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Abstract
Since the identification of CCR5 and CXCR4 as HIV coreceptors
a little over a decade ago, there has been hope that coreceptor in-
hibitors will be able to make an impact on the HIV epidemic, both
as novel therapeutic drugs and as agents used in prevention. Signifi-
cant progress has been made in the understanding of how coreceptor
choice might impact HIV pathology and how coreceptor blockade
may affect health. In this review, we focus on some of the key issues
that are emerging now that CCR5 has been validated as a promising
target for HIV prevention strategies and at a time when a CCR5
inhibitor has been approved in the United States as the first in a new
class of anti-HIV therapeutic drugs.

425

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 2
00

8.
48

:4
25

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

er
n 

C
ol

or
ad

o 
on

 0
3/

21
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV333-PA48-16 ARI 4 December 2007 15:58

INTRODUCTION

According to the latest estimates (1), 39.5 million people are currently living with
HIV/AIDS; this worldwide epidemic continues to grow at a rate of 4.3 million new
infections and 2.9 million deaths per year. HIV coreceptor inhibitors are at the fore-
front of current research directed toward prevention of further spread of the epidemic
and control of the disease in infected individuals. They are also of interest because
they are the first anti-HIV drugs developed that target a host-encoded structure
rather than a virus-encoded structure. In this article, we describe the emergence of
the coreceptor inhibitor as a new anti-HIV drug class. We will then review the current
status and future perspectives for the development of coreceptor inhibitors, paying
attention to both preventative and therapeutic applications.

The Developed World: New Strategies for HIV Therapy

In the developed world, the HIV epidemic has largely been brought under control
through the widespread adoption of effective HIV prevention methods, and while
the disease remains incurable, infected individuals have access to highly effective drug
combinations that provide long-term control of the disease. Nonetheless, current
treatment strategies, which can give rise to significant side effects and against which
resistant viral strains can emerge (2), are not considered optimal; the pharmaceutical
industry is active in the development of new classes of anti-HIV drugs that could either
replace or augment existing treatment regimens (3). HIV coreceptor inhibitors are
among the new classes of drugs being brought forward; indeed, during the preparation
of this review, maraviroc has become the first coreceptor inhibitor to be approved as
an anti-HIV therapeutic (4).

The Developing World: HIV Prevention Strategies

Most of the HIV epidemic is taking place in the developing world (1), where young
women are now most at risk of infection (5). In these regions, not only has it proved
difficult to implement the same prevention approaches that were successful in the
developed world, access to anti-HIV medicines remains very limited, and generating
and sustaining a sufficient supply of effective medicines to such a large population
of infected people represents an enormous economic and logistical challenge (6).
As a consequence, the development of new prevention methods is considered a pri-
ority. Although an anti-HIV vaccine would be the ideal solution, progress toward
the development of an effective strategy has been slow, and alternative prevention
methods are being sought in parallel (7). Prominent among the prevention meth-
ods currently being evaluated is the prophylactic use of anti-HIV drugs to prevent
transmission of HIV, either in preexposure prophylaxis (8, 9) or as part of topical
prevention strategies, commonly referred to as microbicides (8, 10), and corecep-
tor inhibitors are prominent among the drugs currently being evaluated for these
purposes.
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CORECEPTOR INHIBITORS AND THE HIV ENTRY PROCESS

Coreceptor inhibitors block HIV at the level of entry into target cells, and as such,
they make up part of a larger group of drugs known as HIV entry inhibitors (11).
The HIV entry process is understood in some detail at the molecular level (Figure
1) (12). It is coordinated by the HIV envelope glycoprotein complex (Figure 1, in-
set), a trimer of three gp120 surface glycoproteins, each noncovalently attached to
three gp41 transmembrane glycoprotein subunits. HIV must first engage CD4, a
host cell surface protein, via the CD4 binding site on gp120 (Figure 1a). Interaction
between gp120 and CD4 induces a significant conformational change in the enve-
lope glycoprotein, exposing a previously hidden site (Figure 1b, indicated in yellow)

gp41
trimer

V3

a

Virus

c

d

b

Prefusion
complex
formation

Envelope
glycoprotein

complex

Virus-host
cell fusion

V3

Host cell membraneHost cell membrane

gp120

gp120

CD4

Coreceptor

Figure 1
The HIV envelope glycoprotein complex (inset) drives viral entry into target cells. (a) HIV
first engages CD4, a host cell surface protein, via the CD4 binding site on gp120 (indicated in
green). (b) Interaction between gp120 and CD4 induces a conformational change in gp120,
revealing the coreceptor binding site (indicated in yellow), that, together with the V3 region, is
necessary for coreceptor engagement. (c, d ) Events downstream of coreceptor engagement
result in the fusion of viral and host cell membranes.
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that, together with the V3 region, is necessary for coreceptor engagement (13–16).
Binding to the coreceptor induces the insertion of gp41 into the host cell membrane,
forming a molecular bridge between the virus and the host cell leading to the for-
mation of a prefusion complex (Figure 1c), which undergoes further conformational
rearrangement that is sufficient to drive membrane fusion, allowing the contents of
the virion to be ejected into the host cell (12, 17) (Figure 1d ).

THE HIV CORECEPTORS CCR5 AND CXCR4

Discovery of the Coreceptors

The mid-1990s saw a series of breakthroughs that led to the identification of the
HIV coreceptors as chemokine receptors. In 1995, a group of anti-HIV “suppressive
factors” were identified as the chemokine proteins MIP-1α/CCL3, MIP-1β/CCL4,
and RANTES/CCL5 (18). Soon after, a pioneering functional screening study led
to the identification of fusin as an HIV coreceptor (19). Fusin turned out to be the
chemokine receptor that is now known as CXCR4, with its ligand, SDF-1/CXCL12,
endowed with anticoreceptor activity (20, 21). The final key discovery in the series was
made when a second chemokine receptor, CCR5, was identified as the HIV coreceptor
whose activity is blocked by MIP-1α/CCL3, MIP-1β/CCL4, and RANTES/CCL5
(22–25). Hence, the HIV coreceptors were identified as chemokine receptors, with
the cognate chemokine ligands acting as natural entry inhibitors.

Coreceptor Usage and HIV Tropism

Prior to the identification of the HIV coreceptors, differences in cellular tropism had
been noted, and HIV isolates were classified according to whether they could repli-
cate in laboratory T cell lines (T-tropic) or in macrophages (M-tropic). Coreceptor
usage provided a molecular explanation for these phenotypes because the laboratory-
derived T cell lines used to define the T-tropic phenotype express CXCR4 only, and
hence will only support growth of viruses capable of using CXCR4 as a coreceptor.
The macrophages used to define the M-tropic phenotype express both coreceptors
but the levels of CXCR4 are low relative to CCR5, hence they strongly favor replica-
tion of viruses capable of using CCR5 as a coreceptor (26, 27). These observations led
to the adoption of a new classification for HIV based on coreceptor usage (28), with
R5 used to describe viruses that use CCR5 alone as a coreceptor and X4 to describe
viruses that use CXCR4 alone. The term R5X4 was put forward to describe viruses
capable of using either CCR5 or CXCR4 to enter target cells, but it is becoming
evident that HIV isolates that consist entirely of genuine clonal viruses capable of
using both coreceptors are rare, and many isolates that show an R5X4 phenotype are
in fact mixtures of R5 plus X4 or, less commonly, either R5 plus dual (R5X4) plus
X4 or R5 plus dual (R5X4) clones. Hence, the terminology that has been adopted for
dual-tropic isolates is R5+X4 or D/M (dual/mixed) in cases where tropism has not
been determined at the clonal level, with the term R5X4 reserved for clones genuinely
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capable of using both coreceptors (29, 30). Coreceptor choice is determined exclu-
sively by structures contained on the gp120 subunits of envelope glycoprotein com-
plex, and a number of studies have shown that substitution of the V3 region alone is
often sufficient to switch the coreceptor tropism of a viral clone from R5 to X4 and
vice versa (reviewed in 31).

Coreceptors Other than CXCR4 and CCR5?

At the time that CCR5 and CXCR4 were identified as coreceptors, a number of arti-
cles were published suggesting that other chemokine receptors may function as HIV
coreceptors (reviewed in 26, 27). Although these receptors showed HIV coreceptor
activity when overexpressed in cell lines, subsequent work has shown that infection
of primary cells via receptors other than CCR5 and CXCR4 is rare, and infection of
primary cells can normally be fully blocked by either CCR5 or CXCR4 inhibitors (27,
32). Hence, at present, CCR5 and CXCR4 can be considered as being the only HIV
coreceptors of physiological significance, and they are the only chemokine receptors
against which anti-HIV drug development has been initiated so far.

CORECEPTORS AND HIV-HOST INTERACTIONS

CCR5 Is the Principal Coreceptor for HIV Transmission

The R5 phenotype is almost exclusively present in isolates or clones from primary
infection (27, 33), irrespective of the route of infection, e.g., across genital mucosa,
from mother to child, or via intravenous drug use (27). Factors limiting the establish-
ment of infection by X4 viruses are not completely understood, although it has been
suggested that suppression of X4 transmission may result from an aggregate of the
partial inhibition of several different mechanisms at multiple levels, which together
provide a highly stringent “gatekeeper” function (27, 34).

The key role of CCR5 as the principal coreceptor for HIV transmission has
been underscored by epidemiological studies related to a null allele for CCR5,
CCR5Δ32 (35), which is prevalent in the Caucasian population (36). Several co-
hort studies (35, 37–41) have demonstrated that delta32 homozygosity provides an
almost complete barrier against HIV acquisition. Although studies of the few known
cases where CCR5Δ32 homozygotes have been infected (42–45) indicate that infec-
tion by X4 viruses is not impossible, the available data support a model in which
CCR5 has a central role in HIV transmission, and suggest that use of corecep-
tors to achieve CCR5 blockade might provide considerable protection from HIV
transmission.

CCR5 Plays a Central Role After Infection

R5 viruses also tend to dominate in the early, asymptomatic years of infection (46).
Recent studies of large cohorts of treatment-naı̈ve (i.e., yet to receive any antiretroviral
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therapy) HIV-infected individuals have shown that the vast majority (between 81%
and 88%) have undetectable levels of D/M or X4 viruses (47–49). In contrast, D/M or
X4 viruses are detectable in up to 50% of treatment-experienced patients (49–51), but
even in these cases, it is uncommon for X4 viruses to dominate the overall viral load
(46, 48, 49). The importance of CCR5 as a coreceptor after infection is underlined by
epidemiological studies concerning genotypes that lead to lower CCR5 expression
levels on target cells (39, 52), including CCR5Δ32 heterozygosity, which indicate
a link between reduction of CCR5 levels and slower disease progression. Hence,
blockade of CCR5 is likely to be an effective strategy for HIV therapy.

X4 Viruses: A Clinical Concern

When emergence of detectable levels of X4 viruses does occur in nontreated
individuals, it arises within approximately five years of initial infection (46). In other
words, X4 viruses are almost completely absent during transmission and early stages
of HIV disease and only emerge later in the disease course of a proportion of cases.
Despite this apparently marginal role in HIV disease, X4 viruses represent a clinical
concern because their emergence correlates with a more rapid progression to AIDS
(48). However, it is not yet clear whether the emergence of X4 viruses is a cause or
a consequence of this phenomenon. On one hand, X4 viruses are apparently more
pathogenic than R5 viruses in vitro (53–55), and experiments in macaques suggest
that they may also be more pathogenic in vivo (56, 57). Increased pathogenicity in vivo
may relate to the ability of X4 viruses to target CD4 T cell subsets that are different
from those available to R5 viruses (57); whereas naı̈ve CD4 cells express high levels
of CXCR4, but very little CCR5, CCR5 is upregulated in activated and memory cells
(reviewed in 58). On the other hand, there is little doubt that R5 viruses alone are
clearly capable of destroying the immune system, as demonstrated by the observation
that approximately 50% of individuals progress to AIDS without the emergence of
detectable levels of X4 viruses (48). It is therefore conceivable that X4 viruses are
simply the less-fit cousins of R5 viruses, which can only emerge opportunistically
in cases where destruction of the immune system by R5 viruses is almost complete
(27). Work concerning both the causes and the consequences of X4 virus emergence
is ongoing, and the subject remains a key issue in the development of coreceptor
inhibitors.

PHYSIOLOGICAL ROLES OF CORECEPTORS

CCR5 and CXCR4 are chemokine receptors. The main physiological role of
chemokines is to activate and induce the migration of leukocytes. As we know it
today, the human chemokine–chemokine receptor system comprises 18 different re-
ceptors (59) and 41 different ligands (60). The chemokine ligands are small (8–10 kDa)
proteins, and their receptors are seven-transmembrane-spanning G protein–coupled
receptors (GPCRs).
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Physiological Role of CCR5

The biology of CCR5 and the potential consequences of its inhibition have been
covered in detail in a recent review (10). CCR5 is expressed not only on several
effector T cell subsets but also on antigen-presenting cells, including macrophages,
immature dendritic cells, and Langerhans cells. This expression profile indicates a
likely role in both the initiation of adaptive immune responses and the trafficking of
effector cells to sites of inflammation and infection.

Studies involving mouse CCR5 knockouts and human CCR5Δ32 homozygotes
have made it possible to draw inferences about the requirement of CCR5 for nor-
mal immune function and the possible consequences of its blockade. The earliest
reports concerning CCR5Δ32 homozygotes (37, 38) indicated that congenital ab-
sence of CCR5 does not lead to any overt pathology in humans. However, a number
of subsequent studies have revealed a link between loss of the receptor and a rela-
tively mild form of immunodeficiency that can nonetheless be exposed under certain
circumstances (reviewed in 10, 61).

Although the effects of congenital absence of CCR5, where the immune system
has had years to adapt to the loss of the receptor, do not necessarily equate to the
results of acute pharmacological blockade, these data suggest that pharmacological
blockade of CCR5 is likely to be largely well tolerated. Stringent safety studies will
nonetheless be required to carefully monitor effects related to the use of CCR5
inhibitors, with particular attention paid to the consequences of infection by certain
pathogens, effects on responses to immunization, and the emergence of opportunistic
infections and malignancies (62).

CXCR4 Physiology

CXCR4 is a homeostatic chemokine receptor with a single known ligand, SDF-
1/CXCL12. Both the receptor and its ligand appear to play an essential role in
embryonic development, and this may explain why no CXCR4 null alleles, analo-
gous to CCR5Δ32, have been discovered. In the adult, CXCR4 is expressed on a
wide range of cell types and is a key player in several major processes, including
hematopoiesis, leukocyte trafficking in the adaptive immune system, and vascular-
ization (reviewed in 63). A number of CXCR4 inhibitors were identified soon after
CXCR4 was identified as an HIV coreceptor (64), including a monoclonal antibody
directed against CXCR4 (65), and AMD 3100, the first CXCR4 inhibitor to be clin-
ically tested (66). Since these early breakthroughs, relatively little effort has been
put into the clinical development of CXCR4 ligands as coreceptor inhibitors, how-
ever, and this is likely due to a combination of two factors: the apparently marginal
role of X4 viruses in HIV disease and the likelihood that drugs would exhibit sig-
nificant side effects related to blockade of the physiological function of CXCR4.
With regard to the latter point, both of the CXCR4 inhibitors that have been
tested in humans, AMD 3100 (66) and AMD 070 (67), caused significant leuko-
cytosis, and it is perhaps significant that the envisaged use for AMD 3100 is now
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in hematopoietic stem cell isolation rather than in HIV therapy. For the remainder
of this review, we therefore focus on issues relating to the development of CCR5
inhibitors.

DEVELOPING CCR5 INHIBITORS FOR THERAPY
AND PREVENTION: KEY CONCERNS

Before discussing the different kinds of CCR5 inhibitor that have been developed
in more detail, it is relevant to address the differences in the requirements of drugs
according to whether they are destined for use in therapy or prevention. Of key
importance is the need to take into account the logistical, financial, and cultural
dimensions of the HIV epidemic in the development of effective prevention strategies.
These particular issues, which are outlined briefly below, have been described in detail
elsewhere (see 8, 68, 69, and references therein).

Efficacy

For therapeutic applications, new drugs need to show demonstrable benefits com-
pared with existing drug regimens. In prevention, although mathematical models
suggest that a partially effective microbicide would be sufficient to make an impact
on the HIV epidemic (70), higher potency is not only an advantage, but may be
essential for demonstrating proof-of-concept in clinical trials (68).

Safety Profile

Because CCR5 inhibitors represent a new drug class that targets a host-encoded
target, coreceptor inhibitors need to be carefully scrutinized not only for compound-
specific toxicity, but also for class-specific toxicity, i.e., toxicity related to blocking
the physiological function of CCR5. For prevention applications, where otherwise
healthy people could be using the drug for the whole of their sexually active lives,
tolerance thresholds for adverse side effects would be expected to be lower than for
drugs used in therapy.

Additional Safety Concerns for Topical Microbicides

The failure of the first large-scale clinical trial of a microbicide candidate (the deter-
gent product nonoxynol-9) led researchers to the stark conclusion that use of agents
that can block HIV but which are also capable of damaging the integrity of geni-
tal mucosa will lead to enhanced susceptibility to HIV infection (71). It is therefore
essential that any new drug under consideration for development as a microbicide
show no capacity to elicit structural damage, cytotoxicity, or inflammation on the
surfaces to which it will be applied. In addition to not damaging epithelial integrity,
it is important that drugs destined for use in vaginal microbicide products do not
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interfere with the vaginal environment, which in itself provides a natural defensive
barrier (68, 69).

Escape Mutants

As with all anti-HIV drugs used in therapy, mechanisms of viral resistance need to be
understood, and effective tests to detect the emergence of escape mutants in treated
individuals must be devised. In prevention, the major risk of escape is at the level of
the population, namely that a population using a drug for prevention will become
exposed to resistant viruses, thereby compromising or even negating its protective
effect (69).

Bioavailability

The ability to achieve oral dosing is a major goal in most drug development strategies,
including those directed against HIV, and indeed all but one of the currently licensed
therapeutic anti-HIV drugs is orally bioavailable. Oral bioavailability is not necessary
for topical microbicides, and may even be a disadvantage: The physical properties
of a drug that give rise to oral bioavailability, i.e., facility to cross cell membranes,
would also be expected to generate a certain level of systemic exposure after topical
application. Such exposure is intrinsically undesirable and could also lead to the
development and spread of resistant viruses in people who do not know they are
infected (69).

Drug-Drug Interactions

Because it is likely that CCR5 antagonists developed for therapy will be used to
complement existing therapeutic regimens, the issue of drug-drug interactions, both
at the level of efficacy (e.g., synergy, additive effect, antagonism) and metabolism,
needs to be considered. Similar issues will apply to CCR5 antagonists implicated in
prevention strategies involving cocktails of different inhibitors.

X4 Viruses

In a therapeutic setting, R5 viruses could potentially escape from CCR5 inhibitors by
switching coreceptor use to CXCR4. Alternatively, suppression of R5 viruses could
lead to breakthrough of X4 viruses. In prevention strategies, the key concern is the
potential for transmission, rather than selection or emergence of X4 viruses.

Stability

For drugs used in prevention to make an impact on the HIV epidemic, they will need
to be effective after storage in tropical countries where a cold chain cannot be guaran-
teed. Hence stability, in particular to storage at elevated temperature, is a key concern.
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Acceptability

Prevention strategies that show high levels of efficacy will not make an impact on the
HIV epidemic unless they are widely acceptable. Coital independence, i.e., having
the option of administering the drug at any time, not necessarily immediately prior
to sex, is likely to be key to the acceptability of new HIV prevention strategies (8, 68,
69). Coitally independent protection could presumably be achieved by preexposure
prophylaxis strategies (8), but strategies based on topical microbicides will need to be
carefully devised to ensure that long-term protection can be achieved after a single
dose (68, 69).

Affordability

To make an impact on the HIV epidemic, drugs destined for use in prevention strate-
gies will need to be provided continuously over many years to a population of tens
of millions of people. Clearly, drugs that are too expensive to produce will not make
suitable candidates for development, and production costs of lower than $1 per dose
have been put forward as a theoretical limit for feasibility (68).

CHEMOKINE ANALOGS

A First Generation of Coreceptor Inhibitors

The native chemokine ligands of CCR5 function as natural HIV entry inhibitors in
vitro (18), and this is likely to be the case in vivo as well, because it has been shown that
increased expression of MIP-1α/CCL3 in humans, which occurs as a result of gene
duplication, also provides protection from HIV acquisition (72). Could the natural
chemokines themselves be used as anti-HIV drugs? Concern has been expressed about
adverse effects that could potentially be elicited by an agonist of an inflammatory
receptor like CCR5 (73), as well as the limited efficacy of native CCR5 ligands (74).

Chemokines can be engineered to enhance their natural anti-HIV properties (re-
viewed in 75). The first engineered anti-HIV chemokine to be described was an
N-terminally truncated variant of RANTES/CCL5 with modest anti-HIV activity,
RANTES (9–68, 76). RANTES (9–68) is a CCR5 antagonist (77), and its identifica-
tion as an HIV entry inhibitor helped establish the concept that the agonist activity
on coreceptors is not a component of the anti-HIV mechanism of native chemokines.
Soon after, AOP-RANTES, a RANTES/CCL5 variant carrying a hydrophobic N-
terminal extension, was the first coreceptor inhibitor with significantly improved
potency over the native chemokines to be described (78). Unlike native RANTES,
AOP-RANTES proved to be effective in blocking infection of macrophages as well
as T cells.

Unusual Inhibitory Mechanisms

The inhibitory mechanism of native chemokines was shown to be determined by
two factors: occupancy of the receptor, resulting in steric blockade (Figure 2) (79),
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Allosteric modulation
e.g., small molecules

Coreceptor

Steric blockade
e.g., MAbs

a

Removal from cell surface
e.g., RANTES analogues, RNAi

b

c

Figure 2
Inhibitory mechanisms of CCR5 inhibitors. Inhibition can either be achieved by (a) steric
blockade of the coreceptor, i.e., engaging the receptor and thereby blocking viral access;
(b) allosteric inhibition, i.e., altering the conformation of the receptor (indicated by yellow/red
hatching) so that it is not usable as a coreceptor; or (c) removal of the receptor from the cell
surface, either by inducing receptor sequestration or by blocking receptor expression.

and intracellular sequestration, resulting in physical removal of the coreceptor from
where it can be accessed by the envelope glycoprotein (Figure 2) (80, 81). Receptor
sequestration is a consequence of agonist-induced receptor internalization, a com-
ponent of the desensitization/resensitization process that is broadly conserved across
the superfamily of GPCRs (82). N-terminally modified chemokine analogs with po-
tent anti-HIV activity, such as AOP-RANTES (78) and PSC-RANTES (83), have
been shown to act via induction of receptor sequestration that is more profound and
more prolonged than that seen with the native chemokines (83–85). This inhibitory
mechanism may present certain advantages for HIV inhibition. First, it might provide
a significant barrier to the generation of escape mutants, and second, it may lead to
long-term protection from infection after a single dose. However, all of the potent
anti-HIV chemokines that have been described so far also behave as CCR5 agonists
(75, 86).

Issues Related to the Clinical Development of Chemokine
Analogues as Anti-HIV Drugs

As proteins, chemokines would not be expected to be orally bioavailable, and because
they readily bind to and form aggregates on cell surface proteoglycans (87), they are
likely to show unsuitable pharmacokinetics after injection. Hence, it is unlikely that
chemokine analogues would be suitable for use as anti-HIV therapeutics unless the
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capacity to bind to proteoglycans could be engineered out without affecting anti-HIV
activity (75). Concerns related to bioavailability would not hinder the development
of chemokine analogues as topical microbicides, however, and their unsuitability for
development as therapeutics may actually be an advantage with respect to the gener-
ation and spread of escape mutants. Another major concern relates to the production
costs of proteins, in particular those that cannot be produced directly by biosynthesis
(68, 69, 88). Finally, if chemokine analogs with CCR5 agonist activity are to be taken
forward into clinical development, they will need to be monitored not only for the
potential for adverse effects via inhibition of the physiological role of CCR5 but also
for possible inflammatory activity mediated through CCR5 activation.

SMALL-MOLECULE CORECEPTOR INHIBITORS

Small-Molecule CCR5 Inhibitors

The first small-molecule CCR5 antagonist described in the literature was TAK-
779 (89). Since then, a number of other pharmaceutical companies have added to a
growing range of small-molecule CCR5 inhibitors (Table 1), some of which have
entered clinical trials, and one, maraviroc from Pfizer, has recently been approved for
clinical use.

Inhibitors Occupy a Common Binding Pocket on CCR5

Site-directed mutagenesis studies and molecular modeling of CCR5 have identified
a putative binding site that is shared by several small-molecule CCR5 inhibitors in a
cavity between the transmembrane helices on the extracellular face of CCR5 (90–95).
Competitive binding studies indicate that this site is shared by various small-molecule
inhibitors (95, 96). It does not overlap with the binding site for HIV gp120, which is
located on the extracellular domains of CCR5 (93).

Table 1 Selected small molecule CCR5 inhibitors that have been evaluated in vitro

Compound Comments
CMPD-167 (127,
142, 144, 147)

From Merck; used in proof-of-principle studies in macaques; licensed
to the International Partnership for Microbicides for development as a
topical microbicide.

TAK-779 (89) From Takeda; first in class; no longer in clinical development
TAK-220 (150) From Takeda; in clinical development
TAK-625 (151) From Takeda; in clinical development
AD101 (119) From Schering-Plough; no longer in clinical development
SCH-C (152) From Schering-Plough; no longer in clinical development
Vicriviroc (153) From Schering-Plough; in Phase 2/3 clinical trials
Aplaviroc (99) From GlaxoSmithKline; Phase 2/3 trials halted due to hepatotoxicity
Maraviroc (132) From Pfizer; recently approved in the United States for

treatment-experienced patients
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CCR5 Inhibitors Act Via Allosteric Mechanisms

The GPCR superfamily is now well known for its susceptibility to allosteric modu-
lation (97), and three principle lines of evidence suggest that small-molecule CCR5
inhibitors act against HIV through an allosteric mechanism, i.e., induction or stabi-
lization of a conformation of CCR5 that is not compatible with HIV gp120 binding
(Figure 2). First, the binding sites on CCR5 for the inhibitors do not overlap with that
of the virus; second, detailed biochemical studies have shown that the small molecules
block engagement of CCR5 by chemokines via a mechanism that is noncompetitive
(96); and third, certain mutations introduced into CCR5 will allow some inhibitors
to bind to CCR5 but prevent them from inhibiting coreceptor activity, presumably
by preventing conformational changes (98).

Several Different Ways to Achieve Allosteric Inhibition of CCR5

The subtleties of allosteric inhibition of CCR5 have been revealed by analysis of
the properties of certain CCR5 mutants. The CCR5 I198M variant prevents SCH-C
from inhibiting HIV infection, but does not disrupt its ability to block signaling medi-
ated by RANTES/CCL5, nor affect the anti-HIV activity of another small-molecule
inhibitor, AD101 (98). At the same time, another variant, CCR5 F113A, blocks inhi-
bition by AD101 but does not affect the inhibitory activity of SCH-C (98). Different
inhibitors can also show selective effects on different CCR5 ligands. Whereas most
CCR5 inhibitors are potent antagonists of all of the natural CCR5 ligands, aplavi-
roc efficiently antagonizes MIP1α/CCL3 binding, but is much less potent against
MIP1β/CCL4 or RANTES/CCL5 (96, 99). Hence, whereas all the small-molecule
CCR5 inhibitors tested appear to occupy overlapping binding pockets on the re-
ceptor and act via a similar mechanism, the conformational details of the inhibitory
effect may differ between molecules. These differences are significant because they
may affect the extent to which signal transduction through CCR5 is suppressed as
well as having an impact on the nature of the escape mutants that are selected in the
presence of a given inhibitor.

ANTI-CCR5 ANTIBODIES

Monoclonal antibodies are becoming an increasingly predominant drug class, with
applications in a wide range of diseases (100). Although intact antibodies are rela-
tively expensive to produce and normally need to be administered via injection, their
beneficial features include typically long circulatory half-lives and a lack of compound-
specific toxicity. Many mouse anti-CCR5 monoclonal antibodies (MAbs) with anti-
HIV activity have been identified and extensively characterized for their binding sites
on CCR5 and their capacity to modulate receptor pharmacology (101–104).

Binding Site and Mechanism of Action

The footprint of an antibody binding site is sufficiently large to ensure overlap with the
gp120 binding site on CCR5. It is therefore probable that the inhibitory mechanism
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of anti-CCR5 MAbs involves steric blockade of the receptor (Figure 2). It should be
noted, however, that there is no apparent correlation between the potency with which
a number of different anti-CCR5 MAbs inhibit the binding of gp120:sCD4 complexes
to CCR5 and the potency with which they inhibit the infection process (101, 102).
This may be due to experimental conditions (e.g., the use of monomeric, not virion-
associated gp120), but a recent study has indicated that one anti-CCR5 MAb may
function at a step that occurs after CCR5 engagement by the virus (105). None of
the inhibitory MAbs have proven to be CCR5 agonists or induce internalization of
CCR5 (101, 102, 104). The majority have been described as chemokine antagonists
(101, 102, 106), although exceptions with relatively weak antagonist properties for
some chemokines have been noted (101, 104, 106).

Human and Humanized Antibodies: Genuine Clinical
Candidates for Therapy

Although rodent antibodies are useful for studying inhibitory mechanisms, they are
not suitable for use in therapy because of the human antimouse antibody response
(100). More recently, human [CCR5mAb004 (107)] and humanized [PRO 140 (108)]
anti-CCR5 antibodies have been developed. These antibodies, which have been tested
clinically, are discussed in more detail below.

Suitability for Use in Prevention

The production costs of intact MAbs, as well as their need for cold chain storage,
makes them somewhat unsuitable candidates for development as candidates for use
in prevention (68, 69), but the use of plants to produce intact MAbs “plantibodies”
(108a), or yeast to produce antibody fragments (109) have been proposed as routes
to large-scale, low-cost production.

RNA INTERFERENCE

RNA interference (RNAi) is an evolutionarily conserved posttranscriptional gene-
silencing mechanism in which small interfering double-stranded RNA (siRNA) me-
diates sequence-specific degradation of mRNA (110, 111). Exogenously delivered
siRNA is capable of triggering RNAi in mammalian cells, and this phenomenon has
been exploited by several groups to generate strategies to block HIV replication (re-
viewed in 112). One such strategy involves RNAi targeting of CCR5, an approach
that has been shown to provide long-duration protection of differentiated primary
target cells for HIV via the reduction of cell surface levels of coreceptor (Figure 2)
(113, 114).

Key Issues: Delivery, Acceptability, and Cost

As is the case for other CCR5 inhibition strategies, RNAi targeting of CCR5 could
lead to class-specific toxicity, but an inhibitory mechanism that involves reducing
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levels of CCR5 at the cell surface may present a formidable barrier against the de-
velopment of resistant escape mutants. RNAi strategies could potentially be used
for both therapy and prevention, although efficient delivery systems will be key to
success, particularly for therapeutic strategies where systemic exposure is required.
In this regard, viral vector-mediated delivery of siRNA targeted to CCR5 has been
demonstrated in vitro (114), but gene delivery approaches using viral vectors remain
largely conceptual and may be many years away from regulatory approval. Further-
more, the acceptability of all approaches using RNAi may be compromised if they are
classified, however inappropriately, as gene therapy. Finally, while the potential for
achieving long-term protection of target cells after a single dose makes RNAi-based
strategies particularly promising for further development as topical microbicides, it
will be necessary to demonstrate that an economically feasible cost per dose can be
achieved.

GENERATION OF RESISTANCE TO CCR5 INHIBITORS

CCR5 Inhibitors: A New Paradigm for the Development
of HIV Resistance

HIV is well known for its ability to rapidly generate resistant escape mutants to
antiviral drugs. Escape is generally achieved through the evolution of structural vari-
ants of the virus-encoded target that block the effect of the inhibitor while retaining
function (115). This escape route will not be open to the virus when it is faced with
drugs that are targeted to a host-encoded structure like CCR5, however, so CCR5
inhibitors might be expected to present a more substantial barrier to the development
of escape mutants than previous drug classes. Although HIV might benefit from an
increased capacity to escape inhibition because it uses its most “plastic” gene prod-
uct, the envelope glycoprotein complex, to engage coreceptors, the malleability of
the HIV envelope has almost certainly evolved owing to selection pressure from the
humoral immune system (116), and simultaneous selection pressure driven by neu-
tralizing antibodies may reduce the ability of HIV to introduce or maintain sequence
changes required for resistance to coreceptor inhibitors in vivo (117, 118). The sit-
uation is further complicated by the fact that HIV could, in principle, respond to
CCR5 inhibition by switching coreceptor usage over to CXCR4, a scenario that is
of significant concern given the link between the emergence of X4 viruses and rapid
disease progression. For these reasons, a great deal of emphasis has been placed on
the generation of resistance to CCR5 inhibitors in both in vitro and in vivo settings.

No Coreceptor Switch to CXCR4 In Vitro

Several published studies have described the in vitro selection of R5 viruses for re-
sistance to the selection pressure of small-molecule CCR5 inhibitors (119–122). In
all of these studies, primary R5 isolates were cultured with physiological target cells
that are permissive for replication of both R5 and X4 viruses in the presence of in-
creasing concentrations of small-molecule CCR5 inhibitors. Despite the availability
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of CXCR4 and the fact that other studies have shown that engineering mutations into
a few key positions in the envelope glycoprotein is sufficient to confer X4 phenotype
in some R5 viruses (31), all of the resistant viruses retained usage of CCR5 (119–122).
The most likely explanation for this phenomenon is that the intermediates involved
in the evolution from R5 to X4 are less fit than the starting virus and/or more sensitive
to the selecting CCR5 inhibitor (123, 124).

Evidence for Coreceptor Switch and X4 Breakthrough In Vivo

When a human peripheral mononuclear cell–SCID mouse model was used to test the
in vivo efficacy of a chemokine analog, NNY-RANTES, coreceptor switch mutants
were readily obtained (125). One explanation for this result, which contrasts with
results obtained in in vitro tests using small-molecule inhibitors, was the choice of
the HIV-1 242 isolate as the R5 challenge virus, which is likely to have increased the
probability of coreceptor switch variants because it is known that only a single amino
change will generate the 241 sequence, which is an R5X4 virus (126).

In a macaque model of D/M infection, the CCR5 inhibitor CMPD167 was used
to treat macaques infected with an R5 SIV and an X4 SHIV. During treatment, all
animals showed reductions in R5 viral load, as well as in total viral load. Some animals
showed a rise in the X4 component immediately after the initiation of treatment, but
X4 levels were seen to return to baseline before the end of the treatment period (127).
This suggests that treatment with CCR5 inhibitors may not lead to expansion of X4
viruses in D/M infections.

Coreceptor Switch or X4 Breakthrough: Does Not Appear
to Be a Significant Risk

Available preclinical evidence from both in vitro and in vivo models suggests that
neither coreceptor switch of R5 viruses to use of X4 nor expansion of X4 viruses
present in low levels in mixed isolates is likely to take place during therapy with
CCR5 inhibitors (119–122, 127). Although following this parameter very carefully
during clinical studies remains a priority (see below), at present it appears that the
main viral escape route from small-molecule CCR5 inhibitors is adaptation to enable
continued use of CCR5 in the presence of the inhibitor.

Mechanisms of Resistance by Viruses That Retain Usage of CCR5

There are two likely mechanisms of resistance to coreceptor inhibitors, termed com-
petitive resistance and noncompetitive resistance by analogy with competitive and
noncompetitive inhibition (128) (Figure 3).

Competitive resistance is defined as resistance that results in a shift in the IC50

of an inhibitor to a higher concentration, although complete inhibition may still be
achieved at sufficient inhibitor concentrations. It would arise from more efficient use
of inhibitor-free CCR5 to gain access to target cells, enabling HIV to scavenge low
levels of inhibitor-free CCR5. Competitive resistance could arise from the envelope
glycoprotein either by developing a higher affinity for CCR5 or from acquiring more
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Figure 3
Proposed resistance mechanisms for viral escape from CCR5 inhibitors. Graphs indicate
model dose-inhibition curves for sensitive viruses (blue curves) or resistant viruses (red curves).
(a) Competitive resistance. Changes in Env structure allow the virus to make more efficient
use of unoccupied receptors, hence higher concentrations of inhibitor are required to achieve
levels of receptor occupancy necessary for inhibition. This has the effect of increasing the IC50
value of the inhibitor ( gray arrow), but maximal inhibition is still possible (both curves plateau
at 100%). (b) Noncompetitive resistance. Changes in Env structure enable the virus to use
occupied receptors as coreceptors, albeit with lower efficiency than unoccupied receptors.
This has the effect of reducing maximal inhibition from 100% ( gray arrow), but because
residual inhibition is related to receptor occupancy, the IC50 value is unchanged. Adapted
from Reference 128.
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rapid fusion kinetics after CCR5 engagement. In theory, the competitive resistance
mechanism could apply to either competitive or allosteric inhibitors. However, the
extremely slow off-rates of the small molecules targeting CCR5 [t1/2 ≈ 50 to ≥150 h
(96)] suggest that scavenging free CCR5 in the presence of these inhibitors would be
a challenge. Competitive inhibitors, such as MAbs, which are complexed to CCR5 at
the cell surface and may transiently dissociate, are more likely to be affected by this
mechanism.

In noncompetitive resistance, inhibitor IC50 values are equivalent to those for the
fully sensitive virus, but at maximum (plateau) levels inhibition remains incomplete.
This implies that the resistant envelope glycoprotein complex has adapted to use
the inhibitor-bound form of CCR5 as a coreceptor. The level of residual inhibition
once the effect has saturated reflects the efficiency with which the virus can use the
inhibitor-CCR5 complex relative to inhibitor-free CCR5. It is improbable that this
type of resistance would arise from the selection pressure of a competitive inhibitor
that acts via steric blockade (i.e., MAbs, see Figure 2). Instead, it would seem more
probable for inhibitors with allosteric mechanisms that induce CCR5 conformations,
which are not usually compatible with coreceptor activity but which nonetheless
remain accessible to HIV. Evidence for noncompetitive resistance can be provided
in cross-antagonism experiments using pairs of inhibitors that block each other’s
inhibitory mechanisms, where the virus is sensitive to one inhibitor (“active inhibitor”)
and resistant to the other (“inactive inhibitor”). Blockade of active inhibitor in the
presence of the inactive inhibitor is an indication that the virus is capable of using
receptors occupied by the inactive inhibitor as coreceptors (121, 128).

What would happen in approaches that lead to removal of CCR5 from the cell
surface? Chemokine analogs such as PSC-RANTES, which act in this way, would
seem to pose additional challenges to the development of competitive resistance. Not
only do these molecules induce drastic reduction in cell surface levels of CCR5 (83), it
is likely that they also remain available to sterically block any receptor molecules that
are remaining at the surface or which have been recycled back to the surface after
internalization (129). In preliminary in vitro studies using standard approaches it
has proved impossible to generate viable escape mutants resistant to PSC-RANTES
(130). RNAi approaches targeting CCR5 may also provide a major barrier to the
development of escape mutants. Viruses escape from RNAi targeted to viral genes by
simply modifying the sequence of the transcript (112), but this escape route would
not be open when the target is a host gene such as CCR5. Future work should help
establish whether it is possible for HIV to escape from the effects of inhibitors that
eliminate CCR5 from the cell surface, and if so, how escape is achieved.

Generation of Resistance to Small-Molecule Inhibitors:
Implications for Clinical Use

A number of in vitro studies of the generation of resistance to small-molecule in-
hibitors have been carried out (Table 2). The escape pathways all involved con-
tinued use of CCR5 to replicate in lymphocytes in the presence of the inhibitor
(119–122). The mechanism of inhibition has been shown to be noncompetitive in all
cases where it has been examined (121, 128), either by the demonstration of a plateau
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Table 2 Studies of in vitro resistance generated against CCR5 inhibitors

Cross-resistance to CCR5 Resistance
inhibitors mechanism

Inhibitor
Starting
isolate

Changes to
env Resistant Sensitive

(how
determined) References

AD101 CC1/85 V3 region:
H308P,
K305R,
A316V,
G321E

AD101, SCH-C,
vicriviroc,
maraviroc,
aplaviroc

PSC-RANTES,
PRO 140

noncompetitive
(plateau,
antagonism of
PSC-RANTES
by vicriviroc)

(119, 128,
154); SEK,
T.J. Ketas,
J.P. Moore,
unpublished
results

vicriviroc CC1/85 All outside V3
region

vicriviroc, AD101,
SCH-C,
maraviroc,
aplaviroc

PSC-RANTES,
PRO 140

noncompetitive
(antagonism of
PSC-RANTES
by vicriviroc)

(120, 128);
SEK, T.J.
Ketas, J.P.
Moore,
unpublished
results

CC1/85
early
passage
from
AD101
selec-
tion;
H308P
present

V3 region:
H308P
retained;
other
mutations
outside V3
region

vicriviroc, AD101,
SCH-C,
maraviroc,
aplaviroc

PSC-RANTES,
PRO 140

ND

maraviroc CC1/85 V3 region:
A316T,
I323V

maraviroc SCH-C,
vicriviroc,
aplaviroc

noncompetitive
(plateau,
antagonism of
aplaviroc by
maraviroc)

(121, 155)

RU570 V3 region:
deletion at
positions
315–317

maraviroc SCH-C,
vicriviroc,
aplaviroc

noncompetitive
(plateau)

TAK-
652

KK Multiple
changes both
within and
outside V3
region

TAK-625
TAK-779

TAK-220 ND (122)

in single-cycle assays in cell lines (see Figure 3) or cross-antagonism studies (see
above). The results of these studies have important implications for the clinical use
of small-molecule inhibitors, including the generation of phenotypic and genotypic
assays to predict the emergence of resistant viruses and the likelihood that resistant
viruses selected against one small molecule inhibitor will show cross-resistance to
other CCR5 inhibitors.
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Changes to Env: No Clear Genotypic Signature that Accompanies
Development of Resistance

The studies carried out so far have not revealed a common resistance pathway against
small-molecule CCR5 inhibitors, as have been seen previously for drug classes tar-
geting virus-encoded structures (131). The observation that the same primary virus
isolate, CC1/85, can generate resistance to three different small-molecule inhibitors
in three different ways (Table 2) may be a reflection of subtle differences in the
inhibitory mechanisms of the different molecules and an indication that HIV can
use its highly flexible envelope glycoprotein to find a number of different solutions
to the same problem. Significantly, if a complex network of escape pathways from
individual CCR5 inhibitors is available to HIV, this will make monitoring of the gen-
eration of resistant mutants by genotyping impossible, and reliable phenotypic assays
using viruses pseudotyped with envelope glycoproteins will be required instead. In
this regard, recent evidence suggests that the apparent levels of sensitivity to CCR5
inhibitors exhibited by escape viruses that exhibit noncompetitive resistance can vary
to a significant extent according to the target cell (primary cells versus cell line) and
assay type (replication versus single cycle) used (121, 128). These differences need to
be taken into account in the design and interpretation of phenotypic assays to monitor
the development of resistance to CCR5 inhibitors.

Generation of Cross-Resistance to Other Small-Molecule
CCR5 Inhibitors

Given the apparent similarities between small-molecule CCR5 antagonists, both
in terms of CCR5 binding sites and inhibitory mechanisms, it is perhaps not sur-
prising that acquisition by viruses of resistance to one molecule can lead to broad
cross-resistance to the other molecules in the class. Two of the four in vitro stud-
ies did not lead to the generation of broadly cross-resistant viruses, however, in-
dicating that while cross-resistant escape is certainly a possibility, it is not in-
evitable. Selective resistance may be a reflection of the subtleties of the allosteric
inhibitory mechanisms—while having broadly overlapping binding sites on CCR5,
different molecules may be capable of inducing different inhibitory conformations of
CCR5.

The potential for viruses to develop, under certain circumstances, broad cross-
resistance to small-molecule CCR5 inhibitors may become a clinically relevant pa-
rameter. First, will maraviroc, as in vitro studies have suggested (Table 2), prove to
be less prone to the development of cross-resistant escape mutants than the other
small-molecule inhibitors? Second, would the development of viruses resistant to a
given CCR5 inhibitor in a treated individual mean other CCR5 inhibitors will be
ruled out as options for therapy? Third, in light of the fact that that CMPD 167
is a small-molecule CCR5 inhibitor currently being developed for use as a topical
microbicide, would the development of viruses resistant to a CCR5 inhibitor used
for therapy ultimately undermine the performance of another small-molecule drug
that has been developed for use in HIV prevention?
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Table 3 CCR5 inhibitors that have been clinically tested as HIV therapeutics

Molecule Class Status Comments Reference
Aplaviroc Small molecule Clinical development

terminated in 2005
Safety issues: several cases of severe
hepatotoxicity

(135)

Maraviroc Small molecule Phase 2b/3 treatment naı̈ve:
ongoing

One case of severe hepatotoxicity not
considered drug related.

(137)

Phase 2b/3 treatment
experienced: completed

Well tolerated, potent antiretroviral
effect through 24 weeks. Approved for
use in treatment-experienced
individuals.

(4, 138)

Vicriviroc Small molecule Phase 2b/3 treatment naı̈ve:
Terminated in 2006

Lack of sufficient efficacy (136)

Phase 2b/3 treatment
experienced: ongoing

Phase 2b trial unblinded due to
malignancies. Well tolerated, potent
antiretroviral effect through 24 weeks.
Open label follow-up continues.

(49a)

PRO 140 MAb Phase 1b Tolerated, prolonged reduction of viral
load after a single dose

(156)

CCR5mAb004 Phase 1b Tolerated, prolonged reduction of viral
load after a single dose

(157)

EVALUATION OF CCR5 INHIBITORS AS THERAPEUTICS
IN RECENT CLINICAL TRIALS

Results from large-scale efficacy studies of three small-molecule CCR5 inhibitors,
as well as from early clinical studies of two anti-CCR5 MAbs have recently been
reported (Table 3).

Phase 2b/3 Trials of Small-Molecule Inhibitors: Some Success,
Some Attrition

Although successful Phase 2a trials were reported for three small-molecule CCR5
inhibitors (132–134), some obstacles were subsequently encountered during the Phase
2b/3 trials that followed. Clinical development of aplaviroc was terminated in late
2005 owing to safety fears after a number of severe cases of hepatotoxicity were
reported (135), and a few months later, the large-scale trial of vicriviroc in treatment-
naı̈ve patients was halted owing to insufficient efficacy (136). There have also been
some very encouraging results from the Phase 2b trials, however. Vicriviroc is still
under evaluation for use in treatment-experienced individuals, and maraviroc, which
has recently been approved for use in this setting (4), may yet be approved for use in
treatment-naı̈ve patients.

No Clear Signs of Class-Specific Toxicity

The toxicity issues that have emerged so far in trials involving small-molecule CCR5
inhibitors appear to have been either compound-specific, in the case of aplaviroc
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(severe hepatotoxicity), or have not been linked to the use of the drug, in the case
of vicriviroc [malignancies, (49a) and maraviroc [severe hepatotoxicity, (137)]. Long-
term monitoring for class-specific toxicity is nonetheless imperative, and five-year
follow-up studies, including monitoring for class-specific toxicity, have been recom-
mended for all CCR5 inhibitors approved for use in therapy (62).

No Escape by Coreceptor Switching to CXCR4; No Breakthrough
of X4 Viruses

As predicted by the preclinical data obtained in vitro and in vivo, the clinical trials
carried out with the small-molecule CCR5 inhibitors have not suggested that their
use leads to harmful virological effects related to the selection for or emergence of X4
viruses. In trials involving treatment-experienced patients using an optimized back-
ground regimen, patients who failed treatment with maraviroc were found to be more
likely to have detectable X4 viruses than those taking placebo. The maraviroc-treated
patients were much less likely to fail treatment overall, however. Genotypic analysis
has shown that the emergence of X4 viruses during treatment was due to expansion
of a preexisting, but undetectable, population of X4 viruses. In a trial in patients with
D/M virus, mean viral load in the maraviroc group did not differ from the placebo
group, and other virologic parameters were only marginally improved. On the other
hand, clinical parameters such as CD4 and CD8 counts were significantly improved
in the maraviroc-treated group (138). Thus, it appears that although treatment of the
X4 component of D/M infections with a small-molecule CCR5 inhibitor is unlikely
to have significant virologic benefit, it is unlikely to be harmful.

In Vivo Resistance to Small-Molecule CCR5 Inhibitors Involving
Continued Use of CCR5

For approximately 45% of treatment-experienced patients experiencing treatment
failure on maraviroc, only R5 virus was detectable. Of a subset of these viral isolates
that were analyzed, approximately half showed resistance in a phenotypic assay using
envelope glycoprotein pseudotyped viruses. These in vivo–selected, R5-tropic drug-
resistant viruses all had properties consistent with noncompetitive resistance (lower
plateaus, unchanged IC50 values; see Figure 3). Clonal analysis revealed mutations in
V3 that were shown to be involved in resistance in all of the cases studied, although
other uncharacterized mutations outside of V3 were also implicated in some cases. As
was the case for the in vitro escape mutants, no pattern to the V3 mutations involved
was apparent (138).

Anti-CCR5 MAbs Performing Well in Early Clinical Trials

Results from Phase 1b studies of two monoclonal anti-CCR5 antibodies, PRO 140
and CCR5mAb004, have been recently reported. The antibodies were well tolerated
at the highest doses tested, and because the safety studies were performed in pa-
tients with R5 HIV, it was possible to obtain preliminary data related to their efficacy.
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Both of the antibodies showed promising efficacy, producing viral load reduction
that was sustained for several weeks following a single dose. Hence, the clinical eval-
uation of strategies using anti-CCR5 MAbs for HIV therapy is encouraging at this
stage, and there is additional preclinical evidence to suggest that not only could anti-
CCR5 MAbs provide synergy if used clinically together with small-molecule CCR5
inhibitors (105, 139, 140) but they could also be deployed in cases where individuals
had developed R5 viruses resistant to small molecule CCR5 inhibitors (Table 2). Al-
though the MAbs are injectables rather than orally available, the data available suggest
that dosing as infrequent as twice monthly may provide a satisfactory outcome, and
this compares well with the twice-daily injection regime that is necessary for Fuzeon
(141), the only injectable anti-HIV drug that is currently registered.

PRECLINICAL EVALUATION OF CCR5 INHIBITORS
DEVELOPED FOR USE IN PREVENTION

Microbicides: To Target CCR5 Alone or in Combination
with Other Targets?

Two CCR5 inhibitors, CMPD-167 and PSC-RANTES, have shown efficacy in a
macaque model of vaginal transmission. In the first reported test, CMPD-167 pro-
vided only moderate levels of protection from challenge with an R5-tropic SHIV (two
out of eleven animals protected) at the highest dose tested [1 mM (142)]. The results
from this challenge experiment supported the argument that to successfully prevent
transmission using topical strategies, it will be necessary to simultaneously block a
number of different infection routes for HIV (143). The inability of CMPD-167
alone to block transmission in this study may have been due to insufficient efficacy at
the dose used, however, because in subsequent experiments using the same model it
was shown that use of CMPD-167 at a higher concentration (5 mM) can provide sub-
stantial protection [eight of ten animals protected (144)]. More compelling evidence
was provided in a third study, where PSC-RANTES provided full protection (five
out of five animals) at a 1 mM concentration (145). While these latter results suggest
that topical targeting of CCR5 alone may be a valid HIV prevention strategy, it is
noteworthy that high levels of protection are achievable when combinations of drugs
with different inhibitory targets are used together (144), indicating that it would
be prudent to explore microbicide cocktails comprising combinations of different
inhibitors, including drugs that block CCR5.

Large Quantities of Drug are Likely to be Required
for Effective Doses

A key concept that has emerged from a range of different studies in the macaque
model is that to demonstrate efficacy in this model entry inhibitors are required at
concentrations hugely in excess of their in vitro IC50 values (68, 69). While there
are a number of potential explanations for this phenomenon, the likelihood is that
it does not simply relate to species differences between humans and macaques, and
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that similarly high doses of entry inhibitors will be required for effective protection in
humans. Crucially, this implies that drugs that are expensive to produce are unlikely to
be feasible for development as topical microbicides. Commentators have pointed out
(68, 69, 88) that it will be a challenge to find low-cost production methods for intact
MAbs, which are normally produced in relatively expensive expression systems, as well
as molecules like PSC-RANTES, whose production requires chemical synthesis steps
(83). With respect to the latter point, a recently described group of fully recombinant
RANTES analogs with in vitro potency comparable with that of PSC-RANTES
may provide an efficacious and cost-effective alternative to the chemically modified
molecule (146).

In-Depth Safety Studies Will Be Required

Studies of CCR5 inhibitors for prevention are currently at the preclinical stage, and
little data relating to their safety is available. The observations from the clinical trials
of small-molecule CCR5 inhibitors provide some reassurance that targeting CCR5
systemically will not lead to toxicity, but additional studies focused on the impact of
topical inhibition of CCR5 at genital mucosa will be required to assess the safety of
new microbicide candidates. Local immunosuppression is a potential class-specific
effect, as is the potential to provoke local inflammation in the case of chemokine
agonists such as PSC-RANTES (10). It should be noted that because chemokine
receptor genes are not highly conserved between species, animal models for safety may
fail to pick up effects directly related to receptor activity. It may therefore be prudent
to place more emphasis on carefully planned Phase 1 safety studies in populations
not at risk from HIV acquisition.

Getting Coitally Independent Protection

Coital independence is likely to be a key parameter for a successful prevention ap-
proach. This could, in principle, be addressed by preexposure prophylaxis, i.e., main-
tenance of protective systemic levels of a drug through oral dosing; indeed, CMPD-
167 has shown some efficacy in a macaque model of PrEP (147). The drug doses
required for an effect were significantly higher than those necessary for detectable
efficacy when topical administration was used, however, so it would seem that any
advantages with respect to coital independence might be offset by the disadvantage
of the necessity for increased doses.

For topical microbicides, it is hoped that optimized formulation strategies will
generate products that provide coitally independent protection (68), but the drug
component could also make a positive impact on this parameter if its pharmacological
characteristics led to long-duration inhibition. The pharmacological properties of
certain CCR5 inhibitors, e.g., very slow receptor off-rates exhibited by the small-
molecule inhibitors and sustained intracellular sequestration of the receptor induced
by RANTES analogs, may prove to be significant in this regard.
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The Threat of Resistant Mutants

HIV can undoubtedly generate escape mutants during exposure to small-molecule
CCR5 inhibitors, and in some cases this leads to the generation of cross-resistance
to other drugs in the same class. Could the initiation of therapeutic strategies based
on targeting CCR5 lead to the dissemination of broadly cross-resistant viruses that
would render prevention strategies based on targeting CCR5 ineffective? The per-
tinence of this question is underlined by the fact that maraviroc, a small-molecule
CCR5 inhibitor, is likely to enter use as a therapeutic in the near future, while the
most advanced CCR5 inhibitor in development for prevention applications is another
small-molecule CCR5 inhibitor, CMPD-167. Although the probability of generat-
ing broadly resistant viruses in an individual is quite high, the probability of these
viruses spreading into an uninfected population will be reduced by a number of fac-
tors. First, the size of the population having access to the CCR5 inhibitor for therapy
is likely to be quite small, at least for the first years of its use. Second, the loca-
tion of the population having access to the CCR5 inhibitor for therapy is likely to
be geographically distinct from the populations most in need of prevention strate-
gies. This is principally because the immediate requirement of people in populations
worst affected by the HIV epidemic is not a new drug class, but access to standard
first-line antiretroviral therapy. Furthermore, it may be inadvisable to use CCR5 in-
hibitors for therapy in tropical regions where pathogens against which CCR5 may
be an essential component of the host defense mechanism (e.g., West Nile Virus)
are prevalent. Third, although there is no clear information with respect to clinical
CCR5 resistance at present, viruses resistant to other drug classes are typically rela-
tively unfit, and this may reduce their potential to spread into uninfected populations
(148).

The Threat of Attrition During Clinical Development

The mixed fortunes of the small-molecule CCR5 inhibitors in Phase 2b/3 trials
provide yet another example of a well-established concept: Very promising drug can-
didates can drop out of the pipeline relatively late in the clinical development process.
The pharmaceutical industry has the resources to partially cover this risk by generat-
ing and maintaining a series of candidate drugs at earlier stages in development. This
is not the case for the development of drugs for HIV prevention, however. While
the pharmaceutical industry does participate by occasionally out-licensing molecules
that are no longer in development, e.g., Merck’s provision of CMPD-167 to the
International Partnership for Microbicides (149), it cannot be expected to donate
and maintain entire research and development programs to insure against the risk
of attrition. There is an unquestionable need for new and effective HIV prevention
strategies, and a clear scientific rationale for achieving effective HIV prevention via
CCR5 blockade. But the current pipeline of CCR5 inhibitors for development as mi-
crobicides, which is limited to CMPD-167 and a small group of RANTES analogs,
is certainly not free from the threat of attrition during the clinical development
process.
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CONCLUSIONS

With CCR5 inhibitors now available as a new class of therapeutic anti-HIV drugs,
as well as showing promise in preclinical models for HIV prevention, this is an ex-
citing period in the history of HIV coreceptor inhibitors. New challenges, related
to managing the risks of toxicity and novel viral escape mechanisms, need to be met
to ensure that maximum benefits are reaped from the therapeutic use of CCR5 in-
hibitors. The development of CCR5 inhibitors for HIV prevention presents an even
bigger challenge, all the more so because it relates to issues that are not generally con-
cerns in drug development. HIV coreceptors were first identified slightly more than
ten years ago; the next ten years will reveal whether coreceptor inhibitors can fulfill
their promise as effective tools to combat the HIV epidemic through both therapy
and prevention.

SUMMARY POINTS LIST

1. To combat the HIV epidemic, new drugs for both prevention and therapy
are required. CCR5 is a promising anti-HIV target for both therapy and
prevention.

2. In addition to maraviroc, other orally available small-molecule CCR5 in-
hibitors are likely to enter clinical use as therapeutics in the near future, and
monoclonal antibodies directed against CCR5 are showing promise in early
clinical trials.

3. New therapeutic drugs targeting CCR5 will have to be monitored care-
fully for the development of escape mutants, the promotion of viruses using
CXCR4 as a coreceptor, and any effects on health related to suppression of
the physiological function of CCR5.

4. The key concerns for the development of HIV prevention strategies based
on CCR5 inhibition are different from those related to the development of
therapeutics and must be properly addressed to make an impact on the HIV
epidemic.

5. CCR5 inhibitors have shown promise in preclinical studies related to HIV
prevention.
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