound
protein demonstrates that the inner domain undergoes extensive conforma-
tional rearrangement upon receptor binding to assemble the binding pocket for
CD4. The opening of this conserved recessed pocket is occupied by the F43
residue of CD4 [1]. The CD4-bound gp120 structure reveals direct interatom-
ic contacts between 22 CD4 residues, and 26 gp120 amino acid residues that
are distributed over the entire length of gp120. Most importantly, the F43 of
CD4 makes multiple contacts centered on residues E370, 1371, N425, M426,
W427, G473, and D368 of gp120, which accounts for 23% of the total inter-
atomic contacts in gp120/CD4 interaction. This conserved CD4-binding pock-
et of gp120 provides a potential target for compound binding.

The observations that the CD4-IgG fusion protein PRO542 (Progenic) and
a small-molecule CD4-competition inhibitor BMS-488043 (Bristol-Myers
Squibb, BMS) have shown significant clinical efficacy provide encouraging
data to support the contention that targeting the gpl120/CD4 interaction has
therapeutic potential [4, 5]. This chapter discusses the profiles, developmental
status, issues, and potential of HI'V-1 inhibitors of gp120-CD4 interaction. The
efficacy of this class of inhibitors as microbicides in monkeys for preventing
viral transmission is presented in the chapter by Clyde Hart.

Inhibitors in development
Targeting the CD4-binding pocket of gp120

Small-molecule inhibitors

BMS-378806 and BMS-488043: BMS-378806 and BMS-488043 (BMS)
(Tab. 1) are novel, small-molecule CD4-attachment inhibitors that specifically
target gpl20 [6—9]. The compounds exhibit potent antiviral activity (nM
range) against macrophage-, T-, and dual-tropic HIV-1 laboratory strains (B
subtype), indicating that their antiviral activities are coreceptor independent
[6]. However, they exhibit a range of activities against HIV-1 strains of other
subtypes, likely due to the heterogeneous nature of gpl20 sequences. As
expected, susceptibility is retained against variant HIV-1 viruses resistant to
other classes of antiretroviral agents, and these compounds show no significant
cytotoxicity at concentrations <225 uM.

BMS-378806 and BMS-488043 block HIV-1 entry by a similar mechanism;
selectively binding to gpl120 with an 1:1 stoichiometry and competitively
inhibiting the interaction of soluble CD4 (sCD4) with gp120 [8, 9]. Mutually
exclusive binding of BMS-488043 and sCD4 to gp120 is observed using either
labeled sCD4 or compound in the presence of an unlabeled ligand, and prior
binding of sCD4 to gp120 negates BMS-488043 inhibition. Similarly, this
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compound prevents virion envelope trimers from binding to sCD4 (sCD4-1gG)
and blocks sCD4-induced exposure of the gp41 groove in virions [9]. In these
virion-binding assays, BMS-488043 is inactive when added subsequent to
sCD4 addition. Together, these results indicate that interference of
gp120/sCD4 interactions is the primary inhibition mechanism of this com-
pound. BMS-488043 appears to interfere with these interactions by inducing
conformational changes at both the CD4- and CCR5-binding regions of gp120
[9], likely inhibiting the acquisition of key structure(s) required for CD4 bind-
ing [1].

An alternative inhibition mechanism has been proposed for these BMS
compounds in which HIV-1 entry is prevented by blocking CD4-induced
gp120 conformational changes without significantly affecting CD4 binding
[10]. However, further investigations suggest that the lack of observed sCD4
inhibition in this study is likely due to the high concentrations of sCD4 used
in the gp120/CD4 binding assay [9]. Moreover, the observed lack of inhibition
of sCD4 binding to a cell surface-expressed envelope variant containing a spe-
cific C-terminal deletion is likely caused by a significantly altered envelope
structure. This deletion is known to affect gpl120 conformation resulting in
greater exposure of the CD4- and coreceptor-binding regions. Consequently,
BMS-488043 and BMS-378806 only partially inhibit sCD4 binding to this
laboratory-generated mutant HIV-1 virion. The effective inhibition of its cor-
responding pseudotype virus infection may result from an additional mecha-
nism [9]. Thus, the preponderance of experimental evidence indicates that the
BMS inhibitors block viral entry by altering envelope conformation and by
primarily interfering with CD4 binding.

In cell culture, the rate of resistance development to BMS-378806 is com-
parable to that observed for nevirapine and lamivudine. The major resistance
substitutions selected by this compound in HIVy 4.3 and HIV| 41 span the CD4-
binding pocket, as well as the entire gp120 and gp41 regions, confirming that
the viral Envelope is the target of inhibitor [6, 8]. Studies using in vifro muta-
genized Envelope demonstrate that the changes M426L and M475I confer
high levels of resistance in recombinant virus and gp120/CD4-binding assays,
and cause a >100-fold decrease in BMS-378806 binding to gp120. These
changes are located at or near the gp120/CD4 contact sites, supporting the
premise that the CD4-binding pocket is the target for this compound [6, 8].
Moreover, a W427V substitution in gp120 fully negates both BMS-378806
and sCD4 binding. This important Envelope change resulted in a nonviable
virus, and thus, was not identified in drug selection experiments. In addition,
the S375W mutant envelope in which a tryptophan residue occupies the CD4-
F43-binding pocket does not bind to BMS-378806 [8]. Together, the data sug-
gest that BMS-378806 interacts with a selective subset of gp120 residues, and
that the compound binding site is situated in the CD4-F43-binding pocket of
gp120. This premise is supported by studies of the effect of in vitro mutage-
nized gp120-HXCB_2 HIV variants on drug susceptibility, in which the alter-
ation of five CD4-F43 cavity contacting residues of gp120 affect BMS-378806
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susceptibility. Other gp120 changes associated with BMS-378806 resistance
line a water-filled channel that extends from the F43 cavity to the gp120 sur-
face [11]. In further support of these observations, the potential BMS-378806-
binding site was recently revealed by mapping BMS-378806 resistance sub-
stitutions to a deep, hydrophobic channel to which many CD4 contact sites
also mapped in the X-ray crystal model of unliganded SIV gp120 [3].
Interestingly, some BMS-378806-selected secondary substitutions are also
located in the CCR5-binding sites or the gp41 region, suggesting that resist-
ance may result from the interactions of various regions of the HIV-1 Envelope
[6, 8, 11]. This result is not surprising because these inhibitors act by inducing
Envelope structural modulations [9]. Collectively, resistance mapping, SIV
gp120 structure modeling, and biochemical data indicate that BMS inhibitors
and sCD4 likely share some common binding sites on the unliganded form of
gp120, and CD4-binding inhibition is the primary mechanism of this series of
inhibitors.

Phase I studies of BMS-378806 revealed an acceptable safety profile, but its
development was terminated due to its failure to achieve target exposure lev-
els. Subsequently, BMS-488043 was advanced to efficacy studies after the
Phase I trials of single and multiple oral doses in healthy subjects demonstrat-
ed adequate safety parameters, tolerability and pharmacokinetic profiles for up
to 14 days. The antiviral activity, safety, and tolerability of BMS-488043 were
evaluated in a multiple-dose study in HIV-infected adults that either received
800- or 1800-mg doses of BMS-488043 or placebo every 12 h for 8 days.
Whereas 67% of the compound-treated patients had a viral load decline rang-
ing from >0.5 to 1.5 log;o, none of placebo-treated subjects had a maximal
viral load decline >0.5 log;, copies/mL. Moreover, there were no serious
adverse events; hence, monotherapy with BMS-488043 for 8 days was gener-
ally safe and well-tolerated [4]. Although BMS-488043 has now been sup-
planted in development by compounds with improved preclinical profiles, the
results of these clinical studies provide proof of concept for this series of com-
pounds, i.e., an orally bioavailable small-molecule CD4-attachment inhibitor
of HIV-1 can have potent antiviral activity in infected subjects.

NBD-556 and NBD-557: Both NBD-556 and NBD-557 (The New York Blood
Center) are small-molecule inhibitors [N-phenyl-N'-(2,2,6,6-tetramethyl-
piperidin-4-yl)-oxalamide analogs, (Tab. 1)] that block gp120-CD4 interac-
tions [12]. They bind to unliganded gp120 but not to the cellular CD4 recep-
tor in a surface plasmon resonance study and have no activity against HIV-1
reverse transcriptase, protease, or integrase. Moreover, NBD-556 and NBD-
557 exhibit micromolar potency against selected HIV-1 laboratory strains and
possess minimal cytotoxicity. Both compounds display similar efficacy against
laboratory isolates and a limited number of primary HIV-1 strains of other sub-
types. This activity is coreceptor independent and does not interfere with gp41
six-helix bundle formation in an in vitro model system. However, NBD-relat-
ed compounds are ~1000-fold less potent than BMS-378806, although their
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low molecular weight and simple, drug-like structures suggests potential for
further optimization.

Pfizer compounds: Pfizer has disclosed, in two published patent applications,
a series of small molecules that inhibit the interactions of gp120 with CD4.
Example 12 from the initial application (Tab. 1) displayed an ICs, of 15 nM in
a cell-cell fusion assay and an ICsy of 750 nM in a gp120/CD4-binding assay
[13]. In a second application, a compound (Example 18, Tab. 1) displayed an
ICso of 40 pM in a fusion assay [14]. Although these initial data are encourag-
ing, additional profiling and virology data will be needed to assess the poten-
tial of these inhibitors as new clinical candidates.

Chiron CD4 mimetics: A published patent application from Chiron describes
small-molecule CD4 mimetics that bind to HIV-1 Envelope proteins, cause
conformational changes, and induce the exposure of cryptic epitopes [15]. For
example, a complex of compound 5 from the patent application (Tab. 1) and
gp120 exhibited enhanced binding to antibody 17b in comparison to CD4-
envelope complexes, suggesting that it competes with CD4 and increases bind-
ing of the Envelope to 17b.

University of Maryland inhibitors: In addition to the development of molecu-
larly distinct compounds, attempts have been made to alter BMS-378806 in
the hopes of improving its preclinical profile. A synthetic bivalent inhibitor
(Tab. 1) composed of two BMS-378806 molecules tethered via the C-4 posi-
tions is essentially equipotent to BMS-378806, and much more potent than a
3-amino propyl ether monomer precursor version of this compound [16]. Thus,
the dimer appears to regain the potency lost by the monovalent modification.
Furthermore, structure/activity relationship studies on primarily the C-4 posi-
tion of both indoles and 7-azaindoles were described.

CDA4-1gG fusion protein Pro-542

Pro-542 (Progenics) is a fusion protein comprised of human IgG2 in which the
Fv portions of both heavy and light chains have been replaced with four copies
of the envelope-binding region of the CD4 receptor (domains 1 and 2). The
protein binds to gp120 and blocks entry of HIV-1 into CD4" T cells. Due to its
increased valency and conformational flexibility, Pro-542 broadly and potent-
ly neutralizes diverse primary HIV-1 isolates [17]. Moreover, in early clinical
trials, PRO542 demonstrated a serum half life of >2 days and significant
antiviral activity without exhibiting appreciable toxicity at doses of up to
10 mg/kg in HIV-infected patients [18]. In a Phase II single-dose study at
25 mg/kg, PRO542 mediated an 80% response rate and statistically significant
~0.5 log mean reductions in viral load for 4—6 weeks post treatment. In addi-
tion, a significant correlation was observed between the antiviral effect
observed in vivo and viral susceptibility to PRO542 in vitro [5]. Despite these
promising characteristics, intravenous administration and drug cost may be
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obstacles to wider clinical use. PRO542 is also being evaluated for its poten-
tial as a microbicide (see Chapter 7).

Chimeric protein sCD4-17b

sCD4-17b is a fusion protein that contains D1/D2 of CD4 attached via a flex-
ible polypeptide linker to a single chain of the variable region of the human
mADb 17b that binds to the co-receptor-binding region of gp120. In culture,
sCD4-17b neutralizes a broad spectrum of HIV-1 isolates from subtypes A—F
that utilize either the CCRS or CXCR4 co-receptors, and exhibits better
inhibitory activity than mAbs IgGb12, 2G12 (targeting the carbohydrate moi-
eties of gp120), and 2F5 (a gp41 mAb). However, several primary isolates are
insensitive to this inhibitor [19]. It has been postulated that passive immuniza-
tion with sCD4-17b could be effective in blocking productive HIV-1 infection
(including use as a topical microbicide), although its potency as well as its side
effects in humans subjected to long-term administration need to be deter-
mined.

CD4 mimetic peptides

An initial 33-residue peptide inhibitor was generated by replacing a loop of the
scorpion toxin charybdtoxin with an equivalent of the gp120-binding CDR2-
like loop from CD4, which interacts directly with gp120. This miniprotein
competitively inhibited gp120-CD4 interactions and elicited antibodies specif-
ically recognizing CD4. A derivative of this miniprotein also induced exposure
of CD4i epitopes. Optimization efforts resulted in an enhanced mini-CD4 pro-
tein (CD4M9, 28mer) that inhibited replication of both HIV-1 laboratory-
adapted and primary isolates, albeit with ~100-fold lower potency than that of
a native sCD4 [20]. Further engineering of CD4M9 with non-natural amino
acid substitutions led to an optimized 27 amino acid CD4 mimetic (CD4M33)
that inhibited the binding of CD4 to gp120 at nanomolar concentrations and
blocked infection by primary HIV-1 isolates [21]. Although these later ver-
sions display promising potency, issues associated with the development of
this compound class include molecular size, pharmacokinetic properties and
drug delivery.

To target multiple CD4-binding pockets in trimeric gp120, bivalent CD4
miniprotein inhibitors that contained two CD4M9 moieties, tethered by a
spacer of varied length, were synthesized and evaluated [22]. The synthetic
bivalent miniproteins showed 5-21-fold enhancement in anti-HIV activity
over the monovalent miniprotein with the most potent molecule displaying an
ECs, of 120 nM. In another approach, a small-molecule (MW 810), water-sol-
uble, proteolytically stable CD4 B-turn mimetic (residues Q40-T45 of the
gp120-binding region of CD4) displayed a low uM Kd for gp120 and reduced
syncytium formation. A patent application covering CD4 designed mimics has
also been published [23]. Furthermore, a phage display approach modifying
the charabdotoxin scaffold resulted in the identification of effective gp120
binders lacking F43 [24]. This method is potentially useful for assessing
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CD4/gp120 binding structural determinants and may facilitate the design of
new attachment inhibitors. However, an alternative attempt to design small-
molecule analogs to mimic the crucial features of CD4-F43 and -R59 residues
was unsuccessful.

Neutralizing mAb IgG1 bli2

The well-characterized neutralizing mAb IgG1 b12 (b12) that blocks gp120-
CD4 interactions is capable of inhibiting a variety of subtype B strains, and
prevents infection of other subtypes, albeit with decreased potency. The broad-
ness of b12 anti-HIV activity is related to its capacity to bind to a very con-
served region of gp120. Specifically, b12 uses its elongated heavy chain third
hypervariable loop to obstruct an essential Trp residue in the CD4-binding
pocket [25, 26]. Although the aforementioned characteristics of b12 make it an
attractive potential antiretroviral agent, its utility may be limited by its pro-
duction cost and issues associated with delivery of a protein drug.

Targeting the CD4 receptor

CADA: down-regulation of CD4

The macrocycle cyclotriazadisulfonamide CADA (Tab. 1) has specific interac-
tions with CD4-related pathways that lead to a decrease in cell surface and
intracellular CD4, but does not affect the surface expression of other mole-
cules. The CD4-down-modulation activity of CADA analogs directly corre-
lates with their anti-HIV activity, and the activity of this class of compounds
is reversible. CADA is effective against a wide range of R5 and X4 utilizing
HIV-1 isolates at micromolar ranges. Interestingly, selected resistance muta-
tions (S438R and S463P) map to the CD4-binding region of gp120, and the
compound shows cross-resistance to anti-CD4 mAbs. CADA is in the preclin-
ical stage of development and its long-term tolerability must be determined
before clinical use can be attempted [27].

NSC 13778: Binding to gp120-binding domain of CD4

NSC 13778 is a pentavalent antimony compound (MW 319, Tab. 1) initially
identified via a cell-based anti-HIV-1 screen [28]. The compound binds to the
D1-D2 domain of CD4, and appears to compete with gp120 for CD4 binding.
NSC 13778 blocks the infection of X4- and R5-tropic HIV-1 strains into CD4*
T cells with micromolar potency, and exhibits minimal cytotoxicity. Moreover,
this compound does not reduce the lymphoproliferative response to tetanus
toxoid or phytohemagglutinin, suggesting that it might not interfere with
immune responses, at least in the short-term. T cells incubated with NSC
13778 show decreased reactivity to anti-CD4 mAbs known to recognize the
gp120-binding site. Thus, NSC 13778 may block at least part of the gp120-
binding site on CD4, and thereby prevent the recognition by gp120 on incom-
ing HIV-1 virions. NSC 13778 or its analogs are also inhibitors of B-zip tran-
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scription factor/DNA binding [29]. Although the discovery of the ability of
NSC 13778 to inhibit HIV-1 entry is an interesting finding, additional research
will be needed to assess the specificity and suitability of these stibonic acid
class compounds for use as long-term oral drugs.

Monoclonal antibody: TNX-355

TNX-355, a humanized IgG4 mAb, blocks HIV-1 entry into host cells by bind-
ing to domain 2 of CD4. Unlike antibodies that target domain 1 of CD4, TNX-
355 does not interfere with antigen presentation. It is also unlikely to induce
CD4" T cell depletion and complement mediated cytotoxicity. Binding of
TNX-355 to CD4 does not compete with binding to gp120. Instead, it func-
tions by preventing CD4-induced conformational changes that are required for
HIV-1 entry. TNX-355 inhibits diverse HIV-1 isolates with ECs, values rang-
ing from 0.4 to 152 ng/ml [30, 31]. The clinical effectiveness of TNX-355 has
been demonstrated in humans following single-dose administrations of up to
25 mg/kg, a dose at which a reduction of plasma HIV-1 RNA was sustained
for 28 days and CD4" T cell increases were observed [32]. A 48-week Phase
II study demonstrated antiviral activity and increases in CD4* T cell count
when TNX-355 was administered in combination with an optimized back-
ground regimen. Further clinical development is ongoing.

Conclusions

Inhibition of gp120/CD4 interactions represents an attractive target for the
development of new antiretroviral therapies and topical microbicides since
inhibition of HIV-1 entry is the first line of defense against viral infection.
Compounds that prevent virus entry have the potential to: (1) be efficacious in
patients already infected with viruses resistant to marketed drugs, (2) reduce
the number of latent reservoirs, (3) decrease gpl20-mediated cytopathic
effects, (4) boost immune clearance of virus by altering the conformation of the
viral Envelope and inducing exposure of cryptic epitopes, and/or (5) be includ-
ed in new therapeutic combinations, as indicated by the synergistic antiviral
effects observed in vitro by combination of two HIV-1 entry inhibitors [33, 34].

Additional work will be needed to assess which of the aforementioned
potential benefits will be realized. The observation that an orally bioavailable
small-molecule inhibitor (BMS-488043), and a CD4-IgG fusion protein
(PRO542) exhibit antiviral efficacy in the majority of infected patients studied
is encouraging and further establishes gpl120 as a potentially exploitable
antiviral target. The clinical efficacy of the CD4-binding mAb TNX-355 is
also encouraging. However, the promising antiviral effects of these drugs were
observed in relatively short-term trials thus far. Due to the diversity of the
HIV-1 Envelope, which reduces the anti-HIV spectrum and increases the
occurrence of resistance to entry inhibitors, more comprehensive clinical stud-
ies will be needed to assess the impact on strain coverage and resistance devel-
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opment in patients when compounds in this class are co-administered with
anti-HIV agents that operate through distinct mechanisms. Moreover, similar
to the conformational basis of normal Envelope functions in the viral entry
process, mechanisms of inhibition and resistance development to entry
inhibitors are primarily dependent on Envelope conformational changes.
Therefore, the effect of neutralizing antibodies present in patients, which also
target the viral Envelope protein, on the development of resistance to entry
inhibitors will require further study. Finally, approaches aimed at blocking
HIV-1 entry via targeting of the cellular CD4 receptor must demonstrate that
antiviral activity will not come at the expense of aberrant immune responses
or side effects arising from the blockade of a normal host function. However,
the encouraging safety data from early clinical studies with TNX-355 suggest
that inhibition of CD4 binding may be achieved without inducing such
responses. Therefore, it may be premature to exclude CD4 as a viable target
for antiretroviral therapy.

Thus, the HIV-1 entry process offers multiple antiviral targets and provides
emerging opportunities for drug development. This chapter has focused on
selective gp120/CD4 interaction inhibitors that are in an advanced stage of
study. Additional studies will be needed to ascertain whether the apparently
potent inhibitors described in Pfizer’s recent patent application or Chiron’s
efforts to identify epitope stabilizing compounds might lead to new candidates
for clinical studies. In summary, preclinical and initial clinical results suggest
that inhibitors preventing the interaction of gpl120 with CD4 will provide
exciting new treatment options and preventive measures for HIV-infected
patients. Moreover, these inhibitors will serve as tools for studying HIV-1
entry events and for enhancing the understanding of the HIV-1 Envelope struc-
ture and function.
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Virus entry, cell tropism, and coreceptor switching

Until 1996, when HIV-1 infection was discovered to involve chemokine recep-
tors (reviewed in [1, 2]), virus isolates were characterized by biological assays
on human cell lines as syncytium inducing (SI) or non-syncytium inducing
(NSI) [3]. NSI viruses predominate early after transmission, are capable of
growth in primary macrophages (macrophage tropism), and fail to grow in
most established human T cell lines. SI viruses, by contrast, are found in only
a subset of patients after chronic infection, are usually not macrophage tropic,
and infect established T cell lines [4]. NSI viruses were found to use CCRS as
the coreceptor for virus entry into target cells, and SI viruses to use CXCR4
for entry, either alone or, more commonly, in addition to CCRS5. Since CCR5
and CXCR4 are differentially expressed on the surface of naive and memory
T cells, dendritic cells, and macrophages, coreceptor preference largely
explains cell tropism. The importance of CCRS in viral transmission and as a
target for therapeutic intervention was underscored by the discovery of a 32-
base pair deletion in the human CCRS coding region (A32 mutation) which,
when homozygous, prevents CCRS surface expression and HIV-1 infection [5,
6]. Individuals with the CCRS5 A32/A32 genotype appear to suffer no clinical-
ly obvious detriment, although recent data suggest that they may be more sus-
ceptible to West Nile virus encephalitis [7]. The cell tropism of CCR5-using
viruses (R5 isolates) probably helps explain their selective transmission [8],
although it is still difficult to understand why RS5 isolates predominate after
parenteral exposure [9]. High virus loads during unrecognized primary infec-
tion may be one factor that contributes to higher transmission rates for RS iso-
lates, and dendritic cells appear to be more susceptible to R5 virus infection
[10, 11]. As HIV-1 infection progresses and CD4 T cell numbers decline, the
fraction of patients with HIV-1 isolates capable of using CXCR4 (R5X4 or
X4) increases to nearly 50% at end-stage disease [12]. Because many experi-
ments fail to distinguish between R5X4 and X4 viruses, we will use (R5)X4



64 J.M. Strizki and D.E. Mosier

to indicate HIV-1 isolates that can infect via CXCR4. This switch in corecep-
tor use has major implications for the use of CCRS5 inhibitors, since they may
select for HIV-1 minor populations capable of CXCR4 use, and such viruses
are associated with a more rapid disease progression [13]. Indeed, short-term
monotherapy with maraviroc (see Tab. 1) did select for R5X4 and X4 variants
in 2/62 patients [14], although these viruses appear to have emerged from a
preexisting reservoir and not from de novo mutations. Nonetheless, these
results underscore the risk of selectively inhibiting CCRS and highlight the
need to use these agents in combination with other potent antivirals. The muta-
tions in the variable loops of envelope that drive coreceptor switching often
come at the cost of viral fitness [15, 16], which may explain the long delay
until the appearance of R5X4 or X4 viruses in patients, and also why 60/62
patients treated with maraviroc did not show emergence of R5X4 or X4 vari-
ants [14]. Envelope mutations occur throughout the course of infection [17],
and appear to increase resistance to coreceptor inhibitors before [18] and after
[19] coreceptor switching.

CCRS5 and CXCR4 expression and sensitivity to inhibition

Understanding the biology of the chemokine receptors is important for appre-
ciating the activity of inhibitors targeting these receptors. CCR5 and CXCR4
are integral membrane proteins with seven membrane-spanning domains and
four extracellular domains, the N terminus, and extracellular loops 1, 2, and 3
(ECL1, 2, and 3). Their normal function is to bind chemokines and signal cell
movement (chemotaxis) via coupled G proteins, and chemokine binding nor-
mally leads to receptor internalization mediated by binding of the serine phos-
phorylated intracellular C terminus to B-arrestins [20]. While CCR5 shows the
typical promiscuity of chemokine receptors and binds MCP-2 (CCLS8), MCP-
5 (CCL12), MIP-1B (CCL4), MIP-1o. (CCL3), LD-78f (CCL3L1), RANTES
(CCL5) and C10 (CCL6), CXCR4 binds only SDF-1 o/f (CXCLI12) [21].
Mutations that block CCRS expression are well tolerated in both humans and
mice, but deletion of CXCR4 expression is lethal in mice [22]. Native
chemokine binding to CCRS5 or CXCR4 is sufficient to inhibit HIV-1 infection
[23, 24], although the potency of inhibition is substantially less than that
achieved by candidate therapeutics targeting the coreceptors. Inhibition of
HIV-1 infection by chemokines is associated with both receptor blockade and
receptor internalization (Fig. 1) [24-26]. Receptor internalization is a promi-
nent feature of most N-terminal modifications of chemokines, e.g., AOP-
RANTES [25] or PSC-RANTES [27], and correlates with their in vitro poten-
cy. However, some modified chemokines retain antiviral activity in the absence
of receptor internalization [28]. Different classes of CCR5 and CXCR4
inhibitors bind to the coreceptors in distinct manners. Most small-molecule
CCRS inhibitors appear to bind to a hydrophobic pocket in the upper trans-
membrane spanning region that is flanked by several membrane-spanning
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Figure 1. Mechanisms of CCRS inhibition. (A) HIV-1 envelope trimer first binds CD4, then under-
goes a conformation change to permit CCRS (or CXCR4) binding. Molecules are drawn to scale from
structural studies [97-99]. The distance from the HIV gp120 core structure to the cell membrane is
45 A, and the V3 loop extends about 30 A towards the cell, permitting extensive binding to extracel-
lular domains of CCRS. (B) Native or modified chemokines or anti-CCR5 antibodies bind to the
extracellular domains of CCRS and prevent access to HIV-1 gp120. (C) In addition to steric hindrance,
binding of native and particularly modified chemokines induces CCRS internalization and sequestra-
tion. (D) Small molecule inhibitors appear to bind to hydrophobic pockets in the CCR5 membrane
spanning domains and alter the conformations of the extracellular domains.

domains and the base of ECL2 [29-31]. This binding presumably results in a
conformational change in the extracellular domains of CCRS. A similar mech-
anism of action has been proposed for AMD3100 binding to CXCR4 [32, 33].
Modified chemokines (e.g., RANTES) are thought to bind via two sites [34];
the N-terminal domain (residues 1-10) appears to insert adjacent to the trans-
membrane domains, while the conserved chemokine core structure binds
ECL1-3. The CCRS5 N-terminal and ECL2 domains are most critical for HIV-1
infection [35], while the N-terminal region of CXCR4 is less critical for
(R5)X4 virus infection [36]. Anti-CCRS5 antibodies that recognize the ECL2
domain are the most potent at inhibiting HI'V-1 infection [37, 38]. While all the
coreceptor inhibitors share the ability to interfere with the binding of CD4-
triggered gp120 to CCRS or CXCR4, they may accomplish this goal by dif-
ferent mechanisms. Small-molecule antagonists likely act by disrupting the
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conformation of extracellular domains, and modified chemokines and anti-
bodies block access to the coreceptor by steric inhibition or by receptor inter-
nalization (modified chemokines). Gene therapy strategies that reduce core-
ceptor expression have also been explored [39—-41].

Binding of the gp120 V3 loop and the conserved bridging sheet to CCR5
can vary extensively between different HIV-1 envelopes [42, 43]. Likewise, the
conformation of individual CCR5 molecules expressed on a single cell may
differ [44], and the amount of CCRS5 expressed is controlled by polymor-
phisms in the CCR5 promoter region, the coding region, and in genes encod-
ing chemokine ligands. This variability in HIV-1 envelope binding to CCR5
likely accounts for the large variation in 50% inhibitory concentrations (ICsg)
observed when multiple HIV-1 isolates are tested against a single CCRS5
inhibitor [45—47]. Similar arguments apply to the binding of HIV-1 envelope
to CXCR4 [19, 48].

Chemokine-based and peptide coreceptor inhibitors

Following the recognition that chemokines could inhibit HIV-1 infection of T
lymphocytes [23], but were poor at preventing infection of macrophages [49],
more potent modification of chemokines, especially RANTES (CCLS), were
developed (Tab. 1). Modification of the N terminus of RANTES, either by
truncation or by chemical modification, resulted in compounds with greater
inhibitory activity on all target cells [25, 50]. The improvement in the activity
of AOP-RANTES was attributed to its greater affinity for CCRS5 as well as its
improved ability to internalize CCRS [25, 51]. Similar effects were seen when
the N terminus of MIP-1o. or LD78[ was modified with AOP [52]. However,
subsequent N-terminal modifications of RANTES (e.g., NNY- or PSC-
RANTES; see Table 1) increased the potency of HIV-1 inhibition in vitro to
the picomolar range without changing CCRS5 binding affinity [27]. Instead, the
potency of inhibition correlated with the extent and duration of CCRS inter-
nalization (Fig. 1) [27, 53, 54]. PSC-RANTES is advancing as a candidate
microbicide, and is capable of preventing vaginal transmission of the R5
SHIV162P3 in rhesus macaques [55]. The agonist activity of these compounds
raises some concerns about side effects, but modified chemokines without ago-
nist activity are also being developed [28, 56]. The ability of this class of
inhibitors to sequester CCRS within the target cell may provide a barrier to the
development of resistance. To date, no resistant variants to PSC-RANTES
have been selected in vitro, although two independent R5X4 coreceptor switch
variants were selected during treatment with the less potent NNY-RANTES in
hu-PBL-SCID mouse experiments [57].

Several peptide inhibitors that target CXCR4 have been identified (Tab. 1).
ALX40-4C was initially developed to inhibit the Tat-TAR interaction, but was
subsequently found to bind ECL2 of CXCR4 and block X4 HIV-1 infection
[58, 59]. This compound was well tolerated and safe in Phase I clinical trials,
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but failed to reduce viral load even in those patients harboring (R5)X4 virus
[58]. T22 and the more potent T140 derivative bind to CXCR4 and inhibit
SDF1 binding as well as X4 HIV-1 infection [60]. Development of more
potent and biostable derivatives of T140 continues [61].

Antibodies targeting coreceptors

Two anti-CCRS antibodies are in Phase I clinical trials, Pro 140 and
CCR5mAb0O04 (Tab. 1). The results of the Progenics trial showed a dose-
dependent binding of PRO 140 to CCR5-expressing cells, with the highest
PRO 140 concentration tested coating CCRS cells for at least 60 days follow-
ing a single infusion [62]. The CCR5mAb004 is a fully humanized
immunoglobulin generated in the Abgenix Xenomouse model. Phase I results
are not yet available. Because of the relatively large size of intact immunoglob-
ulins compared to the CD4-envelope complex, antibodies must bind to CCRS5
prior to virus exposure to be effective [63].

Small-molecule coreceptor inhibitors

Following the discovery that the chemokine receptors, CCR5 and CXCR4
were essential for HIV infection and that the ligands for these receptors had
antiviral activity, many groups began to search for small-molecule receptor
antagonists as new agents for antiviral therapy. The first small-molecule CCRS5
antagonist to be described was TAK-779 [64]. This compound had potent
antiviral activity in vitro against RS5-tropic strains, but lacked adequate
bioavailability and was not further developed. Other groups also identified
potent small-molecule inhibitors of CCRS (listed in Table 1), including: TAK-
220, TAK-652, Cpmd 167, SCH-C, vicriviroc (SCH 417690, SCH-D), mar-
aviroc (UK-427,857) and aplaviroc (GW-873140). Interestingly, many of these
compounds are structurally distinct, although their binding sites map to a sim-
ilar pocket formed at the base of the extracellular loops of CCRS [29, 31].
Binding of these inhibitors to CCRS is believed to cause a conformational
change in the receptor such that CD4-bound gpl20 can no longer engage
CCRS efficiently (Fig. 1). Comparative binding and mutagenesis studies sug-
gest that individual inhibitors induce slightly different receptor conformations
by interacting with different residues within CCRS. Although all these small
molecules are functional antagonists of CCRS, differential binding properties
may have implications for reduced cross-resistance between compounds from
different structural classes.

Resistance to small-molecule inhibitors has been achieved by continuous
passage of virus in the presence of compound in vitro. Unlike the viral protease
and reverse transcriptase enzymes, which have structurally conserved active
sites, the viral gp120 protein is highly variable and different conformations
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appear to be capable of engaging the coreceptor. Therefore, it is not surprising
that individual viral isolates accumulate different mutational patterns, both
within the V3 loop and elsewhere, that are associated with reduced suscepti-
bility to CCRS5 antagonists [14, 38, 65]. For these reasons, resistance is meas-
ured phenotypically as no genotypic algorithm is currently available to predict
susceptibility to this class of compounds. Additional data from clinical trials
will be needed to better understand the genotypic and phenotypic correlates of
resistance to these inhibitors.

In addition to CCRS inhibitors, several groups have identified small-mole-
cule antagonists of the CXCR4 receptor. AMD 3100, a bicyclam, was the first
small-molecule CXCR4 antagonist to demonstrate antiviral activity in vitro
[66]. However, this molecule is not orally bioavailable and is no longer being
developed for HIV-1 therapy. A second-generation molecule with greater
potency and bioavailability, AMD 070, was subsequently developed by
AnorMed and is currently in clinical trials [67]. Other inhibitors of CXCR4
that have been described are KRH 1636 [68], KRH 3955 and KRH 3140 by
Kureha [69]. The latter two compounds can be dosed orally and have demon-
strated efficacy in protecting hu-PBL-SCID mice from infection [69].

Clinical status of coreceptor antagonists

Although numerous small molecule coreceptor inhibitors have been described,
only a few have entered clinical trials to date. The CCRS5 antagonists SCH-C,
vicriviroc, maraviroc and aplavaviroc all demonstrated potent antiviral activi-
ty in short-term monotherapy trials, with the latter three compounds all capa-
ble of achieving mean viral load reductions of >1.6 logs following 10—14 days
of dosing (Fig. 2). Interestingly, in each of these monotherapy studies, a pro-

Maraviroc, 100 mg BID 4

Maraviroc, 300 mg BID < |

Vicriviroc, 25 mg BID

Vicriviroc, 50 mg BID A }

Aplaviroc, 200 mg BID 4

Aplaviroc, 600 mg BID -

T ¥ T ¥ T v T T T T
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
mean (range) log;g HIV RNA copy change from baseline

on day 11-14 of monotherapy

Figure 2. Mean reduction in HIV-1 plasma RNA copy number during monotherapy trials of CCRS
inhibitors. Data are derived from references [71, 75, 100].
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longed period of viral suppression was observed during the washout period of
the trial. This effect is believed to be due in part to the high affinity of the com-
pounds and the slow off-rate from the CCRS5 receptor. Although all the CCR5
inhibitors have demonstrated activity, development of two of these com-
pounds, SCH-C and aplaviroc, has been halted due to adverse events. In the
case of SCH-C, changes in the cardiac QTc interval were noted in the higher
dose groups and several cases of acute liver toxicity were seen in the aplaviroc
trial [70]. However, neither of these effects is believed to be based on the actu-
al mechanism as they have not been reported for other CCRS inhibitors.

Currently, both maraviroc and vicriviroc are being evaluated for safety, effi-
cacy and durability in Phase II and Phase III trials in treatment-experienced
subjects in the presence of an optimized background regimen. In addition,
smaller studies have been initiated in treatment-naive patients to evaluate effi-
cacy in this population in combination with two nucleoside reverse transcrip-
tase inhibitors. In the vicriviroc study, treatment-naive subjects initially
responded well to the treatment; however, following 4—5 months of therapy, a
dose-related increase in the incidence of viral rebound was observed in the
vicriviroc arms and the study was stopped [71]. In a similarly designed trial of
maraviroc, the low-dose arm of the study was stopped due to inferior response,
although the study is continuing at the higher dose. Future studies of CCRS5
inhibitors in treatment-naive patients may require more careful selection of
dose and background regimen to ensure adequate viral suppression.

The clinical development of CXCR4 antagonists has proven more chal-
lenging relative to the CCRS inhibitors. The first small-molecule CXCR4
inhibitor, AMD3100, was tested in a proof-of-concept study in a cohort of
patients with single or dual/mixed tropic isolates [72]. Although the study goal
of 1 log reduction in viral load was not met and the trial subsequently halted,
follow up studies revealed a reduction in X4-tropic variants in the plasma of
treated patients, providing validation of CXCR4 as a target. Interestingly,
patients receiving AMD3100 experienced significant increases in their leuko-
cyte counts. This mechanism-based effect is believed to result from inhibition
of the interaction of SDF-1 on the vascular endothelium and CXCR4 on leuko-
cytes, causing mobilization of the cells. An orally bioavailable backup com-
pound, AMDO070, is now in Phase II studies [67].

Optimal applications of coreceptor inhibitors

Several questions remain regarding how, when and in which patient popula-
tions coreceptor inhibitors should be used for antiretroviral therapy. Since R5-
tropic viruses predominate in treatment-naive individuals early in the course of
infection, it may be appropriate to include a CCRS inhibitor as part of first line
therapy. However, the safety and durability of response to antiretroviral regi-
mens containing CCRS inhibitors in naive patients is still under investigation.
Although early clinical trials excluded patients with X4-tropic viruses, the cur-
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rently available tropism assays [73, 74] can miss the presence of minor popu-
lations of X4-tropic viruses, which led to a suboptimal response in some
patients in a monotherapy trial [14, 75]. In addition, combination therapy with
CCRS antagonists and AZT/3TC led to premature viral breakthrough in the
lower dose arms following several months of therapy ([71] and 24 January
2006 Pfizer press release). It will thus be important to establish the safety, effi-
cacy and optimal dosing and background regimen for coreceptor inhibitors in
this patient population as these agents continue to be developed.

The use of CCR5 and CXCR4 antagonists in the more advanced, treatment-
experienced population will provide more treatment options to patients, but
also poses some unique challenges. Because these compounds have a novel
mechanism of action, pre-existing drug resistance within the patient popula-
tion is expected to be low. However, approximately 50% of treatment-experi-
enced patients have detectable (R5)X4 viruses in their plasma. Currently, it is
not known whether CCRS or CXCR4 inhibitors in combination with other
antivirals will prove safe and effective in these patients. Additional studies will
be necessary to better define the relationship between viral tropism and treat-
ment outcome in experienced patients. Consequently, viral tropism testing will
likely be necessary prior to and during therapy to monitor changes in corecep-
tor use until the safety and efficacy of treatment regimens containing corecep-
tor inhibitors are better established in the clinic.

Ideally, the use of combinations of CCR5 and CXCR4 inhibitors would
avoid the problem of selecting for (R5)X4 variants. However, the current reg-
ulatory practices would require each of the component agents to demonstrate
safety and efficacy independently, effectively delaying a very attractive option.
Molecules such as AMD3451 (see Tab. 1) that target both CCRS and CXCR4
offer a solution to this obstacle, and additional candidates with these proper-
ties would be a welcome development.

If current clinical trials demonstrate safety of candidate CCRS inhibitors,
they may be very useful in microbicide formulations and in pre- and post-
exposure prophylaxis applications. The predominance of RS viruses in pri-
mary transmission makes CCRS5 inhibition a logical strategy to prevent HIV
infection. In fact, animal studies with the Merck CCRS5 antagonist Cpmd 167
have demonstrated protection from vaginal challenge in monkeys treated both
topically and orally with the compound [76, 77]. Although these studies are
encouraging, additional carefully controlled clinical trials will be needed to
demonstrate the effectiveness and safety of these agents for prophylaxis of
infection.

In summary, small molecule inhibitors of the HIV coreceptors CCR5 and
CXCR4 have demonstrated potent in vitro and in vivo activity and several
compounds are advancing in clinical trials. Although these compounds will
likely prove useful as part of an antiretroviral regimen, their optimal use dur-
ing the course of HIV treatment has yet to be clearly defined.
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Introduction

The process of viral entry offers several advantages for drug intervention.
Targeting extracellular events eliminates challenges in ensuring adequate drug
delivery into cells. Disabling HIV before integration of viral DNA into host
cells also prevents the potential for establishment of viral persistence in long-
lived cells. Recent progress in understanding the molecular basis of the HIV
entry process points to new therapeutic strategies. In this chapter, we focus on
agents that target the step of virus-cell fusion from a mechanistic point of view.
Issues related to product development of fusion inhibitors for eventual clinical
use are covered in the Chapter by Greenberg.

Conformational changes leading to fusion

HIV enters cells through a multi-step process (Fig. 1, also reviewed in the
Chapter by Tilton/Doms). Binding of gp120 to the CD4 receptor triggers con-
formational changes that facilitate gpl20 interactions with a coreceptor
(chemokine receptors CCRS or CXCR4) [1, 2]. This interaction induces fur-
ther conformational changes in the oligomeric envelope glycoprotein (Env)
complex that activate the membrane fusion activity of gp41. gp41 draws viral
and cellular membranes together as it refolds from its native, metastable struc-
ture to its final, thermostable structure (reviewed in [3]), leading to fusion of
the outer leaflets of the membranes (hemifusion) and then complete membrane
fusion with fusion pore formation (reviewed in [4]). Widening of the fusion
pore allows the viral nucleocapsid to be delivered into the host cell.

The gp41 ectodomain (Fig. 2A) contains five essential regions for fusion: a
fusion peptide (FP), two heptad repeats (HR1 and HR2), a membrane proxi-
mal region (MPR) and a transmembrane domain (TM). The FP, containing pre-
dominantly hydrophobic residues, begins at the extreme N terminus of the
gp41 ectodomain and precedes HR1 (amino acid positions 29-82), a predict-
ed -helical, coiled-coil domain, also called the N heptad or N peptide region.
An intervening sequence, which contains a small loop formed by an intramol-
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ecular cysteine bridge within each gp41 subunit, separates the HR1 and HR2.
The HR2 (amino acid positions 117-162), also referred to as C heptad or C
peptide region, follows the loop region and is contiguous with a tryptophan-
rich, MPR. The MPR and C-terminal part of the HR2 are notable targets for
rare, broadly neutralizing antibodies to HIV [5, 6], which interfere with virus-
cell fusion. Finally, the TM anchors Env in the membrane through its stretch
of hydrophobic residues.

Receptor engagement triggers the fusion process by releasing gp41 from its
native, non-fusogenic conformation, so that it undergoes fusogenic conforma-
tional changes as it folds into the stable, six-helix conformation (also referred
to as a trimer of hairpins). The six-helix structure (Fig. 2B), identified from a
protease-resistant fragment of gp41, consists of HR1 and HR2 peptides that
self-assemble into a stable helical bundle [7]. The six-helix bundle has a
trimeric, coiled-coil core, comprised of three HR1 segments, against which
three HR2 helices pack in an anti-parallel fashion into the hydrophobic
grooves of the coiled coil [8§—10]. During the initial stages of Env refolding,
the FP is believed to relocate from the molecular interior of Env so that it can
insert in the target cell membrane, in a manner similar to the spring-loaded
mechanism described for the well-characterized, influenza hemagglutinin
[11]. In this “sprung” conformation, referred to as pre-hairpin fusion interme-
diate, gp41 bridges the cell and viral membranes through its FP and the trans-
membrane domains, respectively. Subsequent folding of the HR1 and HR2
into the six-helix bundle promotes fusion by bringing viral and cellular mem-
branes in close apposition and releasing energy as gp41 assumes its more sta-
ble conformation [12].

Opportunities and challenges for inhibiting gp41-mediated fusion

The fusion process offers opportunities for developing potent, virus-specific
inhibitors. A fundamental step in fusion, with demonstrated potential for ther-
apeutic intervention, is the interaction between HR1 and HR2 to form the six-
helix bundle. Six-helix formation drives fusion and agents that prevent its for-
mation block HIV entry. Prior to the attainment of the six-helix structure, the
transient pre-hairpin intermediate structure(s) increases exposure of the HR1
and HR2 [12-14], and thus opens up at least two sites on gp41 that can be tar-
geted by inhibitors (Fig. 3). While many aspects of the fusion process are still
poorly understood, for the purposes of this chapter any agent that interferes
with fusion after receptor binding will be referred to as a fusion inhibitor. Thus
far, fusion inhibitor development has focused primarily on peptides or other
molecules that interfere with HR1 and HR2 interactions.

The first examples of HIV fusion inhibitors were discovered in the early
1990s as research peptides that prevented HIV infection in laboratory cultures
[15—17]. Indeed, the discoveries that gp41 peptides mimicking HR1 and HR2
could block HIV infection, along with subsequent high-resolution studies of
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Figure 3. Model of dominant-negative mechanism of inhibition by peptide fusion inhibitors. (A) C
peptides bind the gp41 HR1 to form a peptide-gp41 six-helix that cannot mediate membrane fusion.
(B) N peptide fusion inhibitors may bind the HR2 to form a peptide-gp41 six-helix bundle, or the HR1
to form a peptide-gp41 coiled coil. Peptide binding to gp41 traps the fusion intermediate and inter-
feres with bundle formation by the endogenous gp41 HRs.

the gp41 self-assembly domain, helped to elucidate the current models of HIV
entry. The strong self-association properties of the HR1 and HR2 peptides,
resulting in formation of the six-helix bundle, make it likely that these
inhibitory peptides bind gp41 HRs in a similar manner to form a heterologous
peptide-gp41 bundle [18] (Fig. 3). Peptide binding to gp41 consequently inter-
rupts formation of the six-helix bundle by the endogenous gp41 HRs [19, 20].
According to this so-called dominant-negative mode of inhibition, peptides
corresponding to the HR2 (also called C peptides) operate by binding along
the hydrophobic grooves of the HR1 trimeric, coiled-coil core (Fig. 3A). In an
analogous manner, peptides corresponding to the HR1 (also called N pep-
tides), which spontaneously form coiled-coil structures, bind to the HR2 [14]
(Fig. 3B). However, N peptides may also bind the HR1 to form a heterologous
peptide-gp41 coiled coil [21], which interferes with the endogenous coiled
coil and prevents formation of the gp41 six-helix bundle (Fig. 3B). That the N
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and C peptides bind different residues and sites on gp41 raises the possibility
that they may potentially represent different subclasses of fusion inhibitors
with different resistance profiles, as discussed further below. Non-peptidic
inhibitors that target HR1 and HR2 are also being developed (reviewed in [22,
23)).

While fusion inhibitors offer great promise as a potent new class of anti-
retrovirals, there are theoretical and practical constraints that pose challenges
for developing new agents in this class. Fusion inhibitors, according to our
operational definition, target transient Env structures that occur after receptor
binding and before formation of the six-helix bundle. Consequently, both
kinetic and structural (steric) restrictions may limit potency of potential
inhibitors. In the first case, the kinetics of virus-cell fusion is such that fusion
inhibitors have a relatively short time frame to bind fusion intermediate struc-
tures, compared to drugs that target other, long-lived structures, such as stable
cell receptors. Targeting Env structures after receptor engagement also means
that inhibitors may have limited access between the closely apposed viral and
cellular membranes. gp41 may be further occluded by gp120 and the cellular
receptors. In other words, fusion inhibitors must catch a short-lived, moving
target in a tight space.

There are also inherent challenges to blocking HR1 and HR2 interactions.
The long helices of the HR1 make extensive contacts with each other and with
the long helices of the HR2 that pack into the hydrophobic coiled-coil grooves,
thus making the six-helix bundle an unusually stable structure. Therefore, it
may be difficult for a small molecule with few contacts with gp41 to prevent
association between the HR1 and HR2. To date, the most potent fusion
inhibitors are in fact peptides that have potential to make extensive gp41 con-
tacts. Yet it would seem that even peptide inhibitors are surprisingly potent,
because it is hard to explain how the N and C peptides can effectively compete
with the endogenous HR1 and HR2 of gp41 to form the six-helix bundle. The
endogenous HR1 and HR2 only have to undergo unimolecular interactions and
should have an advantage in competing with the exogenous N and C peptides
that must undergo bimolecular interactions. Therefore, it is widely assumed
that the N and C peptides bind the pre-hairpin intermediate at a time when the
endogenous HRs are still restricted from folding into the complete six-helix
structure. In this case, small molecules with access to the intermediate would
also have an advantage over the endogenous HR. So it appears that the kinet-
ics of Env refolding also provide opportunities for developing inhibitors.

Other issues pertaining to large-scale manufacture and poor oral availabili-
ty of the peptides raise technical challenges for fusion inhibitor development
that are discussed in the Chapter by Greenberg. Finally, aside from the oppor-
tunities and challenges that are specific to fusion inhibitors, all HIV inhibitors
unfortunately face the problem of emerging viral resistance. It will therefore
be important to develop fusion inhibitors that bind gp41 in different ways to
offset potential for cross-resistance among agents in the fusion inhibitor class.
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Synthetic peptides based on the HR2 amino acid sequence, also called C pep-
tide fusion inhibitors, have proven to be potent inhibitors of HIV infection both
in vitro and in vivo [24, 25]. The prototype in this class is the peptide called
DP-178 [17], now widely referred to as T-20 or by the drug name
Enfuvirtide/Fuzeon®. This 36-residue peptide encompasses most of the C-ter-
minal HR2 sequence (Fig. 2 and Tab. 1) and overlaps other HR2 peptides,
including SJ-2176 [16] and C34 [26], which also potently inhibit HIV infec-
tion in vitro. Structural studies of HR1 and HR2 peptides (N36 and C34) that
self-assemble into a thermostable, six-helix bundle [8] predict that T-20 binds
the HR1 along the coiled coil grooves, and thus prevents bundle formation
according to the dominant negative mechanism discussed above. This model is
supported by a wide variety of data. Genetic studies show that viruses grown
in the presence of T-20 frequently generate mutations in the N-terminal por-
tion of HR1 that reduce sensitivity to the peptide [27, 28]. Biochemical stud-
ies with peptides and recombinant proteins further show that C peptides can
bind gp41 [13, 29-31] and that HR1 mutations can impair association with
HR?2 peptides [20, 27, 32—-34]. The stability of the bundle formed by T-20 and
HRI1 also correlates with the inhibitory activity of T20 [35, 36].

Table 1. Fusion inhibitor table

Inhibitor Type Major target ~ Potency*
(in vitro)
T-20/Enfuvirtide® (DP-178) [24, 25] C peptide HR1 nM
T-649 (C34) 26, 39] C peptide HRI1 nM
T-1249 [93] C peptide HRI nM
D10-p5-2K, D10-p3-2K [53] D peptide version HRI pocket uw
of C peptide
Cl14linkmid [50] C peptide HRI1 uM
HIV31 [48] C peptide HRI nM
N34(L6)C28 [94] Recombinant protein HRI1 (?) nM
ADS-J1, ADS-J2 [55, 57, 58] Small molecule HRI pocket w
XTT formazan [59] Small molecule HR1 pocket um
T-21 (DP-107) [15] N peptide HR2, HR1 nM- uM
N36 [64] N peptide HR2, HR1 nM- uM
1ZN36 [64] N peptide HR2 nM
5-Helix [67] Recombinant protein HR2 nM
Neceg-gp41 [68] Recombinant protein HR2 nM
N36™©8 [21] N peptide HRI1 >uM

* Inhibitor potency is given as the approximate 50% inhibitory concentration in nM or uM ranges in

standard in vitro infectivity assays.
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Yet many of the molecular details of the mechanism of T-20 inhibition are
still not known. Although it is clear that T-20 interactions with the HR1 are
critical to its inhibitory activity, there are data indicating that T-20 potentially
interacts with other regions of Env. It has been suggested that the C-terminal
portion of T-20, which is not part of the six-helix structure revealed in high-
resolution studies, may interact with the membrane or regions of gp41 that are
near or within the membrane [37-39]. Two studies also provide evidence that
T-20 binds near the co-receptor binding site on gp120 in viruses that use the
CXCR4 co-receptor, possibly involving electrostatic interactions [40, 41]. The
precise contributions of T-20 binding to non-HRI1 regions of Env to the
inhibitory activity of T-20 need further study and may yield new targets for
drug development.

Other C peptides are also potent inhibitors of HIV fusion (Fig. 2, numbers
correspond to the Los Alamos numbering for the reference HXB2 clone
shown as residue of gp41 and in parentheses as residue of gp160). C34, cor-
responding to HR2 residues that completely overlap the HR1 helices found in
the six-helix structure, forms a more stable six-helix bundle with N peptides
compared to T-20 [39, 42]. Only the N-terminal two-thirds of T-20 overlap
HR1 in the bundle. Although the C34 and T-20 peptides both inhibit HIV
infection in the nanomolar range [26], the N-terminal residues of C34, in par-
ticular W117 (W628), W120 (W631), and 1124 (1635), provide extra contacts
with residues in a conserved hydrophobic pocket in the C-terminal part of the
HR1 coiled coil. These contacts play a role in strengthening anti-HIV activi-
ty [26]. For this reason, C peptide inhibitors containing these pocket-binding
residues, such as T-649 (same sequence as C34 except with a two-residue
extension at the C terminus) and T-1249, have been considered for clinical
development (see Chapter by Greenberg). That T-649 was found to be more
potent than T-20 against a panel of 55 primary isolates [43] and that resist-
ance to C34 was found to develop more slowly than resistance to T-20 [44]
are consistent with biophysical studies showing that contacts in the hydropho-
bic pocket stabilize the six-helix structure [26]. T-1249 is a synthetic,
designed peptide that has characteristics of both T-20 and T-649 [45] and is
effective against T-20-resistant viruses [46, 47]. However, problems relating
to the formulation of T-649 and T-1249 have refocused efforts on newer gen-
eration C peptides [45] (www.trimeris.com). Because C peptides containing
the hydrophobic pocket-binding residues are often less soluble than T-20,
amino acid substitutions or other modifications to non-critical residues of the
peptide may be introduced to improve solubility. Approaches for modifying
C peptides have included substitutions with helix-favoring amino acids and
covalent cross-linkers that stabilize the helices [48—51]. Such modifications
allow the use of smaller peptides without compromising antiviral potency,
although there is not always a strict correlation between helical propensity
and inhibitory activity [50].
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Small-molecule fusion inhibitors

Intensive searches for small compounds with C peptide-like inhibitory activi-
ty are also underway (reviewed in [22, 23]). In these efforts, the HR1 pocket
has been an attractive target for rational drug design [26], because small mol-
ecules that dock into the pocket could prevent formation of the six-helix bun-
dle required for fusion. In addition, mutational analyses show that residues
L57 (L568) and W60 (W571) in the conserved hydrophobic pocket are critical
for membrane fusion activity [52] and would therefore probably not tolerate
mutations that could lead to resistance. Strategies for identifying pocket-bind-
ing compounds often include the use of engineered, HR1 coiled-coil peptides
that stably present the hydrophobic pocket to potential inhibitors. In one
approach, mirror-image phage display technology was used to identify cyclic
D-amino acid peptides that inhibit HIV entry [53]. In another approach, biased
combinatorial libraries of small molecules attached to short segments of HR2
peptides were used to select molecules that fit into the hydrophobic pocket,
although these small molecules alone did not exhibit potent inhibitory activity
[54]. Other strategies emphasize molecular modeling to virtually screen
libraries of compounds that would likely dock into the hydrophobic pocket or
otherwise interfere with six-helix bundle formation. This approach led to the
discovery of ADS-J1 and ADS-J2, lead compounds that inhibit HIV infection
in the micromolar range and block HR1 and HR2 interactions in a peptide-
based assay [55-57], although other inhibitory mechanisms may also be
involved [58]. High-throughput screens have also identified other small com-
pounds with anti-HIV activity, including XTT formazan [59], NB-2, NB-64
[60], RPR103611 [61], KY001 and KYO002 [62]. Further efforts in these areas
promise to yield more small-molecule inhibitors with improved bioavailabili-
ty and more favorable drug-like properties [63].

N peptide fusion inhibitors

In vitro studies indicate that the HR2 region of gp41 is also a viable target for
inhibitors. Several peptides mimicking the HR1, referred to as N peptide fusion
inhibitors, potently inhibit laboratory cultures of HIV. The first example,
reported in the early 1990s, is a 38-amino acid peptide called DP-107
(sequence similar to T-21) [15]. The DP-107 peptide forms coiled-coil struc-
tures in solution, and its inhibitory activity is correlated with its ability to adopt
helical structure [15]. The N36 peptide, corresponding to the 36 residues in
HR1 that overlap DP-107 and comprise the coiled-coil core of the six-helix, is
also a potent inhibitor. As described above, N peptides spontaneously assemble
with C peptides to form six-helix-like structures. N peptide inhibitory potency
likely depends on interactions with HR2 to form a peptide-gp41, six-helix
structure that prevents formation of the endogenous six-helix bundle [64]. This
interaction with the HR2 depends on the conserved, hydrophobic residues in
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the grooves of the HR1 coiled coil. Accordingly, the hydrophobic residues of
the C peptides line up on one face of the peptide as the HR2 assumes the heli-
cal structure needed to interact with the HR1 coiled-coil grooves. In the
absence of C peptide interactions, the N peptide coiled-coil trimer is much less
stable and tends to form higher order oligomeric structures and aggregates [65],
as it tries to shield its hydrophobic residues from the aqueous environment.
This property effectively reduces the concentration of the trimeric species,
which is thought to be responsible for most of the inhibitory activity [64].

Efforts to improve solubility and stabilize the N coiled-coil trimer using a
rational design have yielded a variety of constructs with dramatically improved
inhibitory potency compared to DP-107 [64, 66]. Examples of potent N peptide
inhibitors designed to stabilize the trimeric coiled coil include IQN17 [53],
IZN36 [64], 5-Helix [67], and N36ccg-gp41 [68], which inhibit HIV cultures
in the low nanomolar range similar to T-20. The first two examples are chimeric
synthetic peptides made with variable lengths of the HR1 fused to unrelated
soluble, trimeric coiled coils. Other examples take advantage of the self-assem-
bly properties of the HR1 and HR2 segments to stabilize the N coiled-coil
trimer. The 5-Helix inhibitor is essentially a six-helix recombinant protein that
lacks one of the HR2 helices [67], thereby exposing one groove of the coiled
coil for capturing a gp41 HR2 segment. The Pseudomonas exotoxin protein has
also been attached to the 5-Helix for selective cell killing of Env-expressing
cells [30]. Another recombinant protein, N36ccg-gp41 [68], uses a complete
six-helix bundle as a stabilizing base to project a duplicate HR1 coiled-coil
trimer extending from the coiled-coil core of the six-helix bundle. This HR1
extension is further stabilized by the introduction of cysteine residues that form
covalent bonds between the helices of the extended HR1 coiled coil.

N peptides also have the potential to interact with the HR1 segment of gp41,
according to the dominant-negative mechanism described above. Acting as
monomers or dimers instead of trimers, N peptides could interact with the
endogenous HR1 segments in gp41 to form a peptide-gp41 coiled coil that
would interfere with gp41 conformational changes (Fig. 3B). This possibility
is supported by experiments with a synthetic N peptide inhibitor, N36™" 2
[21], in which residues were mutated to prevent HR2 interactions. This pep-
tide demonstrates significant inhibitory activity in a modified fusion assay that
is unusually sensitive to inhibitors, although it is much less potent in tradi-
tional fusion assays. Nonetheless, the demonstration of inhibitory activity with
N36™" @8 suggests that N peptides may target both sites of gp41, perhaps with
different efficiencies.

As with C peptides, the N peptides and similar recombinant proteins face
hurdles related to poor oral availability and difficulties in discovering small-
molecule mimics of HR1 that would be capable of interfering with protein-
protein interactions in the endogenous, six-helix bundle. Additionally, while
protein engineering offers good opportunities for creating constructs with the
desired stability and solubility, larger inhibitors become increasingly immuno-
genic and vulnerable to degradation and immune clearance. Yet, development
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of N peptide-like inhibitors has the potential to offer an important therapeutic
advance. Because N and C peptides target different sites on gp41, they poten-
tially represent different subclasses of fusion inhibitors with different resist-
ance profiles.

Resistance to fusion inhibitors
C peptide resistance

All current antiretrovirals, including T-20, inhibit spread of HIV infection to
new target cells, but they do not kill HIV-infected cells. Therefore, any reduc-
tion of drug pressure results in rapid return of progeny virus from infected
cells. To maintain maximal viral suppression, combination chemotherapy is
needed to exert a high genetic barrier to resistance.

Many data on the viral determinants of resistance to T-20 have accumulat-
ed from clinical and laboratory studies, and are covered in detail in the Chapter
by Greenberg. Initially, in vitro selection studies identified mutations in the
GIV sequence of gp41, corresponding to residues 36—38 of gp41 (547-549 of
gp160) that conferred high-level resistance to T-20 in culture [27]. For exam-
ple, the G36S/V38M mutations show about a 100-fold decrease in susceptibil-
ity to T-20 [27]. Subsequently, mutations in the same residues were found to
emerge in patients who developed clinical resistance while on T-20 therapy
[28, 69]. Neighboring, C-terminal gp41 residues 36—45 (547-556 of gp160),
GIVQQQNNLL within HR1, are also often mutated in patients resistant to
T-20, including residues V38, Q40, N42, N43 and L45 [46, 70-72]. Single
mutations can cause a 5—10-fold loss of susceptibility to T-20, while double
mutations, which are more frequently seen, can lead to greater levels of resist-
ance (reviewed in [70]).

Mutations in the HR2 also arise during T-20 treatment, often subsequent to
HR1 mutations [46, 72—74]. Studies involving computational protein model-
ing further suggest that HR2 mutations can compensate for a loss of bundle
stability that often results from primary resistance mutations in HR1 [75].
Such compensatory HR2 mutations are believed to increase six-helix stability,
resulting in greater resistance and viral fitness [75]. However, resistance muta-
tions typically revert to wild type after cessation of therapy [76], consistent
with the notion that these mutations impair viral fitness. In vitro assays indi-
cate that common resistance mutations in the HR1 often have fitness costs [46,
47, 77-179], but examples of resistant viruses with apparent high viral fitness
can also be found [78, 79].

Collectively, the literature implicates several mechanisms for T-20 resist-
ance. HR1 mutations are most common and appear to play a primary role in
resistance [33]. Biophysical experiments suggest that some HR1 mutations,
such as those in position 43, impair C peptide binding to the HR1 coiled-coil
groove [27, 33, 34]. Most resistance mutations, however, seem to operate more
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indirectly, perhaps by favoring formation of the endogenous gp41 bundle over
the heterologous bundle formed between gp41 and the peptide. Additionally, a
correlation between fusion kinetics and sensitivity to T-20 has been demon-
strated, leading to the proposal that faster fusion kinetics reduces sensitivity to
T-20 [80]. In this scenario, the shortened half-life of the pre-hairpin interme-
diate reduces its availability for inhibitor binding. The increased kinetics could
be due to the intrinsic properties of Env, such as higher receptor affinity due to
mutations in gp120 [43, 80], or host cell factors such as higher density of
receptors [80] or adhesion molecules [81]. Reduced receptor binding, howev-
er, does not always lead to increased sensitivity to a fusion inhibitor [82].
Given the complex interactions involved in virus entry, it may therefore be dif-
ficult to predict sensitivity to peptide fusion inhibitors based on viral genetics
alone [83], and it is likely that several factors contribute to viral susceptibility
to peptide fusion inhibitors. Nonetheless, emergence of key mutations, such as
V38A, may be a common step in several resistance pathways.

N peptide resistance

Since N peptides have not entered the clinic, resistance data are limited. One
report on a resistance pathway to an N peptide inhibitor (N44*) corresponding
to a 44-residue peptide that overlaps DP-107 and N36 shows interesting simi-
larities with resistance to C peptides [84]. In vitro selection of an HIV mole-
cular clone showed that an initial mutation E137K (E648K) arose in HR2, fol-
lowed by a second mutation Q66R (Q577R) in HRI1, reminiscent of the
sequential HR mutations arising during T-20 selection, only in the reverse
order [34, 73]. The resistance mutations conferred a slightly higher level of
resistance to other N peptide inhibitors with stabilized coiled coils, including
5-Helix and IZN36. Unexpectedly, both mutations also conferred resistance to
C peptide inhibitors, including T-20 and C34, at a level similar to the selecting
N peptide. Biophysical studies comparing bundles formed by mutant or wild-
type N and C peptides indicate that the mutations would increase the bundle
stability [84], thus favoring the endogenous bundle over the bundle formed
with the peptide. The N peptide resistant virus also demonstrated increased
susceptibility to soluble CD4, suggesting that resistance also may involve
changes in receptor activation and fusion kinetics. In a separate preliminary
report, a virus selected for resistance to the 5-Helix also developed mutations
in HR1 and HR2 [85]. These initial reports of N peptide resistant viruses alert
us to the possibility that there will be mechanistic similarities in resistance
pathways for N and C peptides and that some pathways could lead to cross-
resistance among fusion inhibitors. More complete descriptions of the resist-
ance pathways for N peptides and how they relate to resistance pathways for
C peptides are needed for informed development of new fusion inhibitors.
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Natural susceptibility to fusion inhibitors
Variability of the HRI and HR?2

The high degree of genetic variability in Env and the multi-step process of
entry result in a wide range of sensitivities to fusion inhibitors among HIV
strains. At the same time, the conserved nature of the HRs predicts that these
regions would be good targets for inhibitors [86]. This prediction has been
borne out by the success of T-20 as a potent arm in combination antiretroviral
regimens, despite wide-ranging sensitivities of primary viruses to peptide
fusion inhibitors [87, 88].

There are at least nine circulating subtypes and recombinant forms of HIV
within the prevalent M group. Among the subtypes, the HR1 region is one of
the most highly conserved regions (reviewed in [89]). Variations near the GIV
motif and in the hydrophobic pocket are found only infrequently. This high
degree of conservation is likely due to the extensive protein-protein interac-
tions that occur in this region. Many HRI residues are involved not only in
coiled-coil interactions within the HR1 trimer, but also in interactions with the
HR?2 to form the six-helix structure. Within the HR1, the residues that typical-
ly contribute most to coiled-coil interactions reside in the “a” and “d” posi-
tions in the “abcdefg” heptad repeat nomenclature, while residues in the “e”
and “g” positions generally interact with the HR2 helices. Hydrophobic inter-
actions provide major stabilizing forces within the six-helix bundle [52]. Aside
from the extensive network of interactions between helices, variability of the
HR1 may also be restricted by the need to conserve a functional Rev-respon-
sive element (RRE). The RRE is an RNA hairpin structure residing within the
HR1 region, which is important for transport of messenger RNA out of the
nucleus. Selection to preserve a functional RRE was evident in a patient with
T-20 resistance who developed two simultaneous substitutions located com-
plementary to each other in the RRE [34]. These two substitutions maintained
the secondary structure of the RRE that was impaired by a prior resistance
mutation in HR1.

The HR2 is more variable relative to HR1, though it still has a high per-
centage of conserved residues. The highly conserved residues, mostly residing
in the “a” and “d” positions of the HR2, align on the face of the helix that is
predicted to interact with the grooves of the HR1 coiled coil. Some residues,
including W117(628), E123(634), L134(645), Q142(653), N145(656), and
L149(660) are invariant among the clade B and C subtypes. In contrast, the
HR1 has 13 invariant residues among the same subtypes.

Co-receptor usage and sensitivity to T-20

Factors other than polymorphisms in HR1 and HR2 affect sensitivity to fusion
inhibitors [43, 80, 90, 91]. Because fusion inhibitors target a structural inter-
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mediate, interactions with receptors that affect the half-life of the pre-hairpin
fusion intermediate would likely influence the window of action for T-20 [80].
Several studies suggest that HIV envelope co-receptor tropism or affinity
might contribute to the wide range of susceptibility to T-20 measured in vitro.
In two panels of T-20-naive, primary isolates, CCR5-using viruses were gen-
erally found to be less sensitive to T-20 compared to CXCR4-using viruses
[43, 90]. The correlation also extended to T-649 [43]. Experiments with engi-
neered Env chimeras further showed that this sensitivity mapped to the V3
loop of gp120, consistent with co-receptor usage influencing susceptibility to
the inhibitor [43].

On the other hand, a different panel involving a large number of isolates
from a clinical study showed no differences between CXCR4- or CCR5-using
isolates in sensitivity to T-20 [69]. Furthermore, similar sensitivities to T-20
were also seen between different clones from longitudinal samples from a sin-
gle patient who underwent a switch in co-receptor tropism [70]. Importantly,
co-receptor usage at initiation of T-20 treatment could not be correlated with
response to treatment, and patients harboring CCR5-tropic, CXCR4-tropic, or
dual tropic viruses responded to T-20 treatment with equivalent reductions in
viral load [92]. Nonetheless, in vitro studies clearly show that point mutations
that reduce co-receptor affinity can increase susceptibility to fusion inhibitors
[82], although the extent to which these in vitro findings will translate into
clinically important differences remains unclear. Altogether, these studies
underscore the complex interactions within Env and between Env and co-
receptors that influence sensitivity to fusion inhibitors.

Conclusion

Fusion inhibitors represent an emerging new class of potent antiretroviral
agents that are urgently needed to suppress HIV in the face of growing resist-
ance to reverse transcriptase and protease inhibitors. Despite the rather uncon-
ventional mode of action against a transient viral target, fusion inhibitors are
clinically effective and offer a new way to disable HIV. Agents in this class
also have the inherent therapeutic advantages of targeting extracellular and
highly conserved sites on the virus. Thus, peptide fusion inhibitors are gener-
ally potent against a wide range of HIV strains, and resistance often comes
with a fitness cost. At the same time, the mode of action faces the hurdle of
interrupting stable protein-protein interactions within Env, which cannot be
easily achieved with small-molecule inhibitors. At present only peptides are
highly potent, but these large molecules present their own challenges, espe-
cially relating to oral bioavailability. As the field moves forward with a more
in-depth understanding of HIV fusion, new avenues for interventions will
come into view, in part aided by the use of peptide fusion inhibitors as valu-
able probes for elucidating Env-conformational changes that could be targeted
by novel inhibitors.
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Introduction

Sexual transmission of HIV-1 is the major route for infection of both men and
women [1]. During the early phase of the HIV pandemic in the western hemi-
sphere and industrialized world, sexual transmission of HIV was regarded as a
public health concern that mostly impacted men who have sex with men
(MSM) and commercial sex workers and their male clients [2]. In the devel-
oping world, however, heterosexual transmission of HIV between sex partners
both outside and within the context of the commercial sex industry was iden-
tified early on as a major driving force for the catastrophic rate of infection
now reported in many regions of the world [2, 3].

The recognition that sexual transmission of HIV is the major mode for infec-
tion globally prompted international agencies and national and local govern-
ments to establish behavioral intervention programs that promoted male con-
dom use and sexual abstinence outside of a monogamous relationship. These
types of intervention programs have reduced HIV infection rates among some
high-risk groups when those programs have had sustained local community sup-
port. In particular, aggressive promotion of male condom use in the commercial
sex trade within some countries and abstinence, be faithful, or use a condom
(ABC) strategies for sexually active persons outside the sex trade in other coun-
tries have lowered HIV-1 transmission rates [4—6]. However, in many develop-
ing countries, and in particular those with the highest HIV infection rates, the
promotion of behavioral intervention programs, including male condom use
among sexually active couples outside the commercial sex trade has found lim-
ited success. The gender inequality, societal, and interpersonal intimacy issues
that surround the refusal of male condom use by sexual partners at high risk for
HIV transmission is a complex problem of grave public health importance [7].
Because of this, and in the absence of an available preventative vaccine in the
near future, the development of additional behavioral and biomedical strategies
to reduce HIV sexual transmission have taken on added importance.

Even during the early stages of the HIV epidemic when researchers and pol-
icy makers predicted a relatively swift development of an effective preventa-
tive vaccine, calls came forth for the development of vaginally applied micro-
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bicides that could be used by a woman to protect her and her sexual partner
from sexually transmitted infections, including HIV [8, 9]. The first compound
tested in clinical trials was the detergent-based N-9 spermacide, which was
found to increase HIV-1 transmission [10]. In response, the newly emerging
field of HIV-1 microbicide research brought forward alternative candidate
microbicides that, for the most part, were extracts of naturally occurring com-
pounds. Many of these candidate microbicides are polyanionic compounds
whose anti-infective activity in cell culture is reported to be the inhibition of
cell-free HIV-1 entry into target cells [11]. However, not long after these, syn-
thetic polyanionic compounds with similar HIV-1 anti-entry/fusion activities
were introduced as candidate microbicides. In fact, at present, only polyan-
ionic compounds (one natural, one synthetic) are undergoing Phase III effica-
cy testing in human clinical trials [12].

Only recently have microbicide intervention strategies expanded to the
extent that are warranted within the HIV research community. Some of the
more recently proposed topical microbicide candidates have previously been
investigated as orally administered experimental therapeutic drugs for infect-
ed persons. These include HIV-1 replication inhibitors [13, 14], chemokine
receptor blockers [15—-17], and HIV-1 envelope protein ligands [18, 19]. Other
candidate microbicides have been specifically developed for use as a topical
microbicide; these include vaginal pH buffering compounds [20], genetically
engineered H,O,-producing lactobacilli [21-23], detergents [24], anti-HIV-1
antibodies [25], carbohydrate-binding lectins [26], herbal extracts [27], and
polyanionic polymers [11]. The anti-infective activity reported for many of
these candidate products is inhibition of attachment, entry, or fusion of cell-
free HIV-1 with target cells. Depending on the compound, this activity can be
an HIV-1-specific or nonspecific mechanism and can target cellular or viral
epitopes. In light of the significant role for binding/entry/fusion inhibitors as
candidate microbicides, this chapter reviews the progress and challenges for
their use as topical agents to block sexual transmission of HIV-1.

Female genital tract targets for blocking HIV-1 entry/fusion

In the female genital tract there are different tissue sites and multiple cell types
that have been proposed to be necessary for establishing an HIV-1 infection in
women through sexual transmission. Human cervical and vaginal mucosal
secretions contain HIV-1 target cells such as CD4" T lymphocytes. In addition,
these lymphocytes are found within cervical and vaginal epithelia [28]. Also
within these epithelia are the CD4"CCR5* Langerhans cells that are capable of
transporting cell-free HIV-1 from the genital tract lumen to sub-epithelial
HIV-1 target cells, including CD4* T lymphocytes, macrophages, and sub-
epithelial dendritic cells (Fig. 1) [28, 29].

Genital tract infection studies using female non-human primates (NHPs)
report that CD4" cells in the cervical and vaginal epithelium are the first cell



HIV-1 entry inhibitors as microbicides 101

cp#: Q
Mucous [ e Q
Stratified
Mucosa
: " O B S
I's fo B Y (@ CcD4+
Sub- @' ¢ Q O T-cell
Mucosa | CD4* e} - . 4 o
T-cell E +
CD4+ 0 QIL()E;*_ 'C©CD4‘ 0 macrophage
macrophage dendritic cell T-cell

Figure 1. Possible pathways for sexual transmission of HIV-1 in the female genital tract. The human
vaginal and ectocervical mucosa consists of a multilayer (usually 30 to 45 cell layers) of nonkera-
tinized squamous epithelial cells covered by a mucous that most likely originates from cervical
mucous glands. The endocervical mucosa is a single layer of mucous-containing, high columnar cells
(not shown). When HIV-1 is deposited in the vagina, it may bind to antigen-presenting CD4*, CCR5*
Langerhans cells that have cellular processes that extend to the vaginal lumen. The Langerhan cells
are then capable of transferring the virus to CD4" T cells and macrohpages, and DC-SIGN* dendrit-
ic cells in the submucosal lamina propria. Cell-free HIV-1 may also directly infect CD4" T cells in the
vaginal lumen that have migrated up through the stratified epithelium or that have passed through
mucosal lesions. In addition, mucosal lesions may provide a ready accessible pathway for HIV-1 or
HIV-1-infected cells to pass easily into the submucosa that contains numerous CD4* and DC-SIGN™
target cells. From the sub-mucosa, infected cells can migrate to nearby lymphoid tissues where virus
replication would be expanded and systemic dissemination of HIV-1 can occur.

populations infected after non-traumatic vaginal inoculation with cell-free
simian immunodeficiency virus (SIV), the NHP equivalent of HIV-1. The
available limited time course data suggest that cell-free SIV can enter the gen-
ital epithelia and infect cells within 30—60 minutes after vaginal virus expo-
sure. In situ immunocytochemical staining of fixed cervical and vaginal tissues
as early as 18 h post-SIV vaginal inoculation show that CD4* lymphocytes and
intra-epithelial CD4* Langerhans cells are the first to be positive for SIV RNA.
Later time points show SIV RNA-positive CD4* lymphocytes and
macrophages, and dendritic cells in the sub-epithelial lamina propria of cervi-
cal-vaginal mucosa [30].

The above SIV cervical-vaginal infection studies in NHPs attempt to predict
how a male-to-female sexual infection occurs when the genital tract epitheli-
um is intact. However, the likelihood of normally occurring mucosal lesions in
the female vagina and those produced during coitus or from local inflamma-
tion due to ulcerative non-HIV sexually transmitted infections (STIs) would
provide a more direct route for HI'V-1 to breach the genital tract epithelium and
access the numerous CD4* lymphocyte and macrophage virus targets in the
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lamina propria. In fact, data from studies where the human female genital tract
was sampled using a buffered saline lavage show that blood and leukocytes are
present on the cervical and vaginal mucosal surfaces of many women at inter-
menses time points [31, 32]. These observations suggest that minor mucosal
lesions probably do provide a significant pathway for direct sub-epithelial
access of HIV-1 to target cells in the genital tract of women even in the absence
of ulcerative STIs. Thus, both genital mucosal lesions and the transfer of virus
across an intact epithelium by Langerhans cells should be considered as prob-
ably pathways for the sexual transmission of HIV-1 to women.

Fortunately, most of the HIV-1 entry/fusion inhibitors that are currently
under consideration as microbicides should have anti-infective activities that
are effective in the presence or absence of an intact genital epithelium (Fig. 2).
The following is a description of some of the most promising candidate
entry/fusion inhibitors, their proposed mechanisms of action, and their likely
advantages and disadvantages for success at blocking HIV-1 sexual transmis-
sion.
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Figure 2. Predicted sites of activity for HIV-1 entry inhibitors as vaginal microbicides. Many of the
currently know entry inhibitors being considered as a microbicide function by binding to one of the
HIV-1 envelope proteins (gp120 or gp41), or to the cell-surface chemokine receptor (CCRS) that is
also the virus co-receptor associated with most cases of sexual transmission. Most polyanions, human
monoclonal antibodies, carbohydrate binding proteins (CBPs), and gp120/41 ligands are believed to
inactivate HIV-1 by binding to its surface proteins and blocking the interaction with the CD4* recep-
tor and, or CCRS co-receptor. These candidate products would be predicted to work best against cell-
free HIV-1 in the vaginal lumen but they may be able to diffuse through mucosal lesions and have
some limited activity during virus binding to targets cells. Conversely, the chemokine analogs cur-
rently under consideration would work by binding to, and either down regulating cell surface expres-
sion of the CCRS co-receptor or inducing it to form an unusable configuration. The chemokine
analogs would have to be available to cells both in the vaginal lumen and submucosa if cell-free virus
can infect target cells at both sites.
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Polyanionic polymers

Polyanionic polymers came to prominence as some of the first generation of
candidate microbicides. This group of candidate products consists of com-
pounds derived from naturally occurring substances and synthetic polymers.
Presently, they compose the largest group of lead investigational products that
are currently undergoing clinical testing in humans (Tab. 1). For most of these
compounds, their proposed mechanism of action is to bind the gp120 enve-
lope protein on the virion surface and prevent binding to the surface of target
cells. In vitro testing of sulfated polyanionic polymers indicates that their neg-
atively charged side groups have a significant affinity for the positively
charged V3 loop and to a lesser degree the CD4-induced epitope, both of
which are contained within the viral gp120 envelope protein [33]. The V3
loop and the CD4-induced epitope are recognized as the principal regions

Table 1. HIV-1 entry inhibitors under investigation as vaginal microbicides

Product Proposed
activity/target Testing status
Antibodies
b 12 Virus gp 120 Animal (primate)
2G12 Virus gp120 carbohydrates Animal (primate)
2F5 Virus gp 41 Animal (primate)

Chemokine analogs

CMPD 167
PSC RANTES

CCRS antagonist
Down-regulates CCRS

Animal (primate)
Animal (primate)

gp-120/gp-41 ligands

BMS 378806 Virus gp120 Animal (primate)

Pro542 Virus gp120 (CD4 binding site) Cervical explants

C52L Virus gp41 Animal (primate)
Carbohydrate-binding proteins

Cyanovirin-N gp120 carbohydrates Animal (mouse)

Soluble DC-SIGN gp120 carbohydrates Unknown
Polyanions

Carraguard V3 loop of gp120 Phase I1I

Cellulose sulfate " Phase TII"

Cellulose acetate
1,2-benzenedicarboxylate

Animal (primate)

Dextrin-2-sulfate " Phase I"
Polystyrene sulfonate " Phase I"
Pro2000 " Phase III
SPL7013 " Phase 1
SAMMA viral envelope In vitro

* Clinical trial halted



104 C.E. Hart and T. Evans-Strickfaden

within the viral gp120 that bind to HIV-1 co-receptors on target cells. In addi-
tion to their projected potential for blocking sexual transmission of HIV-1,
many of the polyanionic polymers have excellent laboratory profiles as potent
inhibitors of other STIs such as herpes simplex virus, human papilloma virus,
gonorrhea, and Chlamydia. The anticipated performance of these candidate
products to block sexual transmission of both HIV-1 and other STIs associat-
ed with increased transmission of HIV-1 was a major factor in their advance-
ment to clinical trials.

The three polyanionic polymers that are being, or have been, tested in
Phase III clinical trials are cellulose sulfate (Ushercell™), PC515
(Carraguard™), and polynaphthalene sulfonate (Pro 2000). Cellulose sulfate
(CS) is a sulfated carboxymethylcellulose polymer (1900 kDa) extracted from
cotton. More often recognized by its trade name, Carraguard™, PC515 is also
a sulfated long-change carbohydrate (500-5000 kDa) composed of lambda
and kappa carrageenans extracted from red seaweed. Carrageenan is widely
used as an emulsifying agent in food and cosmetics, and is listed as a GRAS
(generally regarded as safe) agent by the USA FDA. Pro 2000 is the first syn-
thetic polyanionic polymer, a polysulfonic acid-formaldehyde copolymer
polymer (5 kDa) to be tested in a Phase III trial. Before their use in Phase III
clinical trials, these products were shown to have good safety profiles in ani-
mal testing and Phase I/II clinical safety trials. However, their success as anti-
infective agents has been more difficult to predict due to our limited under-
standing of which, if any, of the in vitro experiments and animal transmission
studies used to investigate these products are indicative of their effectiveness
when used by women.

In vitro testing of these products has used a variety of cellular infection
assays. Overall, the outcome of these experiments has been determined by
measuring the difference in cell-free HIV-1 production after cell cultures are
inoculated with virus in the absence or presence of a candidate product. CS,
Carraguard™, and Pro 2000 have all been reported to significantly reduce
HIV-1 production from cells exposed to virus in their presence. However, each
of these candidate products has shown different in vitro capacities for block-
ing infection from CXCR4(X4)- and CCR5(R5)-using HIV-1. Since most of
the documented HIV-1 infections acquired from sexual transmission result
from R5-using viruses [34], the ability of a candidate microbicide to act
against those virus types in vitro has been regarded as one of the major crite-
ria for predicting its effectiveness in clinical trials.

For CS, the reported ICs, values are similar against the laboratory strains of
X4—using HIV—IIHB (IC50 =10 pg/ml) and R5-using HIV—IBaL
(ICso= 8.8 pg/ml) when tested in primary CD4* T lymphocytes and
macrophages, respectively [35]. A previous study [36] also reported equivalent
in vitro 1Csy values for CS activities against HIV-1yg (32 pg/ml), HIV-1g,
(78 pg/ml) and another R5-using isolate (ADA, 1.3 ug/ml), suggesting that this
product has the predicted capacity to be effective against sexually transmitted
R5-using HIV-1. Surprisingly, CS was even more effective in vitro against R5-
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and an R5X4- (dual tropic)-using primary HIV-1 isolates than against a pri-
mary X4-using isolate [35]. This enhanced effect of CS against R5-using
viruses may result from its reported virucidal activities of stripping gp120 pro-
tein from the virion surface and solublizing the p24,,, core protein of the R5-
using HIV-1g, but not the X4-using HIV-1,z [37]. This selective in vitro
activity against R5-using HIV-1 is in distinct contrast to some of the other
polyanions that show greater activities against X4-using viruses.

Carraguard™ is one of the polyanions that has shown less activity against
R5-using HIV-1. In contrast to another two polyanion microbicides that were
shown to completely block HIV-13,; infection of peripheral blood mononu-
clear cells (PBMCs) in vitro, a high concentration of Carraguard was capable
of reducing but not blocking the R5-using HIV-1g,; infection [38]. In addition,
Carraguard has been reported to have almost no measurable activity on pri-
mary isolates of HIV-1 subtypes A (R5-using), C (R5-using), and surprisingly
none on an X4-using CRF01-AE [38]. However, more recent data suggest that
a high concentration of Carraguard can have in vitro activity against some R5-
using subtype C primary isolates of HIV-1 [39].

Pro2000 has had the most extensive in vitro and animal testing of the
polyanions that have reached Phase III clinical testing. Although in vitro infec-
tion studies show it to be effective against both R5- and X4-using HIV-1 [35,
37, 38, 40], tenfold more compound was required to block infection of RS
virus than X4 virus [40]. Interestingly, one measure of Pro 2000 anti-infective
activity, disruption of the viral envelope gp41 protein tertiary structure and
induction of gp41 “six-helix bundles” was similar between RS and X4 viruses
[37]; induction of gp41 six-helix bundles is reported as an indirect marker for
inactivation of cell-free HIV-1 [41, 42]. A more direct assay for inactivation of
infectious cell-free virus found that Pro 2000 also inactivated both cell-free RS
and X4 HIV-1 in one study [37] but another study found that X4 virus, not RS
virus was inactivated [40]. Other contradictory evidence for Pro2000 activity
is its excellent anti-infective activities in explants of human ecto-cervical tis-
sue exposed to RS viruses [43] yet it is only partially effective against an X4-
using SHIV (SIV/HIV chimeric virus with an HIV-1 envelope) used for intrav-
aginal inoculations of female rhesus macaques [44]. Lastly, ex vivo studies
using cervico-vaginal saline lavages (CVL) obtained from HIV-1-infected
women before and 1 h after intravaginal application of Pro2000 showed that
the diluted product in CVLs had high in vitro activities against RS HIV-1 [45].
The combined data on Pro 2000 suggests that even though a higher concen-
tration of Pro2000 may be required to block infection of R5 HIV-1, the level
of product available at the cervico-vaginal mucosa should be adequately
bioavailable and have substantial anti-infective activity.

Some of the other more prominent polyanion-based microbicides that are
still undergoing clinical safety trials or NHP and in vitro testing include, cel-
lulose acetate 1,2 benzenedicarboxylate (CAP), a synthetic sulfonated phar-
maceutical excipient (60 kDa) used for coating capsules and pills; dextrin-2-
sulfate (DxS), a synthetically sulfated derivative of starch (20 kDa); poly-
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styrene sulfonate (N-PSS), a long chain sulfonated polymer (751 kDa);
SPL7013 (VivaGel™), a synthetic sulfonated lysine dendrimer (16.58 kDa),
and mandelic acid condensation polymer (SAMMA), a sulfuric acid-treated
mandelic acid (256 Da) that has previously been tested clinically as a urinary
antiseptic during bladder irrigant procedures [46, 47]. Each of these com-
pounds has reported activity against one or more non-HIV-1 STIs such as
HSV-2, Chlamydia, Trichomonas, and gonorrhea. CAP, N-PSS, and SPL7013
have effective in vitro activity against both R5 and X4 primary isolates [35, 38,
40]. In addition, N-PSS is reported to have a significant post-entry anti-viral
effect [35]. In rhesus macaques studies, CAP has relatively good efficacy at
blocking infection of X4 SIV and R5 SHIV intravaginal inoculations [48, 49],
while SPL7013 has shown excellent efficacy at blocking infections of X4
SHIV inoculations in that model [50]. In comparison, DxS and SAMMA were
noticeably less effective against RS virus than X4 in vitro [40, 51], and DxS
was only partially effective against an X4-using SHIV used for intravaginal
inoculations of rhesus macaques [44].

The overall significance of data reported for polyanion microbicides focus-
es on their potential reduced efficacy against the R5-using viruses. This is pri-
marily based on the lower cumulative positive charge of V3 loop amino acids
in the gp120 protein on R5 viruses compared to that on X4 viruses. The pre-
dicted amino acid sequence of the V3 loop has a positive charge of <5 in R5
viruses compared to >5 in X4 viruses [52, 53]. These predictions and some of
the data presented above suggests that polyanion microbicides have a greater
electrostatic attraction to the more positively charged V3 loops on X4 viruses,
and that they would directly bind and inactivate X4, but not RS, viruses in the
cervico-vaginal lumen. Yet, there is kinetic analysis that shows similar binding
constants of R5yyy, and X4y gp120 to at least one lead polyanion microbicide
in clinical trials (Pro2000) [35]. However, if there is an absence of direct
polyanion microbicide binding to the V3 loop of RS viruses, it has been pro-
posed that their binding and anti-infective activity occurs when additional con-
formation-induced negative charges are exposed on gp120 as it binds to the
CD4 cellular receptor [54, 55]. If true, this would suggest that in vivo protec-
tion against R5 viruses would be achieved only if the microbicide reached
CD4" target cells at or before the time they are contacted by virus at the
mucosa or in submucosal lamina propia (Fig. 1) [56]. Furthermore, the
CD47/DC-SIGN* dendritic cells that can bind HIV-1 through their DC-SIGN
receptor and transport it away from the genital tract lamina propria to region-
al lymphoid tissues would be another challenge for polyanion microbicides
that cannot inactivate RS virus in the genital tract lumen. However, these con-
cerns are tempered by findings that show high concentrations of CAP, CS,
Pro2000, and N-PSS have excellent in vitro virucidal activity against both R5
and X4 viruses [37] and that Pro2000, but not DxS, effectively inhibits DC-
SIGN*-mediated R5 and X4 virus binding to dendritic cells and the transfer of
R5 and X4 viruses to CD4" target cells [40].
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Human monoclonal antibodies

Three human monoclonal antibodies (mAbs), b12, 2G12, and 2F5, have
received the most attention as “proof-of-concept” reagents for blocking sexu-
al transmission of HIV-1 in animal studies. The mAb b12 binds to discontin-
uous epitopes in the HIV-1 gp120 protein that overlap the CD4-binding site
[57, 58]; mAb 2G12 recognizes a unique conformational glycan epitope con-
sisting of the terminal mannose residues on three N-linked carbohydrates in
gp120 [59, 60]; and mADb 2F5 binds epitopes on the external surface of gp41
[61, 62]. Additional information about these antibodies is provided in the
chapter by Morris et al.

Of these three mAb, only b12 has been examined as a vaginally applied
anti-infective in the Rhesus macaque model. When a high concentration of
mADb b12 in either saline or a hydroxymethyl cellulose gel was applied intrav-
aginally, it blocked infection of RS SHIV intravaginal inoculations in 9 of 12
macaques [63]. The mAbs 2G12 and 2F5 have also been tested in the macaque
model but using intravenous infusion instead of intravaginal application [64].
However, mAb 2G12 infused alone or in combination with 2F5 provided only
partial protection (8/14 animals) against X4 SHIV vaginal inoculations [64].
Previous in vitro data show that these mAbs have high titer neutralization
activities against most HIV-1 subtype B isolates tested, but only limited activ-
ity against non-subtype B viruses [43, 65-69]. Although these data suggest
that mAbs have the potential to be developed as effective microbicides, a new
generation of these candidate products that have efficacy against non-subtype
B viruses will be needed. Also, development of new cost-effective methods for
their large-scale production, such as production as plantibodies [70], will be a
practical necessity.

Carbohydrate-binding proteins

Oligosaccharide carbohydrates are predicted to be more than half of the mass
of the gp120 and gp41 envelope glycoproteins on the surface of HIV-1 [71].
Many of these oligosaccharides are large poly-mannose containing sugars [72,
73] that are believed to form a virus “glycan shield” for providing protection
against some host defense mechanisms [71]. The relative continuity of this
mannose-rich glycan shield across the different HIV-1 subtypes has made it a
tempting target for developing candidate microbicides. In addition to the
human mAb 2G12 described above that recognizes a site-specific epitope of
mannose residues on the gp120 glycoprotein, a number of carbohydrate-bind-
ing proteins (CBPs) derived from prokaryotes, sea corals, algae, plants, and
vertebrates with anti-HIV-1 activities have been reported (reviewed in [74])
and many have shown anti-infective protection in vitro against multiple HIV-1
subtypes and HIV-2 [75].
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The 11-kDa Cyanovirin-N (CV-N) protein, originally extracted from blue
green algae, has been the most intensely studied anti-HIV-1 CBP. CV-N has
excellent anti-infective activity that is reported to occur through its high-affin-
ity binding to high mannose oligosaccharides on the gp120 protein of HIV-1
[76]. CV-N’s binding to these mannose glycans blocks gp120 binding to cell-
associated CD4 and possibly to the CCRS co-receptor in vitro [76]. CV-N is
effective at blocking R5 HIV-1 infection of human cervical explants in a dose-
and time-dependent manner; it is more efficacious when applied at a high dose
(1-0.2 puM) before virus exposure [77]. In addition, it has virucidal activity
when used to pretreat a virus inoculum and is subsequently removed before the
inoculum is added to an explant [77]. When CV-N (0.5-2%) in a hydroxyethyl
cellulose gel was applied intravaginally in cynomologus macaques, it blocked
infection of intravaginal inoculations of high titer X4 SHIV in 15 of 18 ani-
mals [77]. The excellent anti-infective profile of CV-N protein described above
and its broad spectrum activity across HIV-1 subtypes and HIV-2 [78] have led
to it being engineered into a human vaginal strain of Lactobacillus [22]. This
CV-N-expressing Lactobacillus was selected for its capacity as an efficient
protein expression vehicle and because it is a naturally occurring vaginal spe-
cies that is associated with reduced urogenital infections in women [79]. The
CV-N-expressing strain is capable of colonizing the vagina and producing
active CV-N protein when administered intravaginally in mice [22]. This
development of a CV-N-expressing Lactobacillus is a significant step in
advancing microbicide products that can possibly be maintained for extended
periods in the female genital tract.

In addition to the potential for CBPs to act directly as entry inhibitors
against HIV-1 infection of CD4 target cells in the genital mucosa, they may
also have the capacity to prevent infection in these cells via transfer of HIV
from CD4-/DC-SIGN™ dendritic cells. As briefly mentioned above, submu-
cosal dendritic cells are capable of binding HIV on their cell surface, and the
bound virus can be presented to, and trans infect, CD4 lymphocytes [80]. The
attachment of HIV to dendritic cells is reported to be dependent on the bind-
ing of virus polymannose carbohydrates in the gp120 protein to the DC-SIGN
(C-type lectin) molecule expressed on the dendritic cell surface [81, 82]. These
plant-derived CBPs and CV-N effectively block virus binding to cell surface
DC-SIGN and the subsequent trans infection of CD4 lymphoctyes in vitro
[83]. Thus, CBP microbicide products could have the advantage of a dual
mechanism for blocking HIV-1 infection in the genital mucosa of women.
However, the safety of repeated applications, or long-term mucosal exposure
of a CBP protein could elicit local immune responses in the genital tract of
women. For example, the pronounced mitogenic activity and induction of acti-
vation markers on human peripheral blood leukocytes in vitro [78] by CV-N
indicates that any CBP candidate microbicide would require stringent moni-
toring during in vivo safety studies.

The potential safety concern of using non-human CBPs for microbicides
suggests that the development of similar products of human origin should be
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considered. Of particular interest is the human DC-SIGNR molecule that has
R5 and X4 HIV-1 gpl120-binding affinities across subtypes that are almost
identical to those of its close homolog DC-SIGN [84]. Multiple mRNA iso-
forms of DC-SIGNR have recently been identified in human vaginal tissues
and many of these were predicted to code for soluble and secreted proteins
[85]. In addition, different DC-SIGNR isoforms have been correlated with
possible resistance to HIV-1 infection [86]. The identification of soluble DC-
SIGNR isoforms with effective anti-HIV-1 activities in vitro and their expres-
sion in Lactobacillus could provide a safer alternative to the use of non-human
CBPs as microbicides.

Specific ligands of HIV-1 gp120 and gp41 envelope proteins

These small molecule and fusion protein drugs are part of a second generation
of candidate microbicides that were developed to have anti-HIV-1-specific
activities. In most cases, they were initially designed and tested as therapeutic
drugs for treating infected persons before they were examined as topical agents
for blocking sexual transmission of HIV-1. Although numerous gp120 and
gp41 ligands have been tested for anti-HIV-1 therapeutic activity, those
described below have been evaluated specifically for their effectiveness as top-
ical microbicide agents.

Two of these ligands, BMS 378806 and Pro542, specifically bind to the
CD4 binding site of the HIV-1 gp120 protein and prevent virus entry [87, 88].
BMS 378806 is a small molecule that works allosterically to prevent gp120
conformational changes required for its binding to CD4 [89] and Pro542 is a
polyvalent CD4-IgG2 fusion protein that has a much longer half life in vivo
than soluble CD4 alone [87]. Alternatively, the C52L peptide is a gp41-bind-
ing ligand that was derived as a sequence modification of the FDA-approved
T20/enfuvirtide peptide [90]. These ligands block formation of virus gp41
six-helix bundles that are required for fusion between the virus and cell mem-
branes [19]. BMS 378806 and C52L have anti-infective activities across mul-
tiple HIV-1 subtypes, but BMS 378806 activity is much greater against sub-
type B virus [91, 92]. Pro542 anti-infective activity in human cervical
explants indicates that it can block both localized infection within the tissue
and trans infection via dissemination of dendritic cell-bound infectious virus
away from the tissue explant [93]. Pro542 binding to, and neutralization of,
cell-free virus that can still bind to migratory CD4/DC-SIGN* dendritic cells
is proposed to underlie its ability to block the trans infection of distant CD4*
target cells [93]. Both BMS 378806 and C52L have been tested alone or in
combination in the macaque vaginal infection model. A high concentration of
C52L (1.5 mM) or BMS 378806 (5.5 mM) in a hydroxmethyl cellulose gel
provided partial protection from vaginal inoculations of an R5 SHIV in three
of five and six of eight macaques, respectively [94]. BMS 378806 and C52L
used in combination increased their effectiveness such that all the macaques
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tested were protected from R5 SHIV infection (six of six protected, [94]). In
vaginal safety studies using macaques, neither drug induced genital irritation
or inflammation after multiple applications [94]. The original development of
these anti-HIV-1 drugs as therapeutic agents was done under the constraints
of needing to balance their potency and oral bioavailability. It is hoped that
newer and more effective derivates of this class of ligand will be tested as
mucosally applied products and thus consideration of their oral bioavailabili-
ty will be irrelevant. In fact, the lack of systemic absorption of topically
applied candidate microbicides is currently regarded a positive safety criteri-
on.

Chemokine analogs

Chemokine analogs are another class of anti-HIV-1 drugs that were developed
as therapeutic agents. The discovery that certain native chemokines have anti-
infective activity in cell culture led to the identification of two of their cell sur-
face receptors, CCR5 and CXCR4, as the major co-receptors for HIV-1 bind-
ing and entry [95-99]. The testing of these analogs as candidate microbicides
have focused on those that block CCRS5 binding since R5 viruses are believed
to cause the vast majority HIV-1 sexual transmissions [100, 101].

Only recently has a chemokine analog been investigated alone or in combi-
nation with other compounds for use as a vaginal microbicide. The PSC
RANTES analog is a modified synthetic form of the native RANTES ligand
that binds to the CCRS receptor on the cell surface and induces its internaliza-
tion [102]. This ligand-induced receptor internalization greatly reduces the
level of cell surface CCRS and is thought to be the major mechanism for
chemokine anti-HIV-1 activity [103]. Compared to native RANTES, the syn-
thetic PSC RANTES analog greatly enhances receptor internalization and has
several-fold more anti-HIV-1 activity in vitro [102]. In vivo, vaginal applica-
tions of the highest concentration of PSC RANTES (1 mM) used prevented
infection from vaginal inoculation of an RS SHIV in five of five macaques
[104]. Another CCR5-binding ligand tested as a candidate microbicide is the
small molecule CMPD 167. It is proposed to function as an allosteric modula-
tor by binding to CCRS5 and locking it into a conformation that is unusable as
an HIV-1 co-receptor [105]. As seen with PSC RANTES, a high concentration
of CMPD 167 (5 mM) alone or in combination with C52L or C52L plus BMS
378806 in hydroxmethyl cellulose gel protected seven of seven macaques from
infection with an intravaginal inoculation of RS SHIV [94].

These results suggest that chemokine analogs that block or down-regulate
the HIV-1 CCRS5 coreceptor are viable microbicide candidates that deserve
continued evaluation. Although the majority of HIV-1 sexual transmissions are
believed to result from infection with RS virus, the development of a microbi-
cide product that does not block X4 virus infections or virus binding to DC-
SIGN* dendritic cells would have to be carefully considered before use in
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human clinical trials. Also, as with other drug-based products proposed for
mucosal application, the potential for systemic absorption and toxicity will
have to be taken in to account, in addition to formulating a gel or delivery sys-
tem that will rapidly and evenly distribute the product over the genital mucosa.

Summary

The ability to identify compounds and drugs that are good candidates for
microbicide development is currently a significant challenge. A major part of
this challenge lies in our incomplete understanding of which pathway(s) and
cells in the cervical-vaginal mucosa are the main routes for sexual transmis-
sion of HIV-1. Furthermore, it is highly likely that any anti-HIV-1 micobicide
product approved for vaginal use will also be used for anal intercourse. The
distinct differences between the cervical-vaginal and rectal mucosae should
necessitate additional preclinical studies that address the efficacy and safety of
a candidate product applied to the rectal mucosa. The evidence provided by
SIV and SHIV vaginal inoculation studies in NHPs are a valuable resource, but
these studies do not represent the genital mucosal environment during coitus
and exposure to virus in semen. Even without this understanding, the infor-
mation derived from NHP and in vitro studies indicate that one or more of the
entry inhibitor microbicides should be effective for blocking sexual transmis-
sion of RS HIV-1 to women (Fig. 2). However, Phase III clinical testing of CS
was recently halted due to preliminary results that its use may actually increase
risk of HIV-1 infection [106]. The post-study evaluations of this disappointing
development are still underway, so it has not yet been determined if this was
an actual failure of the product or if other issues including non-compliance for
product use were factors. This supports a currently held supposition that some
of the first generation polyanion microbicide products will be better suited as
formulations for developing combination microbicides. At least one of these
third generation combination microbicides is under development [39] and
more are anticipated. If stable formulations can be achieved, such a combina-
tion as a chemokine analog or gp120/gp41 ligand in a polyanion gel might
prove to be highly effective. The success in developing combination microbi-
cides will rely to a great extent on the eagerness of the different licensees to
work together altruistically since a small profit margin is expected for deliver-
ing these much needed products to the developing world.

The findings and conclusions in this chapter are those of the authors and do
not necessarily represent the views of the Center for Disease Control and
Prevention.

This Chapter is a work of the United States Government for which copyright protection in the U.S.,
under Title 17 of the United States Code, is not available. Therefore, copyright within the U.S. does
not extend to this chapter.
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Genetic diversity of the HIV envelope glycoprotein and coreceptor usage

The HIV shows an extraordinary degree of genetic diversity that in rare cases
impacts on the efficacy of currently available anti-retroviral therapies [1].
There is less information on how genetic variability might affect the efficacy
of a newer class of anti-retrovirals, the entry or fusion inhibitors. This group
comprises a diverse collection of compounds that target both viral and host cell
components blocking virus attachment and/or fusion and preventing infection
and viral integration. Available data suggests that almost all genetic subtypes
of HIV-1 engage the CD4 and coreceptor molecules. Thus entry inhibitors that
target cellular proteins are likely to be equally efficacious across genetic sub-
types. However, the efficacy of those that target the viral envelope glycopro-
tein is likely to be more impacted, given that as the envelope gene is the most
variable of all HIV genes, showing up to 30% difference within HIV-1 and up
to 55% between HIV-1 and HIV-2 (www.hiv.lanl.gov). Most entry inhibitors
have been designed and tested based on HIV-1 subtype B viruses, and would
therefore be expected to be most effective against viruses of this genetic sub-
type. There are few studies that have specifically explored the phenotypic sen-
sitivity of different HIV subtypes to entry inhibitors. Since HIV-1 subtype C is
now the most prevalent subtype globally, causing explosive epidemics in
southern Africa, Ethiopia, India and China, we focus our review primarily on
viruses of this subtype.

HIV-1 subtype C viruses predominantly use the CCRS coreceptor for viral
entry with CXCR4 usage reported less frequently compared to subtype B
[2-5]. Among 231 HIV-1 subtype C viral isolates in our laboratory, only 10%
were found to use CXCR4, and this was significantly correlated with a CD4
count of <200 cells/ul [6], similar to subtype B [7, 8]. Thus, over 80% of
patients with clinically defined subtype C-induced AIDS still harbor viruses
that use CCRS5 [4]. The reasons for this are unclear, but could be related to host
factors, such as elevated expression levels of the CCRS5 coreceptor favoring
expansion of RS viruses [9], or a shorter time to AIDS in countries with poor
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health care infrastructure limiting the opportunity for CXCR4-using viruses to
develop. There may also be virological factors restricting envelope evolution.
Understanding HIV-1 coreceptor usage is now particularly relevant in the era
of entry inhibitors. Whether or not subtype C will be more amenable to CCRS5
antagonists, for instance, will depend on whether coreceptor usage changes as
the epidemic matures.

Analysis of the V3 region, which is a major determinant of coreceptor
usage, indicates that CXCR4 usage among subtype C viruses is associated
with genetic changes, including increased numbers of positively charged
amino acids, length variations and loss of a glycosylation site, similar to that
reported for subtype B [6, 10]. However, in contrast to subtype B, where both
CCRS5- and CXCR4-using viruses contain a consensus GPGR crown motif,
subtype C CXCR4 viruses frequently have positively charged substitutions in
the GPGQ crown [6]. Whether the lack of a positively charged amino acid
(arginine, R) in the V3 crown limits the ability of subtype C viruses to under-
go a coreceptor switch requires further study, but may explain the low fre-
quency of CXCR4-using viruses in subtype C.

Inhibiting entry of HIV-1 subtype C viruses

Over the last two decades a large number of entry inhibitors have been devel-
oped, targeting the three stages of viral entry, i.e., CD4 binding, interaction
with CCR5 and/or CXCR4 and fusion. Available in vitro data suggest that
almost all are highly effective against HIV-1 subtype C viruses [4, 11, 12]. We
found that PRO542 (also known as CD4-1g(G2), a recombinant antibody fused
with four copies of CD4, as well as soluble CD4 (sCD4), both of which pre-
vent CD4-gp120 interactions, inhibit HIV-1 subtype C infections independent
of coreceptor use (Fig. 1). In contrast, CCRS5 coreceptor antagonists, including
RANTES (a chemokine) and PRO140 [an anti-CCR5 monoclonal antibody
(mAb)] fully inhibited RS isolates, but were largely ineffective against isolates
that use CXCR4. Variability in the levels of inhibition of R5X4 viruses may be
due to the presence of mixed populations of RS and X4 viruses. The small-
molecule CXCR4 inhibitor AMD3100 is able to inhibit all R5X4 and X4 iso-
lates, with no activity against the R5 isolates. Enfuvirtide (ENF, also know as
T-20), a 36-amino acid peptide that prevents virus fusion by binding to the HR-
1 region in gp41, was effective against subtype C viruses irrespective of core-
ceptor usage. However, other studies have shown that higher concentrations of
ENF are needed to inhibit subtype B R5 isolates perhaps due to more rapid
fusion rates [13, 14].

A potential obstacle to using coreceptor inhibitors is the emergence of viral
variants that use coreceptors other than CCR5 or CXCR4 for cell entry.
Although the use of alternate coreceptors appears to be a rare event with scant
evidence to suggest that they play major a role in vivo [15], such isolates could
pose a threat to the success of coreceptor inhibitors in the clinic. In subtype C,



Entry inhibition of HIV-1 subtype C isolates 121

Entry inhibition of HIV-1 subtype C viruses
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Figure 1. Sensitivity of HIV-1 subtype C isolates to all three classes of entry inhibitors. Results are
shown as the mean percentage inhibition plus standard deviation for isolates able to use CCRS5 (black
bars) or those able to use CXCR4 (R5X4 and X4) (patterned bars). The number of isolates tested is
shown at the bottom of each bar. sCD4 and PRO540 were both tested at 50 ug/ml, PRO140 was test-
ed at 167 nM, RANTES at 64 nM, AMD3100 at 500 nM and ENF at 1 pug/ml. The dotted line shows
90% inhibition. Data are from [4, 11, 12], plus unpublished data. Figure adapted from the PhD thesis
of Tonie Cilliers “Effectiveness of entry inhibitors on HIV-1 subtype C viruses”, University of the
Witwatersrand, Johannesburg, South Africa. 2005.

viruses able to use CXCR6, BOB/GPR15, CCR3 and CCRS8 on transfected cell
lines have been described [3, 4, 16]. In one case, the use of CCR8 was con-
firmed in primary cells and in another the receptor could not be identified [16].
Given that few HIV-1 isolates are tested for alternate coreceptor use, such
receptors may be more commonly used than current data indicate [17, 18].

Natural and induced resistance to entry inhibitors

As with other anti-retrovirals, resistance to entry inhibitors is an inevitable
consequence of their use, particularly if they are used as monotherapy.
However, unlike the emergence of resistance to reverse transcriptase and pro-
tease inhibitors, which tends to be associated with signature mutations, resist-
ance in the envelope gene is considerably more complex [19]. Escape from the



122 L. Morris et al.

CCRS inhibitors SCH-D and SCH-C, for example, was associated with multi-
ple changes in gp120 that differed between patients [20]. While one might
expect that resistance to CCRS inhibitors may select for X4 variants, it appears
that the use of CCRS in an inhibitor-insensitive way is a more common path-
way to resistance against this class of drugs [21, 22]. In one case where core-
ceptor switching was seen, the authors speculated that this was due to pre-
existing X4 variants and not the result of treatment with the CCRS5 inhibitor,
maraviroc [23].

Natural resistance to the CD4 inhibitor BMS-378806 among non-B sub-
types was predicted based on the genetic analysis of sequences from subtypes
A-G [24]. This molecule binds to viral gp120 and prevents interaction with
cellular CD4 receptors, and resistance has been mapped to at least nine loci
around the CD4-binding pocket [25]. Background genotypic resistance to
BMS-378806 among non-B HIV-1 viruses was found to be higher than in sub-
type B [24], an observation that is supported by limited phenotypic data [25].
Whether or not this molecule and its derivative BMS-488043 [26] will show
reduced efficacy against non-B subtypes awaits clinical testing.

Subtype C viruses show significant genetic variation from subtype B in the
HR-2 region that was used to design the fusion inhibitor ENF. Of the 36 amino
acids that constitute ENF, 10—16 residues differ among subtype C sequences,
without any apparent compromise in its ability to inhibit subtype C viruses, at
least in vitro [27]. Resistance to ENF is largely determined in the HR-1 region
around the GIV motif. This is highly conserved among all HIV-1 genetic sub-
types and all are predicted to be fully sensitive to ENF, for which there is some
experimental evidence [28]. Only HIV-2 shows reduced sensitivity to ENF,
probably because of the large degree of genetic variation in the HR-2 region
[29]. Induced resistance to ENF by in vitro culture of subtype C isolates in the
presence of increasing concentrations of the drug indicates almost identical
signature mutations to HIV-1 subtype B, suggesting that the mechanism of
action of ENF is the same for subtype C viruses [27].

Predicting HIV-1 subtype C coreceptor usage

Given that coreceptor inhibitors are showing promise in human clinical trials,
there is a need to monitor coreceptor use within a patient to maximize the effi-
cacy of therapy. A number of predictive algorithms have been developed based
on characteristics within the V3 region associated with CCRS5 and CXCR4
usage. The most basic and still one of the most reliable algorithms for predict-
ing coreceptor usage is the “11/25” or “charge rule”, which classifies isolates
as X4 if they have a positively charged amino acid (R, K or H) at positions 11
and/or 25 [30]. Other approaches, including the use of neural networks, a sup-
port vector machine (SVM), the Briggs method and a position-specific scoring
matrix (PSSM), often show improved sensitivity and specificity, but are more
complex to use [31]. These prediction methods also have some limitations in
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that they do not take regions outside of V3 into account, and that minor popu-
lations might be missed. In addition, these algorithms cannot distinguish true
dual-tropic from mixtures of CCR5 and CXCR4 using variants. Nevertheless,
the ability to use sequence data to predict coreceptor usage offers significant
advantages over phenotyping, which is costly and labor intensive. However, all
of these algorithms were developed using HIV-1 subtype B datasets, and one
of the limitations in developing algorithms for other subtypes is the paucity of
sequence data from isolates of non-B subtypes of known coreceptor specifici-
ty. A C-PSSM that was developed using subtype C sequence datasets showed
increased sensitivity for detecting CXCR4-using variants over a B-PSSM,
although the specificity for detecting CCRS5 variants was slightly compromised
[32]. Refinements of these algorithms, together with knowledge of mutations
associated with resistance to each of the entry inhibitors, will facilitate
improved clinical application of these agents.

Inhibiting entry by mAbs

mAbs inhibit HIV entry by blocking virus binding to CD4 and/or coreceptor
or post-receptor binding refolding events. Although neutralizing antibodies
(nAbs) against envelope are frequently less potent than inhibitors that target
cellular receptors, the lack of safety concerns in targeting the virus make them
more attractive for clinical use. Cocktails of these mAbs have been shown to
be capable of effectively blocking infection via intravenous or mucosal routes
in animal studies [33—37]. However, unlike the inhibitors of structural and reg-
ulatory virus components, nAbs have little potency against established or
chronic infection [38]. nAbs are, therefore, likely to have their greatest impact
in the early stages of infection, e.g., when formulated as a preventative mucos-
al microbicide or in post-exposure prophylaxis.

Advances in single-round pseudovirus assays for measuring neutralization
have enabled expanded investigation of nAb cross-reactivity. One study inves-
tigated the reactivity of several known neutralizing mAbs against 90 viruses
from different genetic subtypes [39]. Anti-gp120 mAb IgGlbl2, directed
against an epitope overlapping the CD4-binding site, neutralized 50% of virus-
es, including some from almost every subtype, albeit with a lower percentage
against non-B (39%) than B viruses (72%). 2G12, directed against a high man-
nose epitope of gp120 neutralized 41% of viruses, but none from subtypes C
or E. mADb 4E10, directed to the C terminus of the gp41 ectodomain, neutral-
ized all viruses with moderate potency. mAb 2F5, directed against an epitope
adjacent to that of 4E10, neutralized 67% of isolates, but none from subtype C
(Fig. 2).

The observation that only two of the four main neutralizing mAbs effec-
tively neutralized subtype C viruses is perhaps a reflection, in part, of the fact
that the mAbs were all isolated from tissues donated by subtype B-infected
donors. Sequence differences explain some of the lack of cross-reactivity with
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Figure 2. Insensitivity of HIV-1 subtype C viruses to 2G12 and 2F5 neutralizing mAbs. The percent-
age of subtype B and subtype C viruses sensitive to neutralization by the mAbs IgG1b12, 2G12, 2F5
and 4E10 is shown. mAbs were tested at 50 ug/ml. Data taken from [39, 40, 65].

subtype C viruses [39, 40]. The minimal requirement for 2F5 neutralization is
the motif “DKW” at positions 664—666 in gp41, with all viruses having a sub-
stitution at K665 showing resistance to 2F5. In the Los Alamos database, the
K665 is preserved in only 12% of subtype C viruses, and is disproportionally
enriched or absent in certain regional subtype C viruses, suggesting a geo-
graphic lineage association with 2F5 susceptibility [39]. Regarding 2G12, the
lack of efficacy against subtype C viruses is consistent with the lack of a gly-
can at position 295 at the N-terminal base of the V3 loop (absent in >83% of
subtype C viruses). However, reintroduction of this glycan by site-directed
mutagenesis restored neutralization sensitivity in only one of three subtype C
isolates analyzed [41], suggesting that there may be structural differences
between subtype B and C envelopes that precludes the formation of the man-
nose cluster that constitutes the 2G12 epitope.

Features of transmitted variants

An understanding of which variants from among the myriad of circulating
HIV-1 strains in an infected individual are most commonly transmitted, and
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their susceptibility to various entry inhibitors, is clearly of paramount impor-
tance in research aimed at using entry inhibitors for prophylaxis. Studies in an
African subtype C cohort of discordant heterosexual couples suggested that
transmitted viruses are particularly neutralization-sensitive, due to shortened
variable loops and reduced glycosylation [42]. However, a study of a homo-
sexual subtype B cohort was unable to show that transmitted viruses were
more sensitive than the donor virus [43]. In another study, comparing subtypes
A and B, shorter V1/V2 loops and fewer N-linked glycosylation sites was a
hallmark of subtype A heterosexual transmission, but not subtype B transmis-
sion, regardless of whether this occurred through hetero- or homosexual con-
tact [44]. This suggests that the distinction between selection of subtypes A
and C versus subtype B viruses is lineage specific, not transmission-mode
dependent. A recent study of mother to infant transmission in Nairobi (includ-
ing subjects infected with subtypes A and C, as well as D/A and C/D recom-
binants) indicated that vertically transmitted viruses were especially resistant
to maternal plasma, suggesting that nAbs may be preventing the transmission
of viral variants that are uniquely sensitive to antibody neutralization, possibly
because maternal antibodies are also present in the infant at the time of trans-
mission [45].

In addition to differences in the mode of transmission or subtype, the appar-
ent contradictions in the susceptibility of transmitted viruses to neutralization
could be explained by the timing and method of virus sampling. It remains to
be determined whether there are common characteristics of all transmitted
variants that might provide insights into the selective pressures that occur dur-
ing the bottleneck of HIV-1 transmission. A key question in all the above stud-
ies is whether the HIV-1 present in a newly infected subject is in fact the strain
that was transmitted or if it evolved shortly thereafter. Since a newly infected
individual does not generate significant nAbs against HIV-1 until several
months after infection, the phenotype of transmitted viruses may be coincident
with replication in a non-neutralizing environment that could, for example,
result in the over-production of viruses with increased neutralization sensitiv-
ity. Studies of larger panels of newly transmitted variants will be required to
resolve whether they have unique properties that can be targeted by prophy-
lactic interventions aimed at viral entry.

The synergy/antagonism of neutralizing mAbs with entry inhibitors

Several studies have investigated whether combinations of neutralizing mAbs
have higher than predicted (synergistic) neutralization activity based on sim-
ple additive effects. Overall, there is no definitive answer on the possibility of
synergy, beyond saying that if synergy exists it is probably quite limited [40,
46-49]. This contrasts to the strong synergy observed between CD4-IgG2 and
ENF and CD4 and V3 loop-specific mAbs [50-52]. These synergies suggest
that CD4 induces a structural change in the envelope trimer that increases the
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exposure of the ENF-binding site. There is little evidence that neutralizing
mAbs induce such dramatic envelope refolding for a tangible effect on the
binding of other non-overlapping mAbs [53]. Nevertheless, combinations of
neutralizing mAbs, even if only additive in their effects are attractive as entry
inhibitors from the standpoint of increasing the breadth of neutralization cov-
erage, if not its potency. Of course, it is important to identify possible antago-
nistic effects that might blunt the prophylactic effect of a cocktail. For exam-
ple, it is known that the ENF peptide and the 2F5 mAb antagonize each other,
because the region in gp41 on which ENF is based includes the 2F5 epitope.
A further consideration in the use of cocktails might be that they have indirect
synergy, such that resistance to one inhibitor may increase sensitivity to anoth-
er. For example, it has been shown that ENF resistance can increase the sus-
ceptibility of the virus to certain neutralizing mAbs, particularly those that tar-
get fusion intermediates [54]. Therefore, the use of multiple inhibitor cocktails
may limit the pathways the virus has to develop resistance to any member of
the cocktail.

Nonspecific inhibitors of HIV infection

A number of compounds that block HIV infection nonspecifically have been
developed and tested as potential microbicides [55]. This includes surface-
active agents such as cellulose acetate 1,2-benzenedicarboxylate (CAP), a
polymer used to coat capsules and octylglycerol, a naturally occurring antimi-
crobial lipid found in human breast milk, as well as SavvyTM, a surfactant.
These agents coat the vagina, providing a physical barrier against infection by
HIV and other pathogens. Buffering agents that restore the vagina to its natu-
rally acidic state, such as BufferGel, and Acidform are also being tested.
Cellulose sulfate, PRO 2000 and Carraguard, are negatively charged mole-
cules that coat the surface of HIV, preventing it from binding to CD4 and other
receptors on macrophages and dendritic cells. However, most of these com-
pounds are fairly nonspecific for HIV and have limited potency [55]. A more
specific compound is Cyanovirin-N (CVN), which is a lectin derived from
blue-green algae, that binds to high mannose residues on gp120, preventing
viral entry [56]. The binding site of CVN on gp120 includes the 2G12 MAb
epitope [57, 58]. Preliminary data suggests that the absence of the 2G12 epi-
tope on subtype C viruses does to compromise the ability of CVN and related
compounds to inhibit HIV-1 subtype C viruses ([59] and K.B.A. unpublished
data), probably because CVN binds multiple mannose residues on gp120.

Potential applications of HIV-1 entry inhibitors in developing countries

The utility of entry inhibitors for therapeutic interventions in developing coun-
tries is likely to be secondary to their use as preventative agents, given the cost
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and availability of these agents. There are currently a large number of clinical
trials testing the efficacy of entry inhibitors as microbicides. Although first
generation compounds are mainly nonspecific the newer generation of micro-
bicides includes agents that target CCRS, such as PSC-RANTES. PSC-
RANTES has been shown to protect against transmission in the macaque
model and is being developed specifically for vaginal application [60]. The
advantage of CCRS antagonists is that they bind to their cellular receptors for
up to 5 days and resistance takes a long time to develop, compared to other
anti-retrovirals.

The finding that 2F5 and 2G12 mAbs are ineffective in neutralizing subtype
C viruses in vitro has important implications for their use in passive immu-
nization studies to prevent mother-child transmission in regions in Africa
where subtype C circulates [40, 61]. A further hurdle to inhibiting subtype C
virus entry by neutralizing mAbs is the uncertainty of the potency of 4E10 in
vivo, as evidenced by a failure of resistance mutations to develop in a passive
immunization study in which subtype B virus-infected patients that discontin-
ued HAART were infused with mAbs to delay viral rebound [62] (Alexandra
Trkola, personal communication) and the observation that this mAb is some-
what polyreactive [63]. The support for using mAbs in this context is therefore
waning [64].

Conclusions

The development of compounds that block HIV-1 entry has opened up numer-
ous possibilities for viral control, including their use as microbicides to pre-
vent sexual transmission and to prevent transmission via breast-milk to new-
borns. In general, these inhibitors have so far been well tolerated and effective
in limited clinical testing, and their ability to block multiple steps in the entry
process makes this an attractive approach. However, the premature halting of
a Phase III clinical trial of the candidate microbicides, cellulose sulfate,
because of a higher number of HIV-1 infections in the active arm, is an impor-
tant reminder of the limitations of in vitro testing of such compounds
(http://www.who.int/mediacentre/news/statements/2007/s01/en/index.html.)
Nevertheless, available data suggest that the mechanism used by HIV-1 to
enter cells is the same for subtype C as for subtype B, so the same prevention
strategies should be successful in subtype C infected populations, although
more studies need to be done. However, irrespective of genetic subtype, HIV-1
has already shown evidence that it can circumvent some of these new
inhibitors either by altering the way it uses the coreceptor, by using an alter-
native coreceptor, or by the preexistence of polymorphisms in regions of enve-
lope that entry inhibitors target. Thus it cannot be assumed that all entry
inhibitors will be effective on HIV-1 subtype C and in vitro testing will be
required to verify new inhibitors as they become available.
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Introduction

HIV enters cells through critical interactions of the viral envelope protein
(Env) with the CD4 receptor and a chemokine coreceptor, typically CCRS or
CXCRA4 [1]. This chapter focuses on these two most clinically relevant core-
ceptors. Based upon the pattern of coreceptor utilization, a virus may be clas-
sified as exhibiting one of three phenotypes; a virus using only CCRS is RS
tropic, one that uses only CXCR4 is X4 and one that can use either coreceptor
is R5X4 or dual tropic. Since HIV commonly exists within a patient as a mix-
ture of viruses with different tropisms, there is a fourth possible determination,
mixed tropism. For example, a single HIV plasma sample may contain RS as
well as X4 or R5X4 viruses. Population-based coreceptor typing assays can-
not distinguish between truly dual tropic viral populations and those that are
mixed. Therefore the detection of both RS and X4 tropism in a sample is
reported as dual/mixed (DM).

In the advent of coreceptor inhibitors, clinical trials have incorporated core-
ceptor typing at patient screening, study entry and/or during treatment with
coreceptor inhibitors for monitoring purposes, as CCRS inhibitors are unlike-
ly to be effective against X4 viruses and vice versa. Furthermore, given the link
between CXCR4 use and disease progression, monitoring the effect of CCR5
inhibitors on viral tropism and clinical outcome becomes imperative.

Determination of coreceptor tropism
MT-2 cell assay

Prior to the identification of HIV coreceptors, HIV strains were often charac-
terized as syncytium inducing (SI) or non-syncytium inducting (NSI) based
upon their ability to infect and mediate multinucleated giant cell (syncytia)
formation in MT-2 cells [2]. Subsequently, the ability of a strain of HIV to
infect and cause syncytia formation in MT-2 was found to correlate with uti-
lization of the CXCR4 coreceptor as MT-2 cells express CD4 and CXCR4 but
not the CCRS coreceptor. Broadly, two standardized MT-2 assay approaches
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are utilized. In one there is a requirement to generate viral stocks from stimu-
lated patient lymphocytes co-cultured with lymphocytes from an HIV-negative
donor [3]. These stocks are titrated and then used to infect MT-2 cells. The
time needed from infection to assay readout is typically 14 days or longer.
Readout requires microscopic inspection of individual cultures to determine
the presence (SI) or absence (NSI) of syncytia. A concurrent infection of donor
lymphocytes serves as a control culture to confirm viability of the patient HIV
stock. The second method utilizes direct co-cultivation of patient lymphocytes
with MT-2 cells, followed by microscopic examination [2]. Up to recently, the
MT-2 assay was a common method of determining HIV phenotype in clinical
research settings. Indeed, early studies utilizing the MT-2 assay established an
SI phenotype as one of the first markers of disease progression [4]. Despite
these findings, the MT-2 assay did not become a routine clinical monitoring
test in the way that plasma HIV RNA quantitation and CD4 cell counts have.
There are a number of possible reasons for this; (1) the time- and labor-
dependent nature of the assay process, (2) the lack of ability to directly alter
this phenotype by previously available antiretrovirals, (3) the virus tested is
derived from stimulated lymphocytes and not plasma virus and may thus not
be representative of circulating virus, and (4) the non-quantitative nature of the
assay readout as SI or NSI.

Recombinant virus phenotypic assays

Available commercial coreceptor tropism assays [5—7] involve the amplifica-
tion of env genes from patient plasma samples. The resulting amplicons are
used to generate recombinant HIV constructs, or are cloned into an Env
expression vector and used to pseudotype a recombinant HIV reporter vector.
Recombinant viruses or reporter pseudotypes are then used to infect mam-
malian cell lines expressing CD4 and either CXCR4 or CCRS5. One such high-
throughput assay (Trofile™, Monogram Biosciences) has been incorporated
into current clinical trial protocols for coreceptor inhibitor testing. This single-
cycle assay utilizes luciferase reporter pseudotype viruses and quantitates
luciferase activity as relative light units (RLUs) to define infection of U87 cells
expressing CD4 and either CXCR4 or CCRS. As a confirmatory step,
luciferase production must also be able to be inhibited by an antagonist spe-
cific for the coreceptor being tested. This step is particularly relevant when
infection levels are low, resulting in luciferase activity close to background
levels.

CXCR4 utilization is common among clinical isolates from individuals
with advanced disease and, as dual or X4 viruses might naturally evade the
effects of CCRS inhibitors, there is great interest in the sensitivity of current
assays to detect these X4 viruses. Studies of the ability of recombinant virus
assays to detect minor species of X4 and/or RS viruses show limits of detec-
tion in the range of 5—10% [7]. It is not currently known if X4 or dual viruses
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at very low levels impact the activity of a CCRS antagonist when used in com-
bination anti-HIV therapy. It is possible that detection of any CXCR4 activity
might negatively impact outcome. Alternatively low-level CXCR4 use may
have no meaningful impact on treatment outcome. It is anticipated that these
important questions will be addressed as the current Phase III tropism antago-
nist trial data emerge.

Comparison of MT-2 and recombinant virus coreceptor tropism assays

There are important differences between MT-2 and recombinant virus assays.
These assays typically evaluate HIV from distinct compartments; stimulated
lymphocytes versus plasma. The MT-2 assay utilizes native virus and recom-
binant assays evaluate the complete viral Env or a fragment of Env [5-7]. The
MT-2 assay permits multiple cycles of replication (and possible amplification
of viral subpopulations and/or viral adaptation to culture conditions), while
recombinant assays limit replication to a single cycle.

An SI result in an MT-2 assay is an established surrogate for CXCR4 uti-
lization. Currently, only very limited data are available examining the rela-
tionship between phenotypes determined by the MT-2 and the Trofile core-
ceptor tropism assay. However, in one study, 11 individuals with HIV deter-
mined to be SI in the MT-2 assay [8] has coreceptor typing performed retro-
spectively with Trofile and all 11 isolates showed X4 or DM tropism.
Interestingly, the CXCR4 luciferase activity among these 11 SI isolates was
not uniform but rather varied over a very broad range of luciferase activity.
Further studies will be required to determine whether this is clinically mean-
ingful.

In a second study, the AIDS Clinical Trials Group 5211 study, the Trofile
assay was utilized to coreceptor type individuals prior to entry into a clinical
trial of vicriviroc [9]. MT-2 assays were performed retrospectively among
baseline isolates and demonstrated only limited discordance between the two
assays [10]. Equally importantly in this study perhaps was the low (50%) HIV
recovery rate among lymphocyte samples processed for the MT-2 assay com-
pared to samples successfully phenotype by the Trofile assay.

Genotyping of the V3 loop

The genetic determinants of coreceptor tropism reside largely, but not exclu-
sively, in the V3 region of gp120. A variety of algorithms have been developed
to approximate viral phenotype/coreceptor tropism (NSI/SI or X4, RS) using
sequence data from this region. These include the 11/25 charge rule, decision
tree analysis, the position-specific scoring matrix (PSSM) and the support vec-
tor machine (SVM) [11-14]. The earliest of these, the 11/25 charge rule, was
based on the observation that SI viruses often possess positively charged



136 E. Coakley

(basic) amino acids at codons 11 and/or 25 in the V3 loop. These observations
have since been enlarged upon and it is now appreciated that changes at other
codons may also influence phenotype. More recent algorithms, SVM and
PSSM, evaluate more V3 loop sequence information and are regarded as being
advances on the original 11/25 charge rule. However, there are several signif-
icant challenges for the use of algorithms in predicting coreceptor tropism
from sequences derived from a patients viral population [15]. These include:
(1) Env sequence data derived from viral populations is more challenging to
interpret than that from clonal viruses since mixed populations of viruses with
different V3 loop sequences can co-exist and because of the difficulty of Env
sequence alignment due to extensive Env variability and length polymor-
phisms. (2) Current algorithms are optimized for subtype B viruses, but are not
yet fully defined for non-B subtypes. (3) Sequencing does not distinguish
between genetically viable and non-viable Envs, and (4) sequences outside of
V3 can be important determinants of tropism [16].

Coreceptor tropism epidemiology
Recombinant virus assay data

Several groups have evaluated plasma HIV coreceptor tropism patterns using
recombinant viruses in treated and untreated populations (Tab. 1).

Treatment-naive individuals

Harrigan and colleagues [17] evaluated tropism profiles in 979 antiretroviral
naive individuals in the HAART Observational Medical Evaluation and
Research (HOMER) study in British Columbia, Canada. The median CD4
count in this population was 260 cells/mm?. The overall prevalence of samples
demonstrating DM or X4 tropism was 18%, while 82% were RS5. In this study
the prevalence of any X4 tropism (X4 or DM) increased progressively with
CD4 cell counts below 200/mm>. In fact, detection of any X4 variants was
16.6-fold more frequent in those with CD4 counts less than 25/mm® compared
with those with counts above 500/mm>.

Treatment-experienced individuals

The prevalence of X4 tropic viruses in highly treatment-experienced individu-
als has been evaluated in several studies [18—20]. The AIDS Clinical Trials
Group Study 5211 evaluated an antiretroviral-experienced population with
virological failure of a ritonavir-boosted protease inhibitor regimen (Tab. 1).
Among those screening for this study, the median CD4 cell count was
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Table 1. Prevalence of R5 compared to X4, dual/mixed (DM) profiles in various treated and untreat-
ed HIV positive populations®

HOMER Demarest HGDS Demarest SCOPE TORO31 ACTG

[17] [19] [29] [19] [21] [20] 5211 [18]

Antiretroviral Yes Yes Yes No No No No
naive

X4 or DM 18% 12% 40% 33% 40% 50% 51%
RS 82% 88% 60% 67% 60% 50% 49%
CD4 260 - 409 - 258 80/93° 140
(median)

n 979 325 125 117 186 627 321

* A variety of different populations are represented here. The HOMER cohort from British Colombia
defined tropism profiles in antiretroviral naive subjects. Demarest et al. [19] evaluated tropism in both
antiretroviral naive and experienced clinic populations. The HGDS (Hemophilia Growth and
Development Study) looked at tropism profiles in pediatric/adolescent hemophiliacs who were large-
ly antiretroviral naive (50% were receiving treatment with a single nucleoside analog). The SCOPE
study population comprised a population of patients who were experiencing ongoing failure of potent
antiretroviral therapy and who were clinically stable. The TORO trials were multinational registra-
tional trials of the HIV fusion inhibitor enfuvirtide. These individuals were more advanced in disease
stage than the other studies described here. Data from the screening phase of ACTG 5211 study are
shown. This was a Phase II study of the safety and efficacy of vicriviroc in treatment-experienced sub-
jects. This population is similar to that evaluated in the TORO trials.

®X4 (CXCR4 only tropism); DM, dual or mixed tropism; R5, CCR5 only tropism.

¢ Median CD4 counts for TORO 1 and TORO 2 trials, respectively.

140/mm? [18]. The prevalence of DM or X4 virus was 51%, which is higher
than that seen in the various antiretroviral-naive cohorts. The observed higher
prevalence of X4 tropism in treatment-experienced individuals was further
explored by Hunt and colleagues within the SCOPE (Study of the
Consequences of the Protease inhibitor Era) cohort [21]. This cohort focuses
on individuals with ongoing viremia in the setting of stable HIV therapy. The
prevalence of CXCR4 utilizing virus was compared to that of antiretroviral
naive individuals within the HOMER cohort referred to above. At each CD4
quartile the prevalence of CXCR4 utilization was significantly higher in those
with treatment failure compared to untreated individuals. Recent data suggest
that this phenomenon may also be seen in clade C viruses [22]. It is not cur-
rently know why there might be a relative excess of X4 tropism in antiretrovi-
ral-experienced individuals with treatment failure stratified by CD4 count.
However, this important observation has relevance to the future design of tri-
als with coreceptor antagonists and to the potential utilization of CCRS antag-
onists in the clinic. For example, if X4 detection limits the antiviral activity of
CCRS antagonists in vivo then a smaller proportion of treatment-experienced
population would be anticipated to benefit from the antiviral activity of this
new class compared to treatment-naive populations.
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Coreceptor tropism and disease progression

Using an MT-2 cell assay, Koot et al. [4] made the original observation within
the Amsterdam cohort that antiretroviral-naive individuals with SI virus expe-
rienced more rapid disease progression compared to individuals with NSI
virus. This observation has subsequently been confirmed in other cohorts of
HIV-positive individuals [23—28]. A recombinant virus assay was utilized to
assess the impact of plasma HIV coreceptor tropism on disease progression by
Daar and colleagues [29] in the Hemophilia Growth and Development Study.
This was a retrospective study of hemophiliacs infected at a time when highly
active antiretroviral therapy was not generally available. Coreceptor usage was
defined in 95 subjects. At entry, 49 of 95 subjects had received prior nucleo-
side reverse transcriptase inhibitor monotherapy. To a maximum follow-up of
8 years, the rate of progression to AIDS was significantly greater for those with
any X4 tropism. In multivariate models including baseline CD4 count, HIV-1
RNA and antiviral therapy, any X4 tropism was an independent predictor of
progression to AIDS.

Tropism switches

It was observed relatively early in the HIV epidemic that coreceptor tropism
was not fixed at primary infection but could evolve over time. After primary
HIV infection, most viruses are NSI with evolution to SI occurring later in
some but not all individuals. Data from the Amsterdam Cohort demonstrated
that a ‘switch’ in phenotype from NSI to SI phenotype was temporally associ-
ated with accelerated CD4 decline [4]. Clinicians may assume that the so-
called ‘switch’ from NSI to SI phenotype implies a switch from exclusive
CCRS to exclusive CXCR4 utilization. In fact, more commonly this ‘switch’
represents the emergence of isolates that are able to use of both coreceptors,
i.e., dual tropism [30]. Similar observations have also been made utilizing
plasma HIV tested by a recombinant virus assay [31].

Tropism in the era of coreceptor inhibitors

One of the most significant recent developments in HIV therapy has been the
targeting of steps in the HIV entry process: CD4 attachment, coreceptor
attachment, and fusion. One such agent, enfuvirtide (Fuzeon, T-20), a fusion
inhibitor, is approved for use in the clinic. Drugs that target either CXCR4 or
CCRS coreceptors are currently in various stages of clinical development
(Tab. 2). One reason blockade of human coreceptors might serve as a clinical-
ly useful anti-HIV target is because individuals who are deficient in or who
lack cell surface CCRS expression are relatively common in some populations,
and these individuals appear to be healthy. The ccr5A32 mutation results in a
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Table 2. Clinical trials of coreceptor tropism antagonists

Agent Trial name Antiretroviral Screening Study anti-HIV regimens
experience tropism
Maraviroc A4001026" Naive R5 EFV or maraviroc once

daily or twice daily each
with 3TC-ZDV

A4001027 Experienced RS OB Vs OB + maraviroc
(North America)
A4001028 Experienced RS OB Vs OB + maraviroc
(Global)
A4001029 Experienced DM OB Vs OB + maraviroc
Vicriviroe ~ P03820° Naive RS 3TC-ZDV + EFV or
vicriviroc
ACTG 5211 Experienced RS vicriviroc + OB
Aplaviroc® CCR-100136 Naive RS LPV/r + aplaviroc
CCR-102881 Naive RS ZDV-3TC + aplaviroc or
EFV
AMDI11070  ACTG 5210 N/AY X4 11070 monotherapy
XACT N/AY X4 11070 monotherapy

* The arm comprising maraviroc once daily with ZDV and 3TC was terminated early to due inferior
virological outcomes compared to the reference group of EFV with ZDV and 3TC.

®This trial was closed due to inferior antiviral activity in the vicriviroc group.

¢ Aplaviroc is no longer in clinical development due to the observation of possible drug-associated
hepatitis in clinical trials.

4In AMD 11070 trials antiretroviral experienced and naive individuals were able to enroll but were
required to be on no antiretrovirals at the time of study.

3TC: lamivudine, ZDV: zidovudine, EFV: efavirenz, OB: optimized background, fixed dose LPV/r
lopinavir/ritonavir.

naturally occurring phenotype in which fully functional CCRS5 coreceptors are
either absent (ccr5A32 homozygous) or present at reduced levels (ccr5A32
heterozygous) [32]. Individuals homozygous or heterozygous for this deletion
appear to be otherwise healthy without significant perturbation of their
immune function. Indeed, those homozygous for the ccr5A32 mutation appear
to be protected from infection by R5 HIV. Conversely, such individuals may
be at higher risk for West Nile virus encephalitis [33]. It remains to be fully
defined why this phenotype is particularly common in those of Northern
European decent relative to other ethnic/geographic groups. Nevertheless, the
existence of apparently healthy individuals who are deficient in or who lack
CCRS expression is relevant to the investigation of coreceptor antagonism as
a target for anti-HIV therapies and several antagonists have entered clinical tri-
als. It should be noted that antagonists of the CXCR4 coreceptor are also in
clinical development as possible anti-HIV therapeutics [34].
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A key issue for this new class is that each drug under investigation blocks
utilization of either coreceptor (most target CCRS5) but not both. It is plausible
that CCRS5 blockade may fail to fully suppress HIV replication if CXCR4 uti-
lizing viruses are also present. In this setting it is also possible that exposure
to such a drug might shift a mixed tropic predominantly R5 population to pre-
dominantly X4. This concept received some validation from Pfizer’s clinical
trial with maraviroc (MVC) in protocol A4001029 [35]. This was a Phase IIb
pilot study, which examined the impact of exposure to MVC, a CCR5 antago-
nist, in individuals with dual or mixed tropic virus. The 167 individuals were
treatment-experienced and received concurrent optimized background therapy
(OBT). At week 24 there was no difference in HIV RNA outcomes in the
group receiving MVC with OBT compared those receiving OBT only. As
anticipated, in some individuals a shift from DM to X4-only tropism was
observed in the setting of MVC exposure. Intriguingly, the shift to X4-only
tropism was not associated with CD4 declines during limited follow-up. These
data support the concept that the detection of CXCR4 utilizing virus at screen-
ing will limit the antiviral activity of CCR5 inhibitors and are supportive of the
concept of coreceptor screening prior to use of this drug class.

The degree to which X4 or dual tropic virus exist at some level in an indi-
vidual determined to have RS virus by population-based methods is not
known. It has been shown that X4 viruses may exist at levels below the limits
of detection by current assays [30]. Monotherapy studies of CCRS antagonists
have provided some insight in to this possibility [36, 37]. Investigators evalu-
ated monotherapy with the CCR5 antagonist aplaviroc (APL) in antiretroviral-
naive individuals with R5-only virus at baseline. Of the 31 patients receiving
10 days of APL monotherapy, one individual had detectable CXCR4-using
virus at study end. Analysis of viable env clones demonstrated that 4% were
actually CXCR4 using at baseline and at day 10 this had risen to 27%. At
day 24 (14 days post APL exposure), the proportion had fallen to 8%. It is also
reasonable to speculate that dual or X4 variants that exist in reservoirs and that
are not represented in the periphery will be “invisible” in assays evaluating the
coreceptor tropism of circulating viruses. It is anticipated that current clinical
trials will provide some insight into the prevalence of low-level circulating X4
variants and their possible relevance to clinical outcomes. There are a number
of possible outcomes with regard to the emergence of X4 viruses among indi-
viduals using coreceptor antagonists as components of antiretroviral therapy
(Fig. 1). Firstly, individuals with R5 virus may experience sustained suppres-
sion of HIV RNA levels on therapy. Secondly, some individuals with RS virus
may have X4 virus present at levels below the limits of detection. In such
cases, suppression of the RS component may ‘unmask’ underlying X4 variants,
which may continue to replicate at low levels (low X4 viremia) or alternative-
ly, may replicate to higher levels (high X4 viremia). Finally, it is possible that
individuals with R5 viruses may experience a late viral load rebound after a
period of sustained viral suppression. This may reflect a tropism switch and
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Figure 1. Theoretical viremia outcomes with CCR5 antagonist therapy. (A) RS viremia suppressed
with combination therapy including a CCRS antagonist. (B) X4 viremia exists at levels low levels. On
suppression of RS viremia, X4 viremia emerges at high level (High X4 Viremia). (C) X4 viremia
exists at low levels (possibly below the limits of detection). On suppression of R5 viremia, X4 viremia
remains at a sustained low level (Low X4 Viremia) possibly being “unmasked”. (D) RS viremia sup-
pressed with combination therapy including a CCRS antagonist but with late emergence of a popula-
tion that is X4 or phenotypically resistant to a CCRS5 antagonist. CRTA: coreceptor tropism antago-
nist.

acquisition of X4 variants and/or selection of virus that remain R5 tropic but
have become drug resistant.

Finally, it is not clear whether the correlation between SI (or X4, DM) phe-
notype and disease progression, which has been documented in the natural his-
tory studies described above, will be as relevant in the setting of failure of
potent combination antiretroviral therapy and more particularly in the setting
of failure of coreceptor antagonists. It is possible that the X4 or DM virus
emerging in these setting may not be associated with either accelerated disease
progression or CD4 decline. This is in part because it is not yet established the
degree to which the emergence of CXCR4 utilizing strains is a consequence or
a cause of the altered host immune environment. It is anticipated that these and
the other issues raised in this discussion may be answered more fully in the
ongoing Phase III clinic trials.
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Summary

The emergence of coreceptor antagonists as a possible new class of anti-HIV
drugs is a reason for further optimism in the treatment of HIV. A feature of this
new drug class, however, is the possibility that circulating HIV may posses a
coreceptor tropism profile that might allow the virus to evade the effects of
these new drugs. This highlights the likelihood that coreceptor tropism deter-
mination will be relevant to the optimal use of this new drug class, as a screen-
ing tool prior to drug use and also possibly in the setting of treatment failure
with a coreceptor antagonist. It is anticipated that the current clinical trials of
these agents will provide further insight into the utility of coreceptor typing.
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Introduction

Some of the earliest attempts to develop HIV therapies involved agents intend-
ed to block viral entry into host cells, but only very recently and only once
(with the FDA approval of a membrane fusion inhibitor, enfuvirtide, in 2003)
has this strategic approach resulted in a commercially available agent. Indeed,
for more than 15 years, from 1987 to 2003, all available antiretroviral thera-
pies targeted one of two HW-encoded enzymes, reverse transcriptase (RT) or
protease, which are critical components of later steps in the viral life cycle.
Increasingly convenient combinations of RT and protease inhibitors (PI) have
proven capable of potently suppressing viral replication and have dramatical-
ly improved the outlook for many HIV-infected patients. However, the sus-
tained success of these enzyme inhibitors has been limited somewhat by selec-
tion for drug-resistant viral isolates, the necessity of strict dosing adherence,
and the potential for toxicity. Thus, there remains a critical need for develop-
ment of new therapeutic classes involving mechanisms of action distinctly dif-
ferent from RT and PI drugs. There is preliminary evidence demonstrating that
viral entry inhibitors have potential to be safe and effective additions to the
HIV armamentarium, and this class would be expected to have a low risk of
cross-resistance with conventional antiretroviral drugs.

In this chapter, we compare and contrast the diverse entry inhibitors under
development, or recently approved, in regard to clinically relevant characteris-
tics (potency, pharmacokinetics, toxicity, resistance), with the clinical experi-
ence of currently available RT- and PI-based regimens. We describe some of
the key lessons learned from the early clinical development of several HIV
entry inhibitors, and discuss what these findings may mean in terms of future
prospects, both promises and pitfalls, for this novel therapeutic class.

Potency
For preclinical and Phase I drug development, it is essential to demonstrate

“proof of concept” that a novel approach shows potential for significant antivi-
ral effects. Early in the HIV epidemic, there was a series of high profile inves-
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tigative reports that generated considerable enthusiasm regarding the in vitro
antiviral effects of soluble CD4, proposed to competitively inhibit binding of
HIV particles to the CD4 receptors of target T helper cells [1, 2]. However,
attempts to translate these findings into clinical protocols were generally disap-
pointing, due to pharmacological constraints and an in vitro viral culture model
that did not adequately reflect the complex in vivo situation [3, 4]. Indeed, these
studies represent some of the earliest demonstrations that laboratory-adapted
HIV isolates are not reliably predictive of HIV behavior in the clinical setting,
whether in the context of developing an HIV vaccine or a new therapeutic strat-
egy. Other nonspecific attachment inhibitors, such as dextran, also demonstrat-
ed in vitro antiviral potency [5] but proved potentially toxic and unpredictable
in clinical pilot studies [6]. Inhibitors of the chemokine receptors, CCRS5 and
CXCR4, were identified in the laboratory even before the HIV/chemokine
receptor nexus was well understood [7]. Unlike soluble CD4 and polyanionic
compounds, CCRS chemokine antagonists have shown clear evidence of poten-
cy in clinical pilot studies [8], but questions still remain about how well in vitro
experience will reflect long-term efficacy against the complex viral quasispecies
infecting a human host. A trial of AMD3100, a promising CXCR4 inhibitor in
vitro [9], had no demonstrable antiviral activity except in one trial participant
infected with a predominantly X4-tropic viral strain [10]. Since drug efficacy is
confined by cellular tropism, there are concerns that a chemokine pathway
inhibitor might predominantly provide selection pressures driving the evolution
of viral tropism. For the CCRS5 chemokine inhibitors, this would result in a rel-
ative shift from R5-tropic to (potentially more pathogenic) X4-tropic isolates,
limiting the opportunity for sustained potent antiviral effects. Published papers
demonstrate that these tropism shifts do occur, at least anecdotally, and more
likely occur due to outgrowth of pre-existing viral populations rather than
through individual viral isolates undergoing “tropism switching” [11]. Indeed,
the primary modes of viral escape from CCRS inhibition in vitro appear to
involve mechanisms other than switching chemokine receptor tropism [12].

A recently reported study involving maraviroc, a CCRS inhibitor, in treat-
ment-experienced patients infected with mixed- or dual-tropic viruses, showed
that in this clinical context there was little or no net effect on plasma viral load
but there was a relative shift in the RS and X4 tropic viral populations [13].
Interestingly, there was also a suggested immunological benefit, in that the
CD4 count rose appreciably over the course of the study despite the lack of
overall viral load suppression. Again there are signs that in vitro viral entry
inhibition of selected viral strains does not necessarily extrapolate predictably
into clinical benefits (but also the suggestion that benefits are possible in the
absence of net plasma viral load reduction). It is possible that a combined
assault on CCRS5 and CXCR4, if this proves to be a safe clinical strategy, will
be necessary to suppress viral replication more durably and consistently in the
“real world” situation [14].

In the case of fusion inhibition, select regions of the gp41 sequence were
found to be critically important for membrane fusion in the earliest years of
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HIV scientific investigations [15]. Over subsequent years of study, peptides
such as T20 (now formulated as enfuvirtide) were evaluated as possible thera-
peutics to interfere with fusion and entry. Perhaps because of the limited clini-
cal successes with other viral entry inhibitors and the perceived narrow window
of opportunity (peptides should only be capable of inhibiting the process dur-
ing the moment of gp41 unfolding), there was understandable skepticism about
how well this approach would translate into clinical studies. However, the ini-
tial short-term trial involving intravenous enfuvirtide monotherapy demon-
strated dose-related viral suppression at a level of potency comparable to high-
ly active antiretroviral regimens [16]. Subsequent trials involving subcutaneous
administration provided encouragement about more sustained and practically
achievable potency when combined with conventional agents for heavily treat-
ment-experienced patients [17, 18]. Finally, two large Phase III protocols
demonstrated that a salvage regimen including enfuvirtide plus the best com-
bination of available agents (“optimized background”) was significantly more
potent than relying on optimized background alone [19, 20]. In part because of
the nature of evaluating the drug as a “deep salvage” option, clinical data
directly comparing the potency of enfuvirtide with other single agents such as
efavirenz or a boosted PI are not available. Regardless of this, because enfu-
virtide is relatively expensive and not available in an oral formulation, it will
not be very acceptable as a first-line therapy (except perhaps in rather atypical
clinical situations [21]). For pharmaceutical companies with entry inhibitor
agents under development, this debate also leads to a critical question, whether
to pursue indications based on the demonstration of antiviral potency in the set-
ting of treatment-naive versus treatment-experienced patients.

Two recent trials designed to compare an investigational oral CCRS5
inhibitor with efavirenz as a component of first-line therapy are illustrative of
this point. In 2005, a protocol comparing the CCRS antagonist vicriviroc to
efavirenz (each combined with two nucleoside RT inhibitors) in treatment-
naive patients was discontinued prematurely after an interim analysis suggest-
ed inferiority of vicriviroc to the standard of care first-line therapy [22]. More
recently, the data safety monitoring board of another study involving the CCR5
antagonist maraviroc recommended discontinuation of the lower dose and
more-convenient maraviroc arm (300 mg once daily) because preliminary
analysis suggested that this arm was likely to be inferior to those in the
efavirenz arm (Pfizer press release, 1/24/06). Beyond the “proof of concept”
stage, defining the “potency” of viral entry inhibitors will obviously be
impacted by the clinical context. It is quite possible, for example, for a drug to
demonstrate clinically relevant advantages in the heavily pretreated subject
with few other therapeutic options, while proving inferior to available treat-
ments as a component of a first treatment regimen. This is a particularly rele-
vant dilemma in the case of evaluating CCRS antagonists, which theoretically
might be advantageously positioned earlier in the sequence of HIV treatment
regimens (since R5-tropic viruses are more typically transmitted from person
to person, whereas X4-tropic viruses tend to evolve later in the course of dis-
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ease) but which nonetheless will be in high demand for later-stage patients
desiring access to novel treatments. It seems likely that a putative entry
inhibitor must demonstrate substantial antiviral potency in early clinical trials
(decreasing plasma viral load by, say, 100—1000-fold in a dose-dependent
fashion) to warrant further development, but reaching the threshold to justify
Phase III randomized trials may depend on more nuanced interpretations of
what constitutes clinically relevant antiviral responses based on clinical con-
text (e.g., prior treatment experience, drug-resistance patterns, ease and sched-
ule of administration).

Pharmacokinetics and convenience

In the 1990s, there was more emphasis on relative antiviral potency as the key
determinant of drug selection (which is more potent, zidovudine or didano-
sine? Nevirapine or indinavir?). Over the past 10 years or so, with significant
increases in approved antiretroviral agents from the RT and PI classes, there
has been a paradigm shift in what clinicians perceive as the high priority fea-
tures that distinguish antiretroviral choices. When high-profile studies showed,
for example, that lopinavir-ritonavir resulted in more favorable outcomes than
nelfinavir [23] or that efavirenz was statistically superior to indinavir [24], the
reason may have been that one agent was simply “more potent” than the other,
but more likely convenience and tolerability played a major role in the achieve-
ment of better sustained results. To treating physicians, the reason for thera-
peutic superiority is almost a moot point — what matters most to them is not
the pathway that led to these results but the conclusion that when all factors
were combined, one drug (or one particular drug combination) resulted in
more favorable outcomes than another. On the other hand, considerations
regarding the “pathway to superiority”” are sometimes important when the crit-
icism is raised that the pool of participants qualifying and providing consent
for a trial may not be a fair representation of what the “real world” experience
will be like. For example, clinicians must decide whether the enrollment crite-
ria and research environment for the Phase III TORO trials of enfuvirtide, an
agent that involves significant drug administration costs and challenges, rea-
sonably reflect the highly treatment-experienced patients in their own clinics.
As with any clinical protocol, clinicians anticipate that results in the routine
clinic setting may fall short of what was achieved in a carefully-controlled,
highly motivated research subject population, but this discrepancy may be
even more pronounced for a drug that must be administered by self-injection
and therefore requires selection of relatively sophisticated, responsible, and
hygienic patients. In regard to agents targeting the chemokine receptor inter-
actions, clinicians will need to pay careful attention to the inclusion criteria for
study protocols, particularly how receptor tropism was determined and
defined, and take into account whether this type of screening will be applica-
ble and feasible in routine settings.
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Some of the earliest attempts to block HIV entry were thwarted, at least in
part, by pharmacokinetic challenges. In vitro studies demonstrated significant
potential for soluble CD4 as an inhibitor of intercellular spread of lab-adapted
viruses, but it proved difficult to demonstrate evidence of in vivo antiviral activ-
ity except in the highest parenteral dose groups [3, 4]. Formulations of CD4
bound to antibodies or protein side-groups to prolong the half-life have also
been explored, but still with minimal success [25]. Heparin-like polyanions had
significant antiviral effects in vitro [5, 26], probably based on nonspecific
charge interference with HIV binding to target cells, but this activity proved
unachievable pharmacologically, even at intravenous doses associated with
substantial hematological toxicity [6]. Preliminary data suggests that PRO-140,
an anti-CCRS monoclonal antibody (mAb), will block receptors and maintain
an antiviral effect for a prolonged period after administration, suggesting the
possibility of parenteral injections at intervals of many weeks [27]. Similarly,
a pilot clinical trial of the anti-CD4 mAb, TNX-355, demonstrated that antivi-
ral effects and CD4 count increases persisted weeks after a single dose [28].

An early investigational CXCR4 inhibitor, the bicyclam compound AMD-
3100, was found to have potent in vitro antiviral activity against X4 viruses but
was not orally bioavailable [29]. Fortunately, some other chemokine pathway
inhibitors have shown recent promise as orally bioavailable small molecules,
and this may turn out to be a pivotal breakthrough for the entry class as a
whole. Both SCH 351125 (Schering C) and another CCRS5 inhibitor, aplaviroc,
although orally bioavailability [30, 31], were not further pursued due to poten-
tial toxicity. Vicriviroc (Schering D), another CCRS5 antagonist in clinical tri-
als [33], is dosed orally and is being pursued as a ‘““stand-alone” formulation
when given as part of a first antiretroviral regimen, and in the setting of treat-
ment-experienced patients when given with ritonavir as a pharmacokinetic
“booster”. Although clinicians and patients have become accustomed to co-
administering mini-dose ritonavir with selected protease inhibitors, especially
for patients with extensive prior treatment experience, this characteristic would
be a potential disadvantage for vicriviroc due to added cost, inconvenience,
and drug-drug interaction considerations, compared with entry agents suffi-
ciently bioavailable without boosting. The importance of this pharmacokinet-
ic limitation is somewhat dependent on the larger question of whether and how
we will ultimately utilize CCRS inhibitors in the more advanced, heavily pre-
treated stages of HIV infection. Perhaps the most promising of these CCR5
small molecules currently is maraviroc (UK-427,857), which has demonstrat-
ed in vitro and short-term clinical activity; a formulation, which is dosed oral-
ly twice daily without boosting, is currently in clinical trials [8, 32].

The only viral entry agent currently approved by the FDA, enfuvirtide, is
also the first antiretroviral agent available only in a parenteral form. A feature
obviously unique to the peptide fusion inhibitor is its relative size (36 amino
acids), much larger than any other antiretroviral chemical structures and
indeed one of the most complex pharmaceutical compounds ever manufac-
tured in mass quantities (covered in detail in Chapter 11). Like insulin, it is not
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feasible to administer this drug orally, as it would be quickly rendered inactive
by oral and gastric enzymes. Since entry inhibitors do not require entry into
the host cell, one potential advantage they have is fewer major drug-drug inter-
actions. This is a problematic limitation of “boosted PI”” approaches, currently
emphasized in treatment-experience patients, because the mini-dose ritonavir
“boost” used to potentiate other PI levels has complex combined inhibitory
and inducing effects on the cytochrome p450 enzyme system that metabolizes
many of the pharmaceutical treatments commonly used in General Medicine
and Infectious Disease clinics. Although data are limited, membrane fusion
inhibitor peptides also do not appear to require dose-adjustment for mild renal
impairment.

While enfuvirtide remains a viable option for heavily pre-treated patients
with limited oral treatment options, the marketplace will obviously favor com-
pounds that are more practical for prolonged usage. Concerns about interpa-
tient variability in drug levels and potential for drug resistance have limited the
enthusiasm for pursuing once daily dosing of enfuvirtide. As discussed in
Chapter 11, the possibility of a needle-less delivery system for enfuvirtide has
the potential to improve feasibility and tolerability of parenteral administration.
Another related peptide, T-1249, appeared promising in early phase trials, but
is not being actively developed currently [33]. Other candidates for the next
generation of peptide fusion inhibitors are also in pre-clinical development.
Recently, two peptides derived from a gp41 HR2 sequence have shown prom-
ising in vitro potency (including activity against enfuvirtide- and T-1249-resist-
ant strains) and favorable pharmacokinetics in non-human primate models
[34]. These experimental peptides were synthesized with linkers and stabiliz-
ers to prolong serum half-life to the degree that once weekly subcutaneous dos-
ing may be possible. Meanwhile, there are also orally bioavailable viral entry
inhibitors, particularly the CCRS5 inhibitors vicriviroc and maraviroc, that
appear to be at least comparable (and possibly advantageous) to many current-
ly available RT and PI agents in terms of pharmacokinetics and convenience.

Toxicity and tolerability

Although treatment-associated adverse events are incompletely understood,
concerns have been raised about the possibility that viral enzyme inhibitors
cause collateral damage to processes involving distantly related host enzymes.
It has been proposed, for example, that RT inhibitors might impact host mito-
chondrial DNA transcription (contributing to neuropathy, myopathy, and
hepatic toxicity) and PIs might alter functioning of human proteases (such as
enzymes involved in glucose and lipid metabolism) [35-39]. A theoretical
safety advantage of viral entry inhibitors therefore is that these diverse agents
are not enzyme inhibitors at all. However, it is important to keep in mind the
lessons repeatedly learned from the RT and PI classes: (1) adverse events may
not come to full clinical attention until after the drugs have been on the mar-
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ket for many years, and (2) the exact incidence and mechanisms of various
adverse events may be hard to parse out from the effects of HIV itself as well
as the effects of co-administered antiretroviral agents. Thus, any generaliza-
tions about the short-term toxicities of viral entry inhibitors must be interpret-
ed carefully with these points in mind.

There are concerns regarding agents that target host receptor interactions
integral to normal inflammatory and immune responses. Although soluble CD4
approaches lacked potency, they were well tolerated without substantial toxic-
ities. However, some efforts to target CD4 with mAb in other areas of medi-
cine, for example compounds to ameliorate immune-mediated rheumatological
disorders, have shown potential to result in prolonged depletion of CD4" lym-
phocytes [40]. At the other immunological extreme, a recent study involving
normal volunteers taking a single test dose of an anti-CD28 mAb, designed to
modulate T cell immunoactivation, resulted in dramatic and unexpected conse-
quences, essentially a life-threatening cytokine storm and multi-organ failure
[41]. These experiences, while strictly speaking outside the HIV research field,
serve as reminders about potential unanticipated consequences of manipulating
the complex milieu of inflammatory and immune trafficking pathways.

Because the role of chemokine receptors in natural inflammatory and
immune responses is not fully understood, the impact of manipulating these
systems is considered uncharted territory. There is an experiment of nature, in
effect, for the CCRS5 receptor, in that individuals who lack gene expression of
this receptor appear to have a full lifespan and no obvious immunological
defects. The subset of individuals who are homozygous recessive for CCRS
receptor expression are over-represented among the occasionally identified
“highly exposed but non-infected” individuals, relative to the general popula-
tion, an observation that first led to the recognition of the key role of CCRS for
HIV entry [42]. Recent observations suggest the possibility that host deficien-
cy of CCRS5 expression, a protective state in terms of HIV pathogenesis, may
increase the risk of encephalitis caused by West Nile virus [43], and alter the
risks for immune-mediated diseases such as multiple sclerosis [44]. Again, it
would appear prudent to monitor closely for unanticipated, subtle and delayed
adverse outcomes in these chemokine antagonist studies. There is less subtlety
regarding the importance of the other chemokine receptor commonly utilized
by some HIV strains, CXCR4, for normal development and survival. Mice with
deletions of CXCR4 die in utero, probably due to defects in cellular migration
signals necessary for normal tissue and organ maturation [45]. Thus far, how-
ever, there have not been substantial or widespread toxicities relating to
immune function or inflammation noted in the early chemokine antagonist
studies. An early CCRS inhibitor, SCH C, showed favorable activity but was
associated with unacceptable cardiac effects including dose-dependent QT pro-
longation [30]. Another CCRS5 inhibitor, SCH D (vicriviroc), lacks the chemi-
cal structure associated with the arrhythmia risk, and QT prolongation has not
been demonstrated to date [46]. There has been some discussion about five
cases of incident malignancies (lymphomas, gastric carcinoma) occurring
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among vicriviroc recipients but it remains unclear whether these findings have
any relationship with the study drug (see Chapter 12). Aplaviroc development
was halted in late 2005 due to severe hepatotoxicity in at least 5 subjects [47],
but thus far this has not been observed with vicroviroc or maraviroc, suggest-
ing that this may not be a broad class effect. Nevertheless, longer-term follow-
up in larger clinical trials will be important.

The other broad category of theoretical toxicity associated with chemokine
inhibition relates to undesirable effects on the infecting viral population. In
addition to limiting the potency of the agent for subjects infected with mixed
or dual-tropic viruses, potent CCRS5 inhibition also raises the possibility of
providing selection pressures that drive the viral quasispecies towards a more
pathogenic phenotype. There are insufficient data to determine whether this
kind of selective pressure has any reasonable chance of adversely affecting the
natural history of disease, but this potential will continue to influence the
design of clinical trials and the strategic planning for long-term monitoring.
Combined inhibition of CCR5 and CXCR4 receptors, while diminishing
chances for a skewed antiviral selection process, might also raise the potential
for toxicities relating to host immune and inflammatory pathways. One poten-
tial solution is to develop compounds that selectively block HIV engagement
at chemokine receptor sites while allowing natural ligands to bind without
interference. Because the anti-CD4 mAb, TNX-355, is proposed to work by
sterically inhibiting the binding of HIV to adjacent chemokine receptors, this
might represent a method of blocking a chemokine pathway with less impact
on other aspects of the immune response [28].

Systemic reactions or significant end-organ damage have been relatively
uncommon with enfuvirtide and related peptide membrane fusion inhibitors
thus far. In contrast to many of the RT and PI agents, trials have not suggested
a strong association with gastrointestinal upset, diarrhea, hyperlipidemia, or
neuropathy (at least substantial enough to be noticeable above rates seen with
the “optimized background” regimens in the TORO studies). Instead, most
concerns about toxicity and tolerability have been related to the route of
administration, particularly the nearly universal “injection site reactions”
(ISR) and the potential for patient “burnout” after rotating injection sites twice
daily over long periods of time. While most ISR have been mild to moderate
and not resulted in drug discontinuation, there have been rare systemic ana-
phylactic-type reactions, proven to be authentic by carefully monitored rechal-
lenges. Biopsy studies and long-term follow-up of ISR suggest that most are
relatively minor, with nonspecific pathological findings [48, 49], and do not
have lasting consequences for most subjects.

One intriguing new research direction is the evaluation of a needle-less air-
injection device, the Biojector B2000 (Bioject Inc., Portland, OR), which may
improve the safety and tolerability of enfuvirtide administration. This portable
gas-powered system forces medication rapidly through the skin to disperse it
into subcutaneous tissues, potentially with less tissue trauma and therefore
lesser propensity for bleeding and pain than a needle. An observational study,
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involving 32 HIV-infected volunteers who had already experienced ISR to
enfuvirtide, assessed subjects before and after switching from standard needle
injections to the Biojector gas-powered injection system [50]. Drug levels
were not statistically different during the two phases (gas-powered or needle-
injected) of the study, either at the pre-dose trough or the 1-h post-dose time
points. Based on a predetermined scale related to ease of use, participants rated
the Biojector approach significantly better than standard administration. A sep-
arate injection site rating instrument (which was also used in the TORO trials),
combining a subjective self-reported score and a graded scale for objective
findings also demonstrated a significant advantage in ISR scores for the
Biojector versus standard needle administration. The majority of subjects
opted to continue with the needle-free system after the initial comparison
phase was completed. A larger, multicenter trial to further evaluate gas-pow-
ered subcutaneous administration of enfuvirtide is underway in 2007.

In summary, while several unanswered questions persist in regard to the
long-term safety of viral entry inhibitors, the class has come through thus far
without evidence for substantial “overlapping toxicities” with the RT and PI
classes. Whereas chemokine and fusion inhibitors introduce new potential tox-
icity concerns, these agents remain viable options for patients who have limit-
ed treatment options due to adverse events or gastrointestinal intolerability
associated with conventional antiretroviral drugs, and these or future entry
inhibitors may well prove to be equal or advantageous compared with RT and
PI drugs for first-line therapy as well (see Tab. 1).

Resistance

Viral entry inhibitors in general are unique in that the site of action is not
dependent on cell entry. Whereas there are proposed mechanisms for RT and
PI resistance at the host level, due to modulation of cellular efflux transporter
function [51, 52], these considerations are generally not relevant to agents with
entirely extracellular mechanisms of action. Investigational agents targeting
highly variable portions of the viral envelope may prove to have daunting lim-
itations due to the relative frequency and seemingly endless variety of possi-
ble escape mechanisms. BMS-806, a small molecule targeting the gp120-CD4
interaction, demonstrated potent antiviral effects in vitro, but activity may be
quite variable between different viral isolates, and drug sensitivity may be
affected in a complex fashion by changes in envelope configuration [53].
Resistance concerns, however, are not limited to drugs with highly variable
viral targets. TNX-355, the anti-CD4 mAb, was mentioned previously in
regard to the prolonged antiviral effect following a single dose; however,
recent data suggest that the majority of subjects had significant reductions in
drug activity over the short course of the study [54].

Escape from chemokine antagonists can occur via viral mutations resulting
in altered tropisms or cellular changes. Earlier experiments involving
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chemokine ligands as in vitro antiretroviral compounds, presumably acting as
competitive inhibitors against HIV binding, demonstrated a resulting down-
regulation of chemokine coreceptor expression as at least a partial explanation
for their activity [55]. Evidence suggests that maraviroc may not result in
altered expression of CCRS5 on the cell surface as a potential escape mecha-
nism, which may also be reassuring in terms of potential toxicity consequences
[32]. However, there are anecdotal examples of apparent escape by virtue of
viral “population dynamics” in response to drug pressures, and this will remain
a phenomenon that warrants close attention in future clinical trials. Although
there are limited data about the clinical significance of drug-resistant isolates
in relation to chemokine receptor antagonists, lab-adapted strains have demon-
strated cross resistance to several types of CCRS inhibitors while retaining the
RS5 phenotype [12]. Such resistance is not limited to genetic mutations within
the chemokine receptor region, but may also be impacted by complex alter-
ations throughout the variable loops (V2, V3, V4) of the viral envelope [56].
Maraviroc has in vitro activity against a wide variety of HIV isolates and lab-
adapted strains, regardless of resistance to other antiviral classes such as RT
and PI, and there is generally not a wide range of susceptibility (~10-fold or
less) from isolate to isolate as has been reported with the membrane fusion
inhibitors [32].

As with most or all of the RT and PI antiretroviral agents, the membrane
fusion inhibitors are associated with characteristic resistance-conferring muta-
tions that have been demonstrated in vitro and in vivo. Early studies involving
in vitro passage of HIV-1 isolates in the presence of increasing enfuvirtide con-
centrations demonstrated selection for mutations in the first heptad repeat
(HR-1) region of gp41 where the peptide was proposed to bind, and these
observations provided confirmation of the putative membrane fusion mecha-
nism of action [57]. These and later in vitro experiments consistently noted
mutations occurring in the gp41 sequence of amino acids between 36 and 45,
and in particular the relatively conserved 36-38 (“GIV”) sequence [58—60].
Various mutations in the GIV region (36S, 36D, 37 T, 38 M) contribute to
enfuvirtide resistance (often in the range of 10-fold), and the combined pres-
ence of two mutations (at positions 36 and 38 for example) may increase phe-
notypic resistance >100-fold.

Evidence suggests there is a low genetic barrier for rapid selection of enfu-
virtide resistance, particularly when it is administered at suboptimal doses or
without adequate additional potent agents. Typically individuals with clinical
drug failure have viral isolates with identifiable mutations in the HR-1
sequence. In the TORO protocols, 93% of subjects who met protocol criteria
for virological failure had demonstrable changes from pre-therapy baseline
within the 36—45 gp41 sequence, and this occurred in virtually all subjects
who had a 4-fold change in phenotypic enfuvitide resistance [61]. Although
there was a wide variation in pre-treatment phenotypic enfuvirtide susceptibil-
ities (despite wild-type GIV sequences in all cases at baseline), as reported
previously, having a lower pre-therapy susceptibility did not predict a poor
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response to therapy. Other studies have shown that if the fusion inhibitor is
continued long-term in this setting of rising viral load during therapy there is
evidence of ongoing selection for other resistance-conferring mutations in the
HR-2 region and elsewhere, possibly compensatory changes that no longer
compromise fitness to the same degree [62, 63]. As discussed above, prelimi-
nary data exist to support sequencing of fusion inhibitors, in that newer gener-
ation peptides have activity against enfuvirtide-resistant viruses [33, 34].

Thus, as with all antiretroviral agents studied to date, the selection of viral
entry inhibitor-resistant strains appears to be frustratingly rapid, common and
quite complex in the right scenarios. This diverse class of novel entry
inhibitors has not dramatically upstaged other available agents in terms of drug
resistance based on preliminary evidence, but as with toxicity and tolerability
considerations at least there is little to suggest substantial overlap with resist-
ance determinants associated with the RT and PI classes. Clearly, the same
principles of careful adherence, as well as rational drug selection and regimen
sequencing, will need to be maintained with the viral entry inhibitors as with
the pre-existing therapies if we are to derive optimal benefits from each of
these promising agents.

Conclusions

Perhaps the most favorable aspect to consider in regard to the viral entry
inhibitors is the diversity of potential targets and step-wise pathways that
appear to warrant further exploration. Compared with the conventional RT and
PI enzyme inhibitors, the growing list of entry inhibition strategies may actu-
ally represent multiple novel “treatment classes”. Laboratory investigations
have suggested unprecedented degrees of synergism when entry inhibitors
with different mechanisms of action are combined in vitro. Currently, early tri-
als are underway which for the first time will evaluate the clinical efficacy of
combining chemokine inhibitors and enfuvirtide. In fact, it is quite conceivable
that the relatively near future will hold the prospect of an “all entry inhibitor”
highly active regimen that, when sequenced (whether first, last, or in the mid-
dle) alongside RT- and PI-based regimens, will expand treatment options sub-
stantially and thereby stretch the durability of overall antiretroviral treatment
effectiveness and the lifespan of HIV-infected patients.

With the diversity of entry inhibition strategies in mind, it can be somewhat
misleading to lump these compounds together and rate how they compare with
current treatment options. Primarily it is the chemokine receptor antagonists
and membrane fusion inhibitors that have generated sufficient data to formu-
late some broad comparisons to the traditional HIV enzyme inhibitors. In vitro
antiviral potency has been demonstrated for a variety of different entry
inhibitors, but consistent long-term clinical benefits remain in question, except
in the case of using enfuvirtide to supplement best available regimens for heav-
ily pre-treated patients. Although it is beyond the scope of the current chapter,
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it is important to remember that several entry inhibitor strategies also have
unique potential applications for the prevention of HIV infection, for example
in the form of post-exposure prophylaxis or vaginal microbicides. The major
liabilities for the currently available systemic viral entry agent, enfuvirtide, are
the costs and inconvenience of parenteral administration, but there are signs of
improvements and alternatives on the horizon, in the form of longer-acting or
more user friendly delivery of fusion inhibitors as well as the promise of oral-
ly bioavailable small molecule entry inhibitors with other mechanisms of
action. Although clinical experience remains relatively limited, enfuvirtide and
several of the other viral entry inhibitor agents in development appear to share
advantages over the PI class in terms of adverse drug-drug interactions and
overall tolerability. However, the almost universal occurrence of injection site
reactions with enfuvirtide, the arrhythmic effects of SCH-C, and the hepato-
toxicity that halted trials involving aplaviroc serve as reminders for due dili-
gence as we monitor for unexpected developments in the future. The selection
for drug resistance is likely to be equally problematic for these agents as for RT
and PI drugs, and manipulating the chemokine nexus adds a new layer of con-
cerns regarding immunological safety as well as the consequences of inducing
population shifts in viral tropism. A common theme for several of these cate-
gorical comparisons is that, whereas none of these new agents have achieved
optimal performance characteristics, there has been significant success in
avoiding additive or overlapping toxicities, intolerable effects, pharmacokinet-
ic challenges, and resistance problems with currently existing therapies. This is
not a minor achievement, as the addition of these novel agents will expand our
abilities to individualize therapeutic options, improving our ability to adapt to
the needs of the diverse individuals affected by the expanding HIV epidemic.
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Introduction

In the mid 1990s, the introduction of protease inhibitors (PIs) and non-nucle-
oside reverse transcriptase inhibitors (RTIs) enabled combinations of anti-
retroviral agents to be used in therapeutic regimens to treat HIV-infected
patients. Such combination therapy often resulted in potent suppression of
viral RNA and was generally accompanied by dramatically improved clinical
outcomes for patients with HIV infection [1]. The potent suppression of HIV
RNA led to such combinations of antiretroviral agents being referred to as
highly active antiretroviral therapy (HAART), and this approach to treatment
of HIV disease has resulted in striking and sustained decreases in AIDS-relat-
ed death since its introduction in 1996 [2]. Prior to the 2003 approval and
introduction of Enfuvirtide (FuzeonTM, formerly known as T-20), the first
fusion inhibitor, only three classes of antiretrovirals were available for the
treatment of HIV: the RTIs — either nucleoside or non-nucleoside — and PIs.
Although combinations of these agents brought about dramatic improvements
in HIV therapy, the limitations of therapeutic regimens based solely on RTIs
and PIs were already evident and problematic when enfuvirtide entered clini-
cal development. These limitations included adverse effects associated with
treatment [3, 4], significant drug—drug interactions [5] and the selection of
drug-resistant viruses with extensive intra-class cross-resistance [6].
Consequently, an unmet medical need existed (and still remains) for new class-
es of antiretroviral agents with both improved safety and tolerability profiles,
and which circumvent the problems associated with intra-class cross-resist-
ance by acting on alternative targets to inhibit viral replication. Since the intro-
duction of PIs in 1995 and non-nucleoside RTIs in 1996, the occurrence of
intra-class resistance has often limited the impact of newly introduced agents
in the existing three classes of antiretroviral agents. However, improvements in
patient management such as the earlier identification of virological failure, the
use of resistance testing to optimize treatment regimens, and changes in the
way in which antiretrovirals are used, such as PI boosting, and the more recent
introduction of new entrants into those existing classes with enhanced barriers
to resistance, such as the PIs Tipranavir and Darunavir, have provided wel-
come improvements in overall treatment durability. The introduction of enfu-
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virtide represented the first new class of antiretroviral agent available for the
treatment of HIV-1 in 7 years and extended those improvements in treatment
outcomes and durability even further. The clinical success of enfuvirtide fos-
tered work on the process of HIV entry as a target for developing new thera-
peutics and opened up the entire field of entry inhibitors for treatment of HIV
disease. The process of HIV entry offers many potential opportunities for
intervention as evidenced throughout this book. HIV entry is a particularly
attractive target for antiretroviral development since drugs targeting the entry
process would not be expected to show cross-resistance to previous classes of
antiretrovirals. This chapter reviews the science leading to the discovery and
development of enfuvirtide and the clinical benefits that have been achieved by
inclusion of enfuvirtide into combination therapeutic regimens for treatment-
experienced patients.

Early investigation of the HIV envelope as a vaccine target identified
peptide inhibitors of HIV infection

Initial efforts in the search for a vaccine to prevent HIV infection centered on
the HIV envelope glycoprotein gpl160 as a target for neutralizing antibodies
[7-10]. The HIV envelope glycoprotein is a type I integral membrane protein
translated as a polyprotein that is subsequently cleaved to yield the gp120 sur-
face subunit and the gp41 transmembrane subunit, which associate as non-
covalently bound oligomeric trimers on the surface of virions [11-15]. The
process of HIV binding and entry into CD4" target cells involves several dis-
crete and discernable steps leading to a series of conformational changes in
both envelope subunits. The first step is the binding of the virus envelope via
the gp120 subunit to the CD4 receptor on the target cell surface. This interac-
tion leads to conformational changes in the gp120 subunit that exposes and
creates a binding site for a chemokine coreceptor. The major coreceptors for
HIV are the CCR5 and CXCR4 coreceptor, and the presence of one or both of
these coreceptors on CD4" cells is required for virus entry [16—18]. The
engagement of receptor and coreceptor (either CCRS or CXCR4) by gp120
leads to a common set of structural rearrangements within the gp41 trans-
membrane subunit that are required for the fusion of the virus and target cell
membranes [12]. These rearrangements in gp41 involve two heptad repeat
regions in the ectodomain referred to as heptad repeat 1 (HR1, proximal to the
N terminus and the fusion peptide region) and heptad repeat 2 (HR2, proximal
to the C terminal region of the ectodomain near the membrane spanning region
of the virus transmembrane protein). The two HR regions of the gp4l
ectodomain are separated by a hinge region containing two cysteine residues
that are able to form a disulfide-bonded loop.

The model for the native form of the envelope trimer envisions that each
gp41 molecule is held in a high-energy conformation with the fusion peptide
folded towards the viral membrane [19]. The fusion process involves the inser-
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tion of the N-terminal fusion peptide region of gp41 into the target cell mem-
brane, the formation of a trimeric coiled-coil structure formed by the HR1
region and the binding of the HR2 region along the groves of the trimeric HR1
structure to form a stable six-helix bundle hairpin structure [19, 20] that brings
the viral and cell membranes into close proximity for the fusion event.
Aggregation of multiple activated envelope trimers leads to the creation of a
fusion pore that permits the virus to enter the target cell [19, 21, 22]. During
this structural rearrangement of gp41 prior to formation of the stable six-helix
bundle, an intermediate pre-hairpin structure is formed, exposing the N-termi-
nal coiled-coil region of gp41 [22, 23]. This process has been compared with
the spring-loaded mechanism proposed for the action of the influenza HA2
protein [24, 25].

Epitope mapping studies conducted at Duke University Medical Center in
the laboratory of Thomas Matthews employed a variety of synthetic peptides
derived from both the gp120 and gp41 subunits of the envelope protein as part
of efforts to identify potential targets for neutralizing antibodies. Such anti-
body responses and the peptide epitopes studied were often evaluated in a T
cell-based cell-cell fusion assay [7]. An unexpected finding occurred when a
synthetic peptide termed DP-107, derived from the HR1 region of gp41, was
examined in the fusion assay that took this work in a decidedly different direc-
tion. DP-107 was found to block cell-cell fusion and virus infection [26].
Further studies demonstrated that the peptide possessed a very stable helical
structure and that this structure was important for its biological activity [27].
Additional studies examined synthetic peptides from the C-terminal region of
the gp41 ectodomain as these sequences were also predicted to adopt an alpha-
helical structure. A 36-amino acid peptide from this region called DP-178
(later referred to as T-20 and subsequently enfuvirtide) blocked HIV fusion at
concentrations approximately 100 times lower than DP-107 [28, 29] (Fig. 1).
DP-178 was derived from amino acid residues 643-678 of HIV-1LAI gp160
and contains the epitope for the neutralizing monoclonal antibody 2F5 [30].

Mechanism of inhibition of the HIV fusion process by enfuvirtide and
other HR2 peptides

A number of synthetic peptides that mimic the HR2 region of gp41 have sub-
sequently been shown to exhibit significant antiviral activity in vitro and in
vivo. A substantial body of in vitro and in vivo studies suggests that these pep-
tides most probably act by competitively binding to the hydrophobic grooves
of the HR1 trimer, thus preventing the formation of the hairpin structure and
subsequent membrane fusion events. Enfuvirtide is thought to inhibit the
fusion process by binding to HR1 and blocking its interaction with HR2 as
described above [11, 31, 32]. Initial insights into the mechanism of enfuvirtide
action were gleaned from studies with recombinant soluble gp41 fusion pep-
tide constructs containing various portions of the ectodomain [31]. When a
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Figure 1. Peptide models of heptad repeats 1 and 2 (HR1 and HR2) in ectodomain of HIV-1 gp41 dis-
play antiviral activity. Schematic of the HIV gp41 ectodomain highlighting the locations and amino
acid numbers corresponding to fusion peptide, HR1 and HR2 regions. The helical structures and
antiviral activity observed with peptides DP-107 and DP-178 are indicated.

wild-type construct containing both HR regions was tested it was devoid of
antiviral activity. However, when constructs were tested that contained either
a mutation in the HR1 region that destroyed its helical structure or were delet-
ed for the HR1 region, antiviral activity was found that was nearly identical to
that observed with enfuvirtide (i.e., DP-178) [31]. These results (along with
others) were taken to suggest that the HR1 and HR2 regions likely associated
in the wild-type construct, thereby sequestering the enfuvirtide-containing
region and rendering it unavailable. The mutations that either deleted the HR1
region or destroyed its helical structure probably freed the enfuvirtide-con-
taining region and allowed it to inhibit virus infection [11, 31]. These notions
were supported by subsequent crystal structures of the six-helix bundle show-
ing the association of the HR1 and HR2 region [19, 20]. Later studies solidi-
fied these notions by demonstrating that the pre-hairpin intermediate is the tar-
get for enfuvirtide binding [32].

Enfuvirtide was shown to inhibit fusion mediated by the envelope of vari-
ous strains of HIV-1 with ECs, values in the low nanomolar range. The activ-
ity of enfuvirtide against HIV-2 envelope-mediated cell fusion was about
1000-fold lower, indicating its selectivity for HIV-1. These results were con-
firmed by other investigators using various combinations of cell types and
reporting ECs, values within a similar range [33—-35]. In some in vitro studies,
higher concentrations of enfuvirtide were required to block infection with cell-
free virus than to inhibit cell-cell fusion. For example, Wild et al. reported
enfuvirtide ECs values for inhibition of cell-free infection with the laboratory
isolate HIV-1; 41 of 90 ng/ml (20 nM) in CEM cells (versus 1.5 ng/ml to inhib-
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it cell-cell fusion) and 1100 ng/ml (240 nM) in peripheral blood mononuclear
cells [29]. The basis for these apparent differences in the inhibitory activity of
enfuvirtide for cell-cell fusion versus infection by cell-free virus is not clear.
They could reflect true differences in inhibitory activities of enfuvirtide or per-
haps they simply demonstrate and remind us of the differences in inhibitory
values that can be obtained with different assay systems. In either event, these
studies illustrated a distinguishing feature of enfuvirtide derived from its
mechanism of action — the ability to inhibit two modes of virus transmission —
infection via cell-free virus and infection via cell-to-cell transmission.

Preclinical data had demonstrated that enfuvirtide possessed potent
inhibitory activity in vitro and its mechanism of action suggested that it would
be active against viruses that had acquired resistance to the more traditional
RTIs and PIs. Nevertheless, because of its peptidic nature, enfuvirtide faced
several challenges as a potential therapeutic (Tab. 1). Of concern was the lack
of oral bioavailability, the notion that a peptide would have very poor pharma-
cokinetic properties and the potential for either an immunogenic response to
the peptide or that pre-existing cross-reactive antibodies in HIV-1-infected
patients would either neutralize enfuvirtide activity or facilitate clearance of
enfuvirtide from the circulation (Tab. 1). However, preclinical animal studies
in rodent and monkey models demonstrated that enfuvirtide possessed suffi-
cient pharmacokinetic properties to be considered further as a potential thera-
peutic (Tab. 2). Importantly, enfuvirtide exhibited potent antiviral activity in
vivo in the Hu-PBMC SCID mouse model and antibodies to enfuvirtide did not
neutralize its antiviral activity in vitro.

Table 1. Challenges for peptides as therapeutics

Not orally bioavailable
Poor pharmacokinetic characteristics

Can be antigenic — interference by antibody

L.

Complex and difficult to manufacture

Early clinical studies with enfuvirtide

The first proof of concept came in a Phase I/II 14-day trial (TRI-001). The trial
employed intravenous infusion of enfuvirtide as monotherapy with doses rang-
ing from 3 to 100 mg administered twice daily. In patients receiving the high-
est dose, the median plasma viral load reduction was 1.96 log,, copies of HIV
RNA per ml and a clear dose response was evident [36]. A follow-up Phase I/II
trial explored subcutaneous infusion (doses of 12.5-100 mg enfuvirtide/day)
and twice daily subcutaneous injection (45 or 90 mg enfuvirtide bid). Dose-
dependent decreases in plasma viral load were found with the maximum
decrease observed for the 90 mg bid group [37]. Administration of enfuvirtide
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by twice daily subcutaneous injections yielded predictable pharmacokinetics
and maintained trough levels well above the in vitro ICs, values. Subsequent
Phase 1II studies demonstrated the longer-term safety profile and activity of
enfuvirtide-containing regimens when the drug was administered by the sub-
cutaneous injection and explored the dose-response relationship over 48 weeks
of therapy. These studies demonstrated that injection by the subcutaneous
route was well tolerated, with no dose-related toxicities [38, 39]. In addition,
they yielded promising data on CD4" T cell gains during therapy with enfu-
virtide-containing regimens in treatment-experienced patients and identified a
higher strength carbonate buffer formulation of enfuvirtide for evaluation as a
twice daily dose of 90 mg for Phase III trials [40].

Pharmacokinetics

The pharmacokinetics of enfuvirtide were examined in an open label, single-
dose cross-over study design [41]. Bioavailability after a single 90 mg subcu-
taneous injection was high (84.3%) compared to a similar intravenous dose.
The apparent plasma half-life for enfuvirtide was 3.8 h and the apparent sys-
temic clearance was 1.68 1/h (Tab. 2). The Cmax, Cmin and AUC exhibited
dose dependency, while the half-life and clearance were dose independent.
Absorption of enfuvirtide from different sites of injection (abdomen, arm and
thigh) was comparable [42]. Enfuvirtide may be excreted unchanged, deami-
dated and excreted, or catabolized to its constituent amino acids followed by
recycling of these amino acids in the body pool rather than being metabolized
by the cytochrome systems. Because of its anticipated catabolic route, there is
a low potential for enfuvirtide to be affected by or to affect other drugs com-
monly used in HIV-infected patients. This assumption has been investigated in
several studies including a ‘“cocktail” study (assessing effects on caffeine for
CYP1A2, chlorzoxone for CYP2EI, dapsone for CYP3A4, debrisoquine for
CYP2D6 and mephenytoin for CYP2C19) [43] and studies investigating
effects of rifampicin, ritonavir and the combination of saquinavir with riton-
avir [44, 45]. There were no clinically meaningful effects of enfuvirtide on the
drugs studied or of the drugs studied on enfuvirtide. Thus, these studies con-
firmed the low potential for drug-drug interactions to be a significant issue
with enfuvirtide administration. More recently, there has been a report of high-

Table 2. T-20 possesses drug like properties in preclinical studies

e T1/2=2.5hin plasma

*  Bioavailability 60—80% as subcutaneous injection

* Readily reaches lymphatic system

e Activity in Hu-PBMC SCID model of HIV-1 infection
*  Antibodies to T-20 do not neutralize activity
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er concentrations of tipranavir and ritonavir trough concentrations in patients
receiving enfuvirtide [46]. The mechanism underlying this unexpected inter-
action is unclear and requires further examination.

Pivotal Phase III efficacy trials

The long-term safety and efficacy of enfuvirtide was demonstrated in two large
Phase III trials termed TORO (T-20 versus Optimized Regimen Only) 1 and 2
[47, 48]. The trial designs were very similar and enrolled similar patient pop-
ulations. The designs differed only in the minimum length of previous experi-
ence for antiretroviral agents from each of the three available classes
(6 months for TORO 1 versus 3 months for TORO 2), and the number of pre-
vious PIs that patients must have received (two for TORO 1 versus one for
TORO 2). The studies enrolled approximately 1000 highly treatment-experi-
enced patients who had either been exposed to or had documented resistance
to agents from each of the three approved classes of antiretrovirals. Patients
received enfuvirtide in combination with an antiretroviral regimen optimized
based upon drug resistance testing and patient history or the optimized regi-
men alone. The optimized regimen contained from three to five drugs. Patients
were randomized in a 2:1 ratio to receive either the enfuvirtide-containing reg-
imen or the optimized regimen alone. One of the novel aspects of the TORO
trial designs was an early “escape” for patients in the optimized regimen alone
group if they experienced confirmed virological failure during the trials. Such
patients could revise or reoptimize their regimen based upon new resistance
testing and add enfuvirtide. The primary efficacy parameter in both trials was
the change from baseline in plasma HIV-1 RNA.

In both trials, at 24 weeks, the group receiving enfuvirtide in combination
with an optimized regimen exhibited significantly greater declines in viral
RNA than the group treated with the optimized regimen alone, approaching
almost a one log, difference between the groups [47, 48]. Importantly, these
studies also demonstrated improved CD4" T cell responses for the enfuvirtide-
treatment groups. Due to similarities in the trial designs and patient popula-
tions, a pooled analysis of both studies was undertaken to provide a more
robust assessment of the treatment effect and enable subgroup analysis to be
conducted with sufficient power. The pooled analysis also showed that the
reduction in RNA and the increase in CD4* T cell counts were significantly
greater for the enfuvirtide-treatment group at both 24 and 48 weeks. The intent
to treat analysis demonstrated that the enfuvirtide-treatment group exhibited
an additional 0.84 log,, decrease in viral load at 24 weeks, and this difference
in treatment effect was maintained throughout 48 weeks of therapy (0.85 log10
difference at week 48) [49]. These findings demonstrated the durable nature of
the virological response to enfuvirtide therapy achieved in these trials.
Enfuvirtide therapy also led to a doubling of the CD4" T cell response in com-
parison to the optimized regimen alone group at both 24 and 48 weeks, with
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gains of 71 and 91 cells, respectively, for the enfuvirtide-treatment group [49].
The immunological response was particularly noteworthy given the advanced
nature of the enrolled patient population. The efficacy results described briefly
above combined with the favorable safety profile of Fuzeon in the clinical tri-
als [50] formed the basis for its accelerated approval in 2003 and subsequent
traditional approval in 2004, establishing Fuzeon as the first fusion inhibitor
for treatment of HIV. Local injection site reactions were the most common
adverse event associated with enfuvirtide treatment, with approximately 98%
of patients on the enfuvirtide-containing arms in the TORO trials having expe-
rienced an injection site reaction. Injection site reactions are perhaps the most
significant adverse event considered by physicians and patients when evaluat-
ing whether to initiate Fuzeon therapy.

Clinical results obtained in the Phase III TORO studies of Fuzeon along
with more recent studies of the newly approved PIs tipranavir and darunavir
have demonstrated the clinical benefits that can be achieved in treatment-expe-
rienced HIV-infected patients when the fusion inhibitor Fuzeon is combined
with an active boosted PI [51, 52]. These striking clinical results in treatment-
experienced patients were important considerations in the 2006 revision of rec-
ommendations from the International AIDS Society-USA for treatment for
adult HIV infection in the setting of multiple regimen failure [53]. That panel
now recommends when two or more potent active drugs are identified, the goal
of therapy should be suppression of viral load to below 50 copies/ml, even for
highly treatment-experienced patients. The recommendations discuss how best
to achieve that goal and add that inclusion of enfuvirtide is often needed to
achieve this in heavily treatment-experienced patients [53].

Enfuvirtide activity and mechanism of drug resistance

Susceptibility of fusion inhibitor-naive isolates and correlation with clinical
response

Much has been learned from both clinical- and laboratory-based studies about
the activity of enfuvirtide and the ways that HIV-1 can become resistant to its
antiviral activity. Fusion inhibitor-naive viruses exhibit a broader range of sus-
ceptibility to inhibition in vitro by enfuvirtide than had been seen with either
nucleoside RTIs or PIs tested against viruses naive to those classes of
inhibitors. In vitro studies with clinical isolates from patients participating in
Phase II trials of enfuvirtide demonstrated that enfuvirtide exhibited a wide
range (over 100-fold) of ICsys for primary isolates with a geometric mean 1Cs
of approximately 20 ng/ml (4 nM) in a cMAGI-based assay [54]. For the Phase
III TORO 1 and TORO 2 studies, susceptibility to enfuvirtide was assessed
with the PhenoSense entry assay (Monogram Biosciences, South San
Francisco, CA). At baseline, the range of ICs, values observed was approxi-
mately 1000-fold and log normally distributed around a geometric mean of
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0.26 pg/ml [55]. Examination of the relationship between baseline 1Cs, and
virological response found no difference in the response for patients with
viruses whose susceptibility was more than 2 standard deviations outside of
the geometric mean sensitivity. The range of in vitro susceptibility to inhibi-
tion by enfuvirtide extended from ICs, values near 10 ng/ml to over 7 pg/ml.
Importantly, amongst these fusion inhibitor-naive patients, lower in vitro base-
line susceptibility was not associated with a significantly decreased virologi-
cal response to enfuvirtide in vivo [55].

Determinants of enfuvirtide susceptibility and resistance

Enfuvirtide targets the HR1 region of the viral gp41 transmembrane protein.
Initial in vitro studies selecting for escape variants [56], as well as clinical
virology examination of samples from patients experiencing virological
rebound in Phase I/II clinical studies [54, 57], suggested that gp41 amino acids
36-45 were involved in the development of resistance to enfuvirtide. A large
body of data including those from the Phase IIIl TORO studies [55] and a num-
ber of studies from additional groups [58] confirm that the initial development
of resistance to enfuvirtide mostly involves changes in the gp41 HR1 target
region and appears within amino acids 36—45. In the TORO studies, amino
acid substitutions within this region were found in nearly 93% of patients
meeting protocol-defined virological failure criteria, and occurred in almost all
cases (98.8%) where susceptibility to enfuvirtide had decreased by fourfold or
greater [55]. These findings provide compelling genetic evidence in support of
enfuvirtide’s mechanism of action and target. In clinical studies (mostly car-
ried out in patients infected with Clade B HIV viruses) the most commonly
observed resistance mutations have been V38A, N43D, G36D, and Q40H.

Genotypic studies of viruses from fusion inhibitor-naive individuals [59,
60] as well as HIV envelope sequences deposited in the Los Alamos Database
(http://hiv-web.lanl.gov) indicate that HIV-1 gp41 amino acids 36-45 are
highly conserved (particularly in clade B), with the exception of codon 42,
which displays moderate polymorphism. Genotypic analyses of virus derived
from fusion inhibitor-naive patients enrolled in Phase II and Phase III clinical
trials of enfuvirtide confirm this observation [54, 55], and indicate that the
N42S polymorphism, which does not negatively impact susceptibility to enfu-
virtide, occurs at a frequency of approximately 16%.

In spite of the conserved nature of the HR1 amino acids 36—45 in fusion
inhibitor-naive viruses and the absence of mutations known to confer reduced
susceptibility to enfuvirtide [55, 60], as mentioned above clinical isolates from
fusion inhibitor-naive patients display a broad range of susceptibilities to enfu-
virtide. The basis for this phenotypic heterogeneity is not entirely clear but
appears to be related to polymorphisms in the HR2 region of gp41 and other
regions of gp41 outside of the target region for enfuvirtide [58, 61, 62]. In
addition, V3 loop determinants of coreceptor specificity within the viral gp120
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envelope protein and coreceptor density can modulate in vitro sensitivity to
enfuvirtide [63—65]. Dual/mixed tropic viruses (encompassing the vast major-
ity of clinical isolates with the ability to infect via the CXCR4 coreceptor [66])
display lower in vitro susceptibilities to enfuvirtide than RS viruses [55, 63,
64]. The significance of the differential in vitro sensitivity to enfuvirtide exhib-
ited by dual/mixed tropic viruses versus RS tropic viruses is unclear since clin-
ical studies have demonstrated that patients harboring both types of viruses
respond equally well to enfuvirtide-containing regimens [55, 66].
Nevertheless, it is possible that this differential susceptibility is related to the
shift in virus tropism from dual/mixed tropic to RS tropic that was observed at
viral failure in the TORO studies [66].

Enfuvirtide resistance mutations impact viral “fitness”

The conserved nature of the gp41 HR1 sequence and its essential role in virus
entry suggests that mutations in this region may have a negative impact on the
replicative capacity or “fitness” of the virus. Lu et al. [67] were among the first
to demonstrate fitness costs associated with enfuvirtide-resistance mutations.
These investigators employed growth competition assays with NL4-3 clones
carrying various HR1 mutations, as well as baseline and on-treatment patient
envelopes to measure the fitness costs associated with introduction of enfuvir-
tide-resistance mutations into various HIV-1 envelopes. Their work suggested
a relationship between loss of enfuvirtide susceptibility and deficits in virus
replication [67]. In contrast to the results from Lu et al., some investigators
have failed to find a consistent effect of enfuvirtide mutations on viral replica-
tion capacity even thought they do find that enfuvirtide-resistance mutations
rapidly disappear from the plasma virus population when the drug is with-
drawn [68]. The rapid disappearance of enfuvirtide-resistance mutations fol-
lowing discontinuation of enfuvirtide therapy in patients experiencing viro-
logical failure appears to be a consistent finding [69], which strongly implies
an in vivo fitness cost for enfuvirtide-resistance mutations.

New insights into enfuvirtide resistance and virus pathogenesis

In the past several years there has been an increasing appreciation that ongo-
ing viral replication in the presence of long-term enfuvirtide therapy is associ-
ated with evolution of enfuvirtide resistance and can involve changes in the
HR2 region of gp41 in addition to those occurring in HR1 [68, 70, 71]. While
most studies suggest the impact of these secondary or compensatory mutations
in HR2 on enfuvirtide sensitivity in vitro appear to be more modest than the
primary HRI1 resistance mutations [62, 70—72], their effects on virus replica-
tion are not well characterized. Recent crystallographic studies with peptide
models have shed light on the molecular and structural basis for decreased
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enfuvirtide activity for viruses bearing the N43D HR1 mutation, and provide
a framework for understanding the preferential occurrence of this mutation in
viruses that have the E137K polymorphism in HR2 [73]. These studies suggest
that there is much to learn about the structural consequences of HR1 resistance
mutations along with the altered interactions of these substituted amino acids
with HR2 residues and the consequences on six-helix bundle formation.
Further insights into these aspects may provide a greater understanding of the
mechanisms and impact of enfuvirtide resistance mutations on six-helix bun-
dle structure, virus replication and pathogenicity.

In regard to the latter points, Reeves and colleagues [74] have shown that
certain HR1 mutations (in the absence of HR2 mutations) alter envelope func-
tion, leading to decreased fusion kinetics and an increased sensitivity of virus
to neutralization by a subset of neutralizing monoclonal antibodies and some
HIV-1-positive sera. Baldwin and colleagues [75] have suggested that the com-
bination of the V38 A mutation with the N126K HR2 mutation can have harm-
ful effects on the tightly regulated fusion process with adverse consequences
for virus replication. Studies have indicated that the HIV-1 envelope is a major
determinant of virus pathogenicity and CD4* T-cell depletion [76]. It current-
ly remains unclear how the effects of enfuvirtide-resistance mutations on enve-
lope function impact the response to therapy, although several studies suggest
intriguing possibilities. Poveda et al. [71] were the first to report that some
patients experiencing viral rebound and phenotypic resistance during enfuvir-
tide therapy continue to maintain elevations in CD4" T cells. Carlo Perno’s
group [77] examined virological and immunological responses in a larger
group of 54 subjects where enfuvirtide was added to a failing background
antiviral regimen. These investigators noted differential outcomes for patients
based upon specific enfuvirtide-resistance mutations that arose during therapy
with enfuvirtide. Thus, the group of patients who acquired the most common
mutations at V38 (A or E) continued to experience CD4* T cell gains over
36 weeks despite virological rebound. This result was in contrast to the group
of patients who developed the less common Q40H + L45M mutations and
experienced a loss of CD4 cells over the 36 week period of the study. The
results from the Perno’s group were confirmed and extended by Melby and
colleagues [78] who examined changes in CD4" T cell counts in patients expe-
riencing virological failure in the TORO Phase III studies. Melby et al. [78]
found that the group of patients failing with substitutions at position V38
exhibited continued CD4" T cell gains through 48 weeks of continued enfu-
virtide therapy post-viral failure. In contrast (and similar to the results from the
Perno group), they also found that patients developing the Q40H mutation
experienced a loss of CD4" T cells during continued enfuvirtide therapy after
viral failure. Both groups suggested that their findings were consistent with
reduced pathogenicity for viruses bearing the V38 mutation. Whether these
effects are due to alterations in virus fusion kinetics or efficiency is unknown.
Some investigators have suggested the continued CD4" T cell gains may be
due to decreases in immunological activation associated with enfuvirtide ther-
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apy [71, 79]. Other mechanisms that could be involved include decreases in
gp41-induced apoptosis and bystander cell death brought about by enfuvirtide
and/or enfuvirtide-resistance mutations [79-81]. Clearly more work is
required to understand the mechanisms that contribute to the gains and/or
maintenance of elevated CD4 cells in patients continuing enfuvirtide therapy
in the presence of ongoing viral replication and enfuvirtide resistance.

Conclusions and future directions

The fusion inhibitor enfuvirtide acts by binding to the HR1 region of HIV
gp41 transmembrane protein, and thereby interrupts a critical step in viral
entry — formation of the six-helix bundle — providing a new therapeutic target
to treat HIV infection. The Phase III TORO studies demonstrated the clinical
efficacy and safety of enfuvirtide-based therapy in treatment-experienced
patients. Enfuvirtide containing regimens that include an active boosted PI
have resulted in previously unattainable virological and immunological
responses in heavily treatment-experienced patients, leading to new treatment
recommendations that bridge the gap in treatment goals for this group of
patients with those of treatment-naive patients. These clinical results demon-
strate the benefit this new class of fusion inhibitors can bring to therapeutic
regimens for highly treatment-experienced patients. A recent report of a study
in treatment-experienced patients suggests that combining two new classes of
antiviral agents, specifically enfuvirtide and the MK-0518 integrase inhibitor
currently in development, can further extend these benefits such that by
24 weeks 90% or more of patients receiving these agents for the first time may
achieve viral loads less than 400 copies/ml [82].

The availability of additional entry inhibitors that target different steps in
the process raises the possibility that enfuvirtide could be combined with other
entry inhibitors. Laboratory and clinical studies clearly implicate substitutions
within HR1 at gp41 amino acids 36—45 in the development of resistance to
enfuvirtide. Although the potential for cross-resistance between enfuvirtide
and CD4 or coreceptor binding inhibitors has not been extensively explored,
available data suggest that enfuvirtide-resistance mutations may have little if
any influence on sensitivity to inhibitors targeting CD4 or coreceptor interac-
tions [74]. Thus, the use of these entry inhibitors and enfuvirtide in combina-
tion or in sequence may be possible and advantageous. In vitro data suggest
possible synergistic benefits to such combinations [65, 83], which will need
validation through clinical trials.

Enfuvirtide was developed to address an unmet medical need for treatment-
experienced patients with limited options remaining to suppress their virus. As
new agents have become available to combine with enfuvirtide, the percentage
of such patients that can become fully suppressed is approaching what can be
achieved in first line regimens. These striking clinical results, combined with
enfuvirtide’s safety profile have led to continued work on development of a
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next generation fusion inhibitor with a significantly improved target profile.
TRI-1144 is a lead candidate fusion inhibitor peptide in preclinical develop-
ment that exhibits a more robust genetic barrier for development of resistance
and importantly, physical and pharmacokinetic properties that may allow for
once weekly dosing.
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Targets for drug development — past and present
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Targets for HIV drug development — Traditional classes (Tab. 1)

The first cases of AIDS were recognized in 1981 [1]. With the realization that
patients with AIDS experienced nearly universal mortality, the search for
effective treatment began urgently. This search was facilitated greatly by the
discovery of the causative agent, the human immunodeficiency virus (HIV) [2,
3]. It was recognized early on that the replication cycles of other animal and
human retroviruses depended on the virus-specific enzyme reverse transcrip-
tase, and this became the first HIV drug target. Several compounds with
demonstrated activity against other retroviruses were reported to have activity
against HIV in vitro by inhibiting the reverse transcriptase enzyme, such as
suramin [4] and ribavirin [5]. However, clinical trials of these agents ultimate-
ly showed no clinical benefits in HIV-infected patients [6, 7].

The synthesis of the thymidine analogue, later named zidovudine, was
reported originally by investigators at the Detroit Institute of Cancer Research
as part of a drug discovery program for new cancer chemotherapeutic agents
[8]. Lin and Prusoff [9], investigators at Yale, first reported the in vitro activi-
ty of thymidine analogues as antiviral agents. Mitsuya and colleagues [10]
from the National Cancer Institute and Wellcome Research Laboratories
reported the first data that zidovudine triphosphate inhibited HIV replication
in vitro and advocated its “cautious exploration” in HIV-infected patients.

Shortly thereafter, zidovudine entered clinical trials in patients with symp-
tomatic HIV disease or AIDS and proved to confer a significant short-term sur-
vival benefit: in the first clinical trial sponsored by Burroughs Wellcome and
led by academic investigators from the University of Miami, it was found that
1 of 145 subjects who received zidovudine, compared to 19 of 137 subjects
who received placebo, died over 8—24 weeks (p < 0.001) [11]. Together with
other studies, this led to the approval of zidovudine as the first therapy for HIV
infection in 1987. Zidovudine continues to be used today as a component of
HIV treatment regimens. Additional nucleoside analogues were developed
subsequently, and currently, eight nucleoside (or nucleotide) analogues are
approved for the treatment of HIV infection.
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Table 1. Approved antiretroviral drugs: 2007

Class Year of FDA approval

HIV reverse transcriptase inhibitors:
Nucleosides/nucleotides (NRTT):

zidovudine 1987
didanosine 1991
zalcitabine” 1992
stavudine 1994
lamviudine 1995
abacavir 1998
tenofovir 2001
emtricitabine 2003

Non-nucleosides (NNRTI):

nevirapine 1996
delavirdine 1997
efavirenz 2000
HIV protease inhibitors (PI):
saquinavir 1995
ritonavir 1996
indinavir 1996
nelfinavir 1997
amprenavir 1999
lopinavir/ritonavir 2000
fosamprenavir 2003
atazanavir 2003
tipranavir 2005
darunavir 2006

HIV entry inhibitors (EI):
enfuvirtide™ 2003

" no longer available; ~ available only as a liquid; " requires subcutaneous injection.

A second class of reverse transcriptase inhibitors, the non-nucleosides
(NNRTI), was first explored in the late 1980s. Scientists at Boehringer-
Ingelheim reported a series of dipyridodizepinone compounds, including nevi-
rapine, that demonstrated potent activity in vitro against HIV reverse tran-
scriptase [12] but bound to the enzyme at a site distinct from the nucleoside
analogues [13]. This distinct NNRTI binding site enabled nevirapine to have in
vitro antiretroviral activity against viral strains with resistance to nucleoside
analogues such as zidovudine, and, in addition, likely explained the in vitro
antiretroviral synergy between the two drug classes [14]. Although, in NIH-
sponsored AIDS Clinical Trials Group (ACTG) trials, resistance to nevirapine
developed quickly when the drug was given alone [15], combination therapy
with nevirapine and two nucleoside analogues ultimately demonstrated potent,
durable antiretroviral activity in industry-sponsored studies [16], leading to the
approval of nevirapine in 1996. Currently, three NNRTT are approved for the
treatment of HIV infection and NNRTI-based combination regimens are a
mainstay of HIV therapy.
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The second mechanistically distinct class of HIV drugs are the protease
inhibitors. Investigators at Kyushu University School of Medicine and
Kitashita University reported that the N-terminal end of the polymerase gene
of retroviruses coded for an aspartyl protease [17]. Subsequently, Kramer and
colleagues from Roche and the National Cancer Institute reported that the HIV
gag protein was processed by a protease, and suggested this enzyme as a tar-
get for HIV drug development [18]. The three-dimensional structure of the
HIV protease enzyme was described by scientists at Merck, who identified its
homodimer structure and active site and also suggested it as a target for drug
therapy [19].

Groups at the National Institute of Allergy and Infectious Diseases and
Upjohn identified candidate HIV protease inhibitors that demonstrated anti-
retroviral activity by inhibiting proteolysis of the HIV-1 gag polyprotein p55
to the structural proteins p24 and p17 [20, 21]. Scientists at Roche described a
series of peptide derivatives that mimicked the transition-state of the HIV
polyproteins and potently inhibited the protease enzyme [22]. Subsequently,
saquinavir, ritonavir, and indinavir were identified as compounds that potent-
ly inhibited the HIV protease in vitro [23—-25]. Clinical trials sponsored both
by the National Institutes of Health (NIH) and industry, and conducted by aca-
demic clinical researchers, showed these compounds had potent antiretroviral
activity [26—28] and conferred clinical benefits, including reductions in HIV-
related morbidity and mortality [29, 30], particularly when used in combina-
tion with nucleoside analogues. These results led to the approval in 1995-1996
of saquinavir, ritonavir, and indinavir. The widespread use of protease
inhibitor-based combination therapy followed, leading in turn to dramatic
reductions in HIV-related morbidity and mortality in developed countries
around the world [31, 32]. Currently there are ten HIV protease inhibitors
approved for the treatment of HIV infection.

Despite the availability of nucleoside analogues, NNRTIs, and protease
inhibitors, some patients ultimately develop multidrug-resistant virus: for
example, Richman and colleagues [33] reported that an estimated 63% of the
over 130 000 Americans who received care in 1996 had HIV RNA levels
greater than 500 copies/ml by 1998 and that 76% of those patients with
detectable viremia had resistance to one or more antiretroviral drugs. With this
in mind, the search for compounds with new mechanisms of action continued
and intensified.

Targets for HIV drug development — HIV entry
Attachment inhibitors
Soon after the discovery of HIV, it was appreciated that the CD4" T lympho-

cyte was the target cell of the virus and that binding to the CD4 receptor was
required for viral entry into the cell [34, 35]. Thus, HIV entry became an early
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potential target for HIV drug development. Recognition that HI'V bound to the
CD4 receptor through the viral envelope glycoprotein gp120 [36] led to the
identification of both the CD4 receptor and gp120 as the first specific targets
of HIV entry inhibition. In the late 1980s, a number of groups from industry
and academia reported that recombinant, soluble CD4 (rsCD4) was a potent
inhibitor of HIV replication in vitro [37—41], and suggested its use as therapy
for HIV infection.

Subsequently, academic investigators reported a Phase I/II clinical trial of
rsCD4 sponsored by the NIH-funded ACTG [42]. In this 28-day study of
rsCD4 given intravenously or intramuscularly, they reported the compound
had a short half-life and only modest antiretroviral effect at the highest doses
tested. Other studies later confirmed that only very high doses of rsCD4 pro-
duced an antiretroviral effect [43—45], and that this likely was due to decreased
affinity of rsCD4 for clinical (versus laboratory) viral isolates [46]; as a result,
this therapeutic approach was set aside.

Chemokine receptor inhibitors: CCR5

In the early 1990s, investigators from the Amsterdam Cohort Study reported
that clinical HIV strains that induced syncytia formation in vitro (SI) in
MT-2 T cells were associated with more rapid CD4 cell declines and increased
clinical progression, compared to non-syncytia-inducing (NSI) viral isolates,
and that a change from NSI to SI viral phenotype was associated with both
accelerated CD4 decline and clinical progression [47]. Investigators at the
National Cancer Institute reported the antiretroviral effects of chemokines
(RANTES, MIP-1 alpha, and MIP-1 beta) and first suggested that using
chemokines or their analogues could be a therapeutic strategy for HIV infec-
tion [48]. Shortly thereafter, investigators from five different groups reported
that the chemokine receptors CXCR4 (bound by SI, or X4-virus) and CCR5
(bound by NSI, or R5-virus) were required for HIV binding and entry into the
CD4 cell [49-53]. This paved the way for the identification and development
of specific chemokine receptor inhibitors directed against either the CCRS5 or
CXCR4 receptors on CD4 cells.

Among several compounds identified that inhibited CCR5-mediated HIV
entry in vitro, SCH 351125 (Schering C) took the lead as an orally bioavail-
able, small-molecule CCRS inhibitor that demonstrated potent antiretroviral
activity both in vitro and in a mouse model [54]. The first human trial of a
chemokine receptor inhibitor was a 14-day study of SCH 351125 sponsored by
Schering-Plough and conducted by investigators in the U.S. and France [55].
Although the compound demonstrated antiretroviral activity, further clinical
development was abandoned due to dose-dependent cardiac QT interval pro-
longation [56].
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Chemokine receptor inhibitors: CXCR4

In the early 1990s, investigators at the Rega Institute in Belgium first described
the potent in vitro antiretroviral activity of the bicyclams, a class of compounds
that inhibited an early event in the life cycle of HIV [57]. This same group
identified a specific bicyclam (first called IM-3100 and later AMD-3100) that
demonstrated potent antiretroviral activity in vitro and in animal studies, as
well as inhibition of viral-induced syncytium formation [58]. Several groups
subsequently reported that AMD-3100 specifically interacted with the CXCR4
co-receptor [59, 60]. An early clinical study sponsored by Anormed and con-
ducted by investigators at Johns Hopkins assessed the safety and pharmacoki-
netics of parenteral and oral AMD-3100 in HIV-negative volunteers but found
no detectable drug following oral dosing [61]. In a subsequent study, AMD-
3100 was administered intravenously for 14 days to 40 HIV-infected patients,
30% of whom had virus with SI phenotype using the MT-2 cell assay [62]. In
this study, two patients experienced premature ventricular contractions, most
patients at the higher doses experienced paresthesias, and only 1 patient with
CXCR4-using virus, who also received the highest AMD-3100 dose, demon-
strated a significant decrease in HIV RNA level of 0.9 log copies/ml. Concerns
about suboptimal antiretroviral potency led to discontinuation of development
of the compound as an antiretroviral agent.

Fusion inhibitors

In 1989, scientists at Louisiana State University first proposed a helical model
of the gp41 transmembrane protein of HIV, based on the known structure of
the HA2 transmembrane protein of influenza [63]. Specific helical regions of
gp41 known as HR (heptad repeat) 1 and 2 were described [63, 64]. These
regions were deduced to interact with one another in a coiled-coil reaction by
investigators at Duke, who identified peptides that bound to these sequences
and inhibited viral and cellular membrane fusion [65, 66]. These peptides
demonstrated potent antiretroviral activity in vitro and led to the development
by scientists at Duke and Trimeris of a related 36 amino acid peptide, enfuvir-
tide (for envelope fusion viral peptide), derived from the HR 2 sequence of
gp41 that bound to the HR 1 sequence and prevented membrane fusion in
vitro. Subsequently, enfuvirtide was proposed for clinical testing as the first
HIV fusion inhibitor [67].

In an early clinical study sponsored by Trimeris, Inc. and led by investiga-
tors at the University of Alabama, intravenous enfuvirtide at higher doses
proved to have potent antiretroviral activity in HIV-infected patients over
14 days [68]. Subsequently, Phase III studies sponsored by Trimeris and Roche
and conducted by academic investigators in North America, Europe, and
Australia demonstrated potent antiretroviral activity of twice-daily subcuta-
neous enfuvirtide (along with an optimized antiretroviral regimen) in treat-
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ment-experienced patients [69, 70]. On the basis of these studies, enfuvirtide
was approved in 2003 as the first HIV fusion inhibitor.

HIV entry inhibitors: Current status and challenges (Tab. 2)

Today, three-drug combination antiretroviral therapy is the standard of care for
the treatment of HIV infection [71, 72]. Among the 22 approved antiretroviral
drugs, the only entry inhibitor approved to date is enfuvirtide. Although potent,
enfuvirtide is a parenteral agent requiring twice-daily subcutaneous dosing and
was tested in heavily treatment-experienced patients. As a result, it is specifi-
cally labeled “for the treatment of HIV-1 infection in treatment-experienced
patients with evidence of HIV-1 replication despite ongoing antiretroviral ther-
apy” [73]. While a number of HIV entry inhibitors are currently under inves-
tigation, these compounds face challenges both in their clinical development
and in finding a place in the current HIV treatment paradigm.

Table 2. HIV entry inhibitors and stage of development (partial list)

Stage of CD4 attachment Chemokine receptor Fusion inhibitors
development inhibitors inhibitors
Approved - - enfuvirtide
Phase II/ITIT - maraviroc (R5) -
Phase II TNX-355 vicriviroc (R5) -
Phase I/IT PRO 542 - -
Phase I - AMD-070 (X4) sifuvirtide
INCB9471 (RS)
CCR5mAb004 (RS5)
PRO 140 (RS)
TAK-652 (RS)
Preclinical BMS small-molecule AMD-887 (R5) TRI-291144
inhibitors KRH-3140 (X4)
KRH-3955 (X4)
No longer rsCD4 AMD-3100 (X4) T-1249
in development BMS-378806 aplaviroc (RS) TRI-290999
BMS-488403 SCH 351125 (RS)

TAK-779 (RS)

Attachment inhibitors

Several attachment inhibitors are currently in clinical development: for exam-
ple, PRO 542 (CD4-1g2) is an antibody-like fusion protein developed by sci-
entists at Progenics Pharmaceuticals that binds to gp120 and blocks attach-
ment to the CD4 receptor [74]. The compound demonstrated antiretroviral
activity with single doses up to 25 mg/kg in adults in studies led by investiga-



Targets for drug development — past and present 185

tors at Mt. Sinai [75, 76], and four weekly doses of 10 mg/kg in children in a
Pediatric ACTG study [77]. However, it has been challenging to accrue
patients to Phase II studies requiring three times weekly parenteral dosing and,
as a result, development of PRO 542 has been slow.

TNX-355 is a humanized IgG4 monoclonal antibody developed by scientists
at Biogen that binds to the second extracellular domain of the CD4 receptor
[78]. The compound demonstrated dose-related antiretroviral activity in a Phase
I study of HIV-infected subjects receiving single doses [79], and in a Phase Ib
study of HIV-infected subjects receiving various doses over 9 weeks [80]. More
recently, Tanox reported 48-week results from a Phase II study in triple-class
treatment-experienced patients that showed that the two doses of TNX-355 test-
ed (each given with optimized background antiretrovirals), had significantly
better antiretroviral activity than placebo and were well tolerated [81]. As a
monoclonal antibody, TNX-355 must be given parenterally, but its long half-life
allows once- or twice-weekly dosing. Follow-up in a larger number of patients
will be required to further assess both the longer-term virologic activity of the
compound and any immunologic consequences of binding the CD4 receptor.

The first representative of a series of small-molecule compounds that bind
within the CD4-binding pocket of gp120 and prevent gp120-CD4 interaction,
BMS-378806, was synthesized and reported by scientists at Bristol-Myers
Squibb [82, 83]. This compound showed potent antiretroviral activity in vitro,
but did not achieve target exposures in HIV-uninfected adults. A follow-on
compound, BMS-488043, demonstrated adequate pharmacokinetics in HIV-
uninfected volunteers [84] and antiretroviral activity in a clinical study over
8 days of dosing [85]. Although further development of BMS-488043 was
halted, additional small-molecule compounds are in development.

Chemokine receptor inhibitors: CCR5

Three small-molecule CCRS inhibitors, all noncompetitive allosteric antago-
nists of the CCRS receptor, have reached advanced clinical development:
aplaviroc, maraviroc, and vicriviroc. Researchers at GlaxoSmithKline report-
ed that aplaviroc was a potent antagonist of the CCRS5 receptor [86] with
potent antiretroviral activity in vitro [87]. Short-term safety and dose-depend-
ent pharmacokinetics were demonstrated in HIV-uninfected volunteers [88]. A
Phase I study of aplaviroc given for 10 days in 40 HIV-infected subjects
showed dose-dependent antiretroviral activity and no safety concerns [89].
However, upon initiation of larger Phase II studies in HIV-infected treatment-
naive and treatment-experienced patients, severe hepatoxicity attributed to the
compound developed in at least 5 patients, and further development of aplavi-
roc was stopped in October 2005 [90].

Scientists at Pfizer screened their compound library to identify small-mole-
cule CCRS antagonists, found a candidate imidazopyridine compound (UK-
107,543), and then synthesized and profiled nearly 1000 analogues to optimize
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receptor binding potency, antiretroviral activity, and pharmacokinetic proper-
ties; through this process, maraviroc was identified as the lead clinical candi-
date [91]. Compound screening was further enhanced by the use of a high-
throughput binding assay for the hERG potassium channel, to reduce the
chances of QT interval prolongation [92]. Studies in HIV-uninfected volun-
teers were conducted to explore pharmacokinetics and drug-drug interactions
[93]. Investigators conducting the first study in HIV-infected patients gave
maraviroc at eight different dosing schemes to 63 participants and reported
dose-dependent antiretroviral activity and no safety concerns [94]. With fur-
ther clinical development, two cases of hepatotoxicity in patients taking mar-
aviroc were reported, but neither was clearly related to the study drug [95].

Phase II/III studies of maraviroc in both treatment-naive and -experienced
patients with R5-virus are now fully enrolled and results are anticipated.
However, in early 2006, the Data Safety Monitoring Board recommended
stopping the lower dose of maraviroc (300 mg once-daily) in the treatment-
naive study due to suboptimal antiretroviral activity compared to efavirenz
(each given with two nucleosides) [96].

Scientists at Schering, building on their experiences with SCH 351125 (see
above), tested additional compounds for antiretroviral, pharmacokinetic, and
reduced hERG channel-blocking properties; they identified vicriviroc
(Schering D) as the lead clinical candidate [56]. Vicriviroc is structurally dis-
tinct from SCH 351125 but also demonstrated potent antiretroviral activity in
vitro. The first study in HIV-infected patients (not taking other antiretrovirals),
demonstrated dose-dependent activity with vicriviroc administered at 10, 25,
and 50 mg over 14 days without safety concerns [97]. Pharmacokinetic stud-
ies in HIV-uninfected patients demonstrated that ritonavir enhanced the con-
centrations of vicriviroc by 3.5-5-fold [98]. These data supported Phase II
studies in both treatment-naive (without concomitant ritonavir) and treatment-
experienced (with ritonavir) patients.

Late in 2005, the Data Safety Monitoring Board recommended stopping the
vicriviroc treatment-naive study due to suboptimal antiretroviral activity com-
pared to efavirenz (each in combination with two nucleosides) [99]. In the
ACTG 5211 study of treatment-experienced patients, vicriviroc at 10 and
15 mg doses (together with a ritonavir-based regimen) demonstrated durable
virologic activity over 24 weeks [100]. However, four lymphomas and one
gastric adenocarcinoma occurred among the 98 patients taking vicriviroc on
this study, although causality of vicriviroc was uncertain. Additional Phase II
studies of vicriviroc are underway.

A 32-base pair deletion in the gene that codes for the CCRS receptor is
found in 2—5% of populations in Europe, the Middle East, and the Indian sub-
continent [101], and such individuals appear to have normal immune function
and high-level resistance to HIV infection [102]. Subsequent studies suggest-
ed associations between the CCRS deletion and clinical implications, such as
reduced signs and symptoms of rheumatoid arthritis [103], less inflammation
and fibrosis from HCV [104], and longer graft survival following renal trans-
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plant [105]. In contrast, there are reported associations between the CCR5
deletion and decreased graft survival following liver transplant [106], and, in
the setting of West Nile virus infection, increased severity of disease and death
[107]. Congenital absence of CCRS likely is not the same as pharmacologic
blocking of the receptor, and there may be long-term immunologic conse-
quences associated with the use of this class of compounds.

A theoretical risk in using CCRS inhibitors is selection for X4-virus.
Isolated cases have been described in the studies of patients with R5-virus with
aplaviroc [108] and vicriviroc [97], but the best documented cases were in the
study of maraviroc: in this study, two patients with R5-virus at baseline devel-
oped detectable X4-virus at day 11 that appeared to be due to outgrowth of a
minor population of pre-existing X4-virus, and then reverted to R5-virus only
following discontinuation of maraviroc [109]. In addition, the effect of a
CCRS inhibitor in 186 patients with dual-tropic or mixed viral populations
(both R5- and X4-virus) was assessed in an initial 24-week study of maraviroc
(versus placebo); no clear virologic effect of the CCRS inhibitor was found,
but increases in CD4 cell count were demonstrated [110].

Chemokine receptor inhibitors: CXCR4

Following discontinuation of the clinical development of parenteral AMD-
3100, the same team of investigators identified an orally bioavailable CXCR4
inhibitor, AMD-070, with potent antiretroviral activity against X4-viruses in
vitro [111]. The first clinical study of AMD 070, ACTG 5191, reported HI'V-
uninfected volunteers who received single oral doses of the compound; AMD
070 was found to have dose-proportional pharmacokinetics and was generally
well tolerated [112]. Studies in HIV-infected patients are in progress; HIV
RNA reductions of 1.3 log copies/ml in four of eight patients receiving the
lowest tested AMD 070 dose twice-daily for 10 days were reported in prelim-
inary results [113].

Fusion inhibitors

While effective, enfuvirtide must be administered by subcutaneous injection
twice daily. In the presence of ongoing viremia, enfuvirtide selected for drug-
resistant strains [114]. Thus, the search for additional fusion inhibitors contin-
ues. Researchers at Trimeris initially identified a second peptide that bound to
gp41 and prevented fusion, T-1249, which could be administered once-daily,
and demonstrated dose-dependent antiretroviral activity both in HIV-infected
patients naive to enfuvirtide [115] and patients who experienced virologic fail-
ure on enfuvirtide [108]. However, clinical development was suspended due to
formulation issues. Sifuvirtide is a peptide fusion inhibitor, developed by sci-
entists in China at FusoGen Pharmaceuticals, that demonstrated a longer half-
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life than enfuvirtide in a study in monkeys [116], and recently entered clinical
studies. Also, researchers at Trimeris reported a new peptide, TRI-291144, that
is undergoing evaluation with a sustained-release formulation targeting once-
weekly dosing [117]. This peptide demonstrated potent antiretroviral activity
in vitro, including against enfuvirtide-resistant viral strains, and in monkeys,
and clinical studies are anticipated.

HIV entry inhibitors: What’s next?

Proven, durable antiretroviral efficacy and drug safety are key considerations
for selecting antiretroviral regimens today from among the approved HIV
drugs. Although our current antiretroviral therapies are effective in many
patients and generally safe and well tolerated, there is room for improvement.
Newer agents that are more convenient, less toxic, active against drug-resist-
ant viral strains, or less expensive could have an important role to play in HIV
treatment. Both general and class-specific factors impact how HIV entry
inhibitors may fit into the HIV treatment paradigm in the future.

The risk-benefit ratios for choosing individual agents vary for HIV-infected
treatment-naive and treatment-experienced patients. Current treatment guide-
lines recommend initial HIV treatment with two nucleosides and either an
NNRTT or a boosted protease inhibitor [71, 72], based on published data with
these regimens demonstrating potent antiretroviral efficacy and proven safety
of the drug regimens. With years of available efficacy and safety data, it will
be challenging for any new agent to replace the current proven initial anti-
retroviral drugs. The two studies of treatment-naive patients that compared a
standard of care regimen to a maraviroc- or vicriviroc-based regimen and
found suboptimal potency of the CCRS inhibitors at lower doses [96, 99]
exemplify this issue. Also, the lack of safety data in large numbers of patients
or for extended periods of time with the newer investigational compounds rais-
es issues. Reports of drug toxicity with chemokine receptor inhibitors (includ-
ing QT interval prolongation, hepatotoxicity and concerns about immunolog-
ic consequences including malignancies) illustrate this point. Thus, long-term
follow-up of patients taking HIV entry inhibitors will be required to assess tox-
icities carefully over time.

For treatment-experienced patients with few, if any, options for effective
antiretroviral therapy, the risk-benefit ratio of taking a new agent differs.
Therefore, it is appropriate that many of the HIV entry inhibitors have initiat-
ed clinical development in this population. When a suitable amount of anti-
retroviral activity and safety information is available, it is then reasonable to
pursue testing in patients at earlier stages of HIV infection. From a pathogen-
esis point of view, R5-virus is much more common in acute, early, and chron-
ic infection prior to treatment, which supports testing of CCRS inhibitors in
these clinical settings. Given their mechanism of action, HIV entry inhibitors
also could be useful (provided safety is established) as post-exposure prophy-
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laxis or even pre-exposure prophylaxis in HIV-uninfected individuals, as sug-
gested by recent animal data [118].

Parenteral dosing of antiretroviral agents also poses challenges to the HIV
entry inhibitor class, specifically for the monoclonal antibodies that inhibit
CD4 receptor attachment and the peptides that inhibit membrane fusion. Based
on the experience with enfuvirtide, compounds requiring parenteral dosing
once- or twice-daily will be reserved exclusively for patients with extensive
treatment experience and multidrug-resistant virus, rather than patients at ear-
lier stages of HIV infection, purely for practical reasons. Even for the
advanced group of patients, other investigational compounds with new mech-
anisms of action in development that may be given orally, such as the HIV
integrase inhibitors [119, 120] and HIV maturation inhibitors [121] likely will
be preferred, because they will be easier to use than a parenteral agent.
Whether any parenteral therapy, even one dosed infrequently, will gain wide-
spread acceptance in the HIV treating community is not certain.

Combinations of the different classes of HIV entry inhibitors demonstrate
synergy in vitro [122, 123], which supports clinical testing of these combina-
tions. In addition, based on the mechanism of action, it is reasonable to spec-
ulate that patients who have enfuvirtide-resistant viral strains could experience
enhanced susceptibility when a CCRS inhibitor is co-administered [124]. Also,
the concomitant use of a CCRS inhibitor and a CXCR4 inhibitor demonstrat-
ed activity in vitro against R5-, X4-, and dual-mixed viral strains [125] and
could be explored clinically. Combination studies of HIV entry inhibitors both
for entry inhibitor-naive and enfuvirtide-experienced patients are in progress.

Some class-specific issues also pose special challenges to the entrance of
HIV entry inhibitors into the current HIV treatment paradigm. To date, CD4
attachment inhibitors and fusion inhibitors have demonstrated bioavailability
and formulation challenges; chemokine receptors may well require a special
assay to determine viral tropism prior to treatment [126]; CCRS inhibitors may
be associated with co-receptor change (e.g., to X4-virus) and immunologic
consequences; the one approved fusion inhibitor, enfuvirtide, appears to select
readily for drug resistance in the setting of ongoing viremia [127]; and all of
the HIV entry inhibitor class compounds have been associated with a variety
of short-term drug-specific toxicities. Nevertheless, with a novel mechanism
of action, HIV entry inhibitors could provide a valuable addition to the HIV
treatment armamentarium.
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