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Infection of target cells by HIV is a complex, multi-stage process involving attachment to host cells and CD4
binding, coreceptor binding, and membrane fusion. Drugs that block HIV entry are collectively known as
entry inhibitors, but comprise a complex group of drugs with multiple mechanisms of action depending
on the stage of the entry process at which they act. Two entry inhibitors, maraviroc and enfuvirtide, have
been approved for the treatment of HIV-1 infection, and a number of agents are in development. This
review covers the entry inhibitors and their use in the management of HIV-1 infection.

This article forms part of a special issue of Antiviral Research marking the 25th anniversary of antiretro-
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. Introduction

The use of highly active antiretroviral therapy, or HAART, to treat
atients infected with HIV has resulted in profound reductions in
orbidity and mortality from AIDS (Detels et al., 1998; Gulick et al.

003; Hammer et al., 1996; Palella et al., 1998). Recent studies have
emonstrated that the early initiation of HAART in asymptomatic
atients with higher CD4+ T cell counts leads to an improvement

n survival compared with delayed therapy (Kitahata et al., 2009)

AART does not eradicate HIV infection, but rather suppresses the
irus, often to below the limit of detection in patient plasma (Chun
t al., 1997; Finzi et al., 1997; Wong et al., 1997), requiring sus-
ained treatment to prevent reactivation of the virus and disease
rogression (Chun et al., 1999). HAART regimens have tradition-
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ally involved antiretroviral agents from three classes: nucleoside
reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTIs), and protease inhibitors (PIs).
While these regimens are effective in many patients, long-term
toxicities, drug–drug interactions, and the emergence and trans-
mission of drug-resistant strains of HIV limit their effectiveness
(Boden et al., 1999; Lucas et al., 1999; Piscitelli et al., 1996; Wegner
et al., 2000; Yerly et al., 1999). As a consequence, the identification
of new drugs that inhibit viral replication is a pressing need for the
treatment of HIV patients.

One stage of the HIV life cycle that presents targets for therapeu-
tic intervention is the entry of virus into host cells. Drugs that block
HIV entry are collectively known as entry inhibitors, but comprise a

complex group of drugs with multiple mechanisms of action. This is
a reflection of the intricate, multi-step process that HIV undergoes
during entry: attachment to host cells and CD4 binding, coreceptor
binding, and membrane fusion. All of these stages are mediated by
the viral envelope (Env) proteins, gp120 and gp41, which are the

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:tilton@mail.med.upenn.edu
dx.doi.org/10.1016/j.antiviral.2009.07.022
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ig. 1. Schematic of HIV gp120 and gp41 envelope proteins. The gp120 protein con
′ linked glycosylation sites are indicated by branched structures. The lighter colore

ormed following CD4 binding. The gp41 protein contains an N′ terminal fusion pep
he location of the hinge region and the membrane proximal region (MPR) are also

nly viral proteins that project from the membrane of the virion.
oncovalently associated homotrimers of gp120 and gp41 subunits
ssemble into between 8 and 14 functional spikes on the surface of
irions (Zhu et al., 2003, 2006, 2008), though it is not known how
any are needed to elicit the membrane fusion process (Magnus et

l., 2009; Yang et al., 2005).
Since the structure of the Env proteins is crucial to an under-

tanding of the entry process, a brief review of their key features is
ssential (Fig. 1). The gp120 and gp41 proteins are initially synthe-
ized as a single polypeptide precursor, gp160, which is cleaved
uring transit to the cellular membrane. The gp120 subunit of
nv mediates attachment, CD4 binding, and coreceptor binding,
nd consists of five conserved (C1–C5) and five variable (V1–V5)
omains (Starcich et al., 1986). The conserved regions form the
ore of gp120 and contain many of the domains critical for bind-
ng to host cells. In contrast, the variable domains are located near
he surface of gp120, with V1–V4 forming exposed ‘loops’ that are
nchored at their bases by disulfide bonds (Leonard et al., 1990). The
ariable loops, along with numerous glycosylation sites, provide
onstantly evolving epitopes for the humoral immune response,
ut their function is not strictly for immune evasion: the V1/V2 and
articularly the V3 loop have important roles in Env binding to core-
eptor. The gp41 subunit of Env encodes the molecular machinery
hat drives membrane fusion. The protein contains a large extracel-
ular ectodomain, a transmembrane spanning anchor, and a large
ytoplasmic domain on the inside of the virion membrane. The
ctodomain contains a hydrophobic, N′ terminal fusion peptide and
wo heptad-repeat domains (HR1 and HR2) that are critical to the
usion process (Dubay et al., 1992; Wild et al., 1994).

. The HIV entry process

Infection of target cells by HIV is a complex, multi-stage pro-
ess involving attachment to host cells and CD4 binding, coreceptor

inding, and membrane fusion (Fig. 2). The initial interaction
etween HIV and a target cell may be facilitated by nonspecific

nteractions between positively charged domains on the gp120
rotein and negatively charged proteoglycans on the cellular mem-
rane (Mondor et al., 1998; Moulard et al., 2000) or by specific

ig. 2. Model of the multi-step process of HIV entry. The CD4 and coreceptor molecules a
ssociated with the viral membrane (curved, top). HIV entry is initiated by attachment of
ormation of the bridging sheet minidomain and extension of the V3 loop. The interactio
3 loop and adjacent regions and the N′ terminus of the coreceptor and (2) the crown of
oreceptor, gp120 undergoes further conformational changes that allow for the insertion
nd HR2 domains results in the formation of the six-helix bundle which brings the host a
f the HIV capsid into the host cell.
five conserved (C1–C5) and five variable (V1–V5) domains. Positions of conserved
ions in the C1, C2, and C4 domains represent the bridging sheet minidomain that is
P), two heptad-repeat domains (HR1 and HR2), and a transmembrane anchor (TM).
ted.

interactions with cell surface lectin binding proteins such as DC-
SIGN. Such attachment factors, while not needed for infection, can
enhance the efficiency of virus infection (Geijtenbeek et al., 2000).
The primary receptor for HIV is CD4, a member of the immunoglob-
ulin superfamily that is expressed on monocytes, macrophages, and
on subsets of T cells and dendritic cells. HIV interaction with CD4
occurs at a structurally conserved, recessed surface on gp120 that
is formed by epitopes that are discontinuous in the primary pro-
tein sequence (Kwong et al., 1998). Unlike many other regions of
gp120, this CD4-binding site consists of residues that are highly
conserved and devoid of carbohydrate, properties that make it a
logical target for inhibitors of gp120-CD4 binding. Upon engage-
ment of CD4, gp120 undergoes a dramatic conformational shift that
has several important consequences. First, two sets of �-sheets that
are spatially separated in unbound gp120 are brought together by
CD4 binding into a four-stranded �-sheet minidomain called the
bridging sheet (Chen et al., 2005; Kwong et al., 1998). Second, CD4
binding results in movement and exposure of the V1/V2 and V3 loop
structures. Third, binding of CD4 changes the orientation of gp120
such that the bridging sheet and the V3 loop are directed towards
the host cell membrane, where they can subsequently interact with
coreceptor (Huang et al., 2005; Trkola et al., 1996; Wu et al., 1996).
Thus, CD4 binding is a prerequisite to the formation and exposure
of the coreceptor binding site of gp120.

In humans, the primary coreceptors for HIV-1 are the chemokine
receptors CCR5 and CXCR4, members of the seven-transmembrane
G protein-coupled receptor family (Alkhatib et al., 1996; Choe et
al., 1996; Deng et al., 1996; Doranz et al., 1996; Dragic et al., 1996;
Feng et al., 1996; Oberlin et al., 1996; Zhang et al., 1998). These
proteins are integral membrane proteins with seven transmem-
brane helices, an extracellular N′ terminus and three extracellular
loops (ECLs) that form a small pocket. The N′ terminus of chemokine
receptors contains sulfated tyrosine residues and elements within
and around ECL2 that are critical for gp120 binding (Atchison et

al., 1996; Edinger et al., 1997; Rucker et al., 1996). These spatially
separated domains of CCR5 interact with distinct regions of gp120:
the N′ terminus with the bridging sheet and the base of the V3
loop, and ECL2 with the tip of the V3 loop (Basmaciogullari et al.,
2002; Cormier and Dragic, 2002; Cormier et al., 2001; Hoffman et

re located in the host membrane (bottom), while the gp120 and gp41 proteins are
gp120 to CD4, which results in conformational changes in gp120 that result in the

n between gp120 and coreceptor involves interactions between (1) the base of the
the V3 loop and the extracellular loops of the coreceptor. Following engagement of
of the gp41 fusion peptide into the host membrane. Interaction between the HR1
nd viral membranes into close proximity and creates a fusion pore, allowing entry
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l., 1999; Huang et al., 2007). The relative dependence on the N′ ter-
inus compared with the ECL2 loop appears to vary for different

5 viruses. The N′ terminal interaction has now been investigated
sing a crystal structure between gp120 and an unusual sulfated
ntibody, 412d, that mimics the N′ terminus of CCR5 (Huang et
l., 2007). These studies suggest that prior to coreceptor binding,
he V3 loop of gp120 is flexible and located close to the target cell

embrane. Engagement of the N′ terminus by gp120 requires the
ormation of a conserved sulfotyrosine binding pocket and converts
he V3 stem from a flexible structure into a rigid �-hairpin. In con-
rast, the interaction between the tip of the V3 loop and ECL2 is
ess well defined, but contact between these regions is particularly
mportant for HIV entry (Lee et al., 1999; Platt et al., 2001; Samson
t al., 1997; Wu et al., 1997). These data are consistent with a crystal
tructure of gp120 in which the V3 loop is found to extend nearly
0 Å from its base towards the cellular membrane, where it could
resumably make contact with the ECLs of the coreceptor (Huang
t al., 2005). Binding of gp120 to CXCR4 appears to occur in a simi-
ar fashion (Basmaciogullari et al., 2002; Chabot et al., 1999; Doranz
t al., 1999; Lin et al., 2003a), although the V3 loop of viruses that
tilize CXCR4 tend to be more positively charged, particularly at
ositions 11, 24, and 25 of V3 (De Jong et al., 1992; Fouchier et al.,
992; Milich et al., 1993; Xiao et al., 1998).

Binding of gp120 to coreceptor is thought to trigger further
onformational changes in the envelope trimer that result in the
xposure of the hydrophobic fusion peptide of gp41 and its inser-
ion into the host cell plasma membrane. Following insertion of
he fusion peptide, the heptad repeat regions HR1 and HR2 of gp41
ndergo a highly energetically favorable rearrangement in which
hey fold back on each other. In a functional trimer spike, this forms
six-helix bundle structure where the three HR1 domains form a

entral coiled-coil and the three HR2 domains wrap around in an
nti-parallel direction around the central coil (Chan et al., 1997;
eissenhorn et al., 1997). This structural rearrangement brings the

ransmembrane region of gp41, which is embedded in the viral
embrane, into close proximity to the fusion peptide, which is

nserted into the host cell membrane. This juxtaposition results in
he formation of the fusion pore, allowing the viral capsid to enter
he cell. The entry process of HIV has traditionally been thought to
ccur at the plasma membrane of the cell, but recent evidence sug-
ests that endocytosis of viral particles may be required for full
usion (Miyauchi et al., 2009). These data are important for the
onsideration of entry inhibitors since an endocytic process would
resumably impede the delivery of effective drug concentrations to
heir targets at the appropriate stages of entry.

. Entry inhibitors

As the entry of HIV into target cells is a complex, multi-step pro-
ess, the effort to identify pharmacological agents that can interfere
ith entry has resulted in a heterogeneous group of compounds

hat act at multiple stages of the entry process and have distinct
echanisms of action. Generally, the group of entry inhibitors can

e subdivided into classes of agents that act at different stages of
ntry: attachment and CD4 binding, coreceptor binding, and fusion.
urrently, only antagonists that block CCR5 binding (maraviroc) and

usion (enfuvirtide) have been approved by the FDA for treatment of
IV-infected patients, although strategies to inhibit other aspects
f HIV entry are under development.
.1. Drugs blocking the gp120–CD4 interaction

A number of diverse strategies for blocking the interaction
etween gp120 and CD4 have been pursued. In contrast to cell-
ssociated CD4, which is required for HIV entry, soluble CD4 (sCD4)
esearch 85 (2010) 91–100 93

was found to inhibit HIV entry at high doses in vitro. However,
clinical administration of this protein did not reduce viral loads
in HIV-infected patients, and detailed analysis revealed that the
levels of sCD4 achieved in patients were not sufficient to inhibit
primary HIV isolates (Daar et al., 1990). Nevertheless, the obser-
vation that sCD4 could inhibit HIV entry has led to a class of
sCD4 derivatives and CD4 mimics, including the PRO-542 CD-IgG2
tetrameric fusion protein and the NBD-556 and NBD-557 com-
pounds (Allaway et al., 1995; Arthos et al., 2002; Martin et al.,
2003; Schon et al., 2006; Trkola et al., 1995) (Fig. 3). These com-
pounds appear to work by inducing a short-lived activated state
of gp120 that spontaneously and irreversibly converts into a non-
functional conformation. In contrast, the activated intermediate of
gp120 generated by cell-surface CD4 is far more stable (Haim et al.,
2009).

Other small-molecule inhibitors of the CD4-gp120 binding inter-
action are the BMS-378806 and BMS-488043 compounds. These
agents also target the conserved CD4-binding site of gp120, but
their precise mechanism of action is unclear. Some studies suggest
that these compounds compete with sCD4 for binding to gp120 (Ho
et al., 2006; Lin et al., 2003b), while others indicate that they do not
block sCD4 binding (Schon et al., 2006) and may exert their antivi-
ral effects by preventing conformational changes in gp120 upon
CD4 engagement (Si et al., 2004). The clinical utility of BMS-806
is limited by a low genetic barrier to resistance, as 1–2 amino acid
changes of gp120 result in 40–500-fold resistance to drug (Lin et al.,
2003b). Amino acids that confer resistance to BMS-806, including
Trp 112, Thr 257, Ser 375, Phe 382, and Met 426, line the ‘pheny-
lalanine 43 cavity’ on gp120 that is involved in stabilization of the
CD4-bound conformation of gp120 (Madani et al., 2004). Although
BMS-806 was discontinued in phase II clinical development, is has
shown success in an animal model as a potential topical microbicide
(Veazey et al., 2005).

An additional strategy for blocking the interaction between CD4
and gp120 is to target the CD4 receptor using antibodies. The
humanized antibody ibalizumab (TNX-355) binds to the D2 domain
of CD4 and blocks CD4-induced conformational changes in gp120
(Moore et al., 1992). This agent has been demonstrated to reduce
viral loads and increase CD4 T cell counts in combination with opti-
mized background therapy (Kuritzkes et al., 2004), but is not orally
bioavailable. This agent is currently in phase II studies.

3.2. Drugs blocking the gp120–coreceptor interaction

The discovery of CCR5 and CXCR4 as the critical coreceptors
for HIV entry (Alkhatib et al., 1996; Choe et al., 1996; Deng et
al., 1996; Doranz et al., 1996; Dragic et al., 1996; Feng et al.,
1996; Oberlin et al., 1996; Zhang et al., 1998) was rapidly fol-
lowed by the identification of a subset of individuals that were
homozygous for an inactivating deletion for CCR5, �32-ccr5, which
conferred high-level resistance to HIV-1 infection without signif-
icant immunological consequences (Dean et al., 1996; Liu et al.,
1996; Samson et al., 1996). Coupled with the observation that
patients heterozygous for �32-ccr5 had delayed rates of disease
progression (Dean et al., 1996; Huang et al., 1996; Michael et al.,
1997; Rappaport et al., 1997; Samson et al., 1996), these find-
ings indicated that pharmacological blockade of the gp120–CCR5
interaction could be an effective and well-tolerated strategy for
inhibiting HIV infection.

A number of naturally occurring ligands for the CCR5 receptor
block HIV infection, including CCL3 (MIP-1�), CCL4 (MIP-1�), and

CCL5 (RANTES) (Cocchi et al., 1995). These chemokines exert their
antiviral effects by blocking Env binding to CCR5 and by inducing
the internalization of CCR5 from the cell surface (Alkhatib et al.,
1997), but have potentially undesirable agonist activity on CCR5.
Several RANTES derivatives, including AOP-RANTES, NNY-RANTES,
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Fig. 3. Structures of small-molecu
nd PSC-RANTES, have been developed in an effort to maintain anti-
IV activity while reducing or eliminating the agonistic effects on
CR5 (Mosier et al., 1999; Simmons et al., 1997). PSC-RANTES is

n development as a potential microbicide for HIV (Cerini et al.,
008; Lederman et al., 2004). These agents compete with gp120 for
peptidic inhibitors of HIV entry.
binding to coreceptor and therefore are competitive antagonists of
HIV infection.

Another strategy for inhibiting gp120–coreceptor interactions
has been demonstrated by a group of small molecular compounds
that bind to a hydrophobic pocket in the transmembrane helices
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f CCR5 and are believed to exert their antiviral effects by alter-
ng the conformation of the extracellular loops that HIV interacts

ith during coreceptor binding. These agents do not bind to
he same binding site as gp120, making them allosteric rather
han competitive inhibitors. Many small-molecule antagonists have
emonstrated efficacy against HIV replication in vitro, and three
f these agents have been tested extensively in humans. Aplavi-
oc (GW873140) was tested in phase IIb studies before reports
f idiosyncratic hepatotoxicity halted its development in 2005
Nichols et al., 2008). Vicriviroc (SCH-D, SCH-417690) is currently in
hase III clinical trials, and is a second-generation compound based
n ancriviroc (SCH-C), which was discontinued after being associ-
ted with an elongated QT cardiac interval in clinical trials (Strizki et
l., 2005; Tagat et al., 2004). Maraviroc (UK-427857) was approved
n 2007 by the FDA for the treatment of HIV-infected patients with
iral replication and HIV strains resistant to multiple antiretroviral
gents. Maraviroc is the result of medicinal chemistry optimization
f the compound UK-107543 and is effective against CCR5-using
R5-tropic) HIV strains in the low nanomolar range (Dorr et al.,
005). It is administered orally twice daily, with dosages that vary
epending on the presence of strong CYP3A inducers or inhibitors

n the antiviral regimen.
Antibodies that block the CCR5 receptor and prevent HIV infec-

ion have also been developed. PRO-140 is a humanized mouse
nti-CCR5 antibody that prevents gp120 from engaging CCR5 but
oes not block CCR5 ligand activity. It has demonstrated potent
fficacy against CCR5-tropic HIV strains both in vitro and in HIV-
nfected adults (Jacobson et al., 2008; Trkola et al., 2001). It is
urrently in phase II clinical trials.

Drugs that target the interaction between gp120 and the
econd primary coreceptor for HIV, CXCR4, have also been devel-
ped. Unlike CCR5, CXCR4 is essential for multiple physiological
rocesses. In mice, knockout of the CXCR4 gene or its ligand,
XCL12 (SDF-1), is embryonic lethal due to defects in vascu-

arization, hematopoiesis, cardiogenesis, and abnormal cerebellar
evelopment (Tachibana et al., 1998; Zou et al., 1998). In humans,
eterozygous truncating mutations in the cytoplasmic tail of CXCR4
ave been associated with WHIM syndrome, an immunodeficiency
yndrome characterized by warts, hypogammaglobulinemia, infec-
ion, and myelokathexis (Hernandez et al., 2003).

Several polypeptide mimics of the natural ligand for CXCR4,
XCL-12, have been developed. These compounds, including T-22,
-134, T-140, and ALX40-4C, act by binding specifically to the CXCR4
eceptor and preventing gp120 binding (Arakaki et al., 1999; Doranz
t al., 2001; Tamamura et al., 1994, 1998). ALX40-4C was tested in
umans prior to the identification of CXCR4 as a coreceptor for HIV,
nd despite being well-tolerated did not have a significant effect
n reduction of HIV viral loads. However, the majority of patients

n this study were later found to have CCR5-tropic strains of HIV
Doranz et al., 2001).

Small-molecule antagonists and partial agonists of CXCR4 are
lso under development. The bicyclam analog AMD3100 demon-
trates potent activity against CXCR4-using (X4-tropic) strains of
IV in vitro, although clinical development as an antiretroviral
gent was halted due to cardiac abnormalities and a lack of sig-
ificant viral load reduction (Hendrix et al., 2004). Interestingly,
atients treated with AMD3100 were found to have increased mobi-

ization of CD34+ stem cells into the peripheral circulation (Liles et
l., 2005), and the drug was approved by the FDA as a hematopoietic
tem cell mobilizer for transplantation under the trade names Pler-
xafor and Mozobil. The compound AMD070 is a third-generation

mall molecule CXCR4 antagonist that is orally bioavailable and
nhibits X4-tropic strains of HIV with similar potency to AMD3100
Stone et al., 2007), but development has been halted due to liver
istological changes in preclinical toxicity studies. Although no
XCR4 antagonists are in active clinical trials for the treatment of
esearch 85 (2010) 91–100 95

HIV-1 infection, several are in development and have demonstrated
potent inhibitory effects on X4-tropic strains (Iwasaki et al., 2009;
Murakami et al., 2009).

3.3. Drugs blocking gp41-mediated membrane fusion

Pharmacological agents that disrupt gp41-mediated membrane
fusion, collectively called fusion inhibitors, were the first entry
inhibitors to be approved for the treatment of HIV infection. Syn-
thetic peptides corresponding to the HR1 and HR2 domains of
gp41 were found to have potent antiviral effects (Jiang et al., 1993;
Wild et al., 1992). These agents were initially analyzed during
epitope-mapping experiments designed to identify targets for vac-
cine development (Matthews et al., 2004). However, biochemical
and crystallization studies subsequently revealed their true mech-
anism of action: prevention of the formation of the six-helix bundle
by competing for binding to the HR1 and HR2 domains on gp41
(Chan et al., 1997; Weissenhorn et al., 1997; Wild et al., 1994).

The fusion inhibitor enfuvirtide (T-20) was approved by the FDA
for treatment-experienced, HIV-infected patients in 2003. Enfuvir-
tide is a linear, 36 amino acid synthetic peptide with a sequence
identical to part of the HR2 region of gp41 (Wild et al., 1993),
and competes for binding to HR1. It has demonstrated potency
against HIV in clinical trials (Kilby et al., 2002; Lalezari et al., 2003),
although there is considerable variability in the enfuvirtide sensi-
tivity of primary virus strains (Derdeyn et al., 2000; Melby et al.,
2006; Reeves et al., 2002). A number of other next-generation pep-
tidic fusion inhibitors are under investigation, several of which have
improved pharmacodynamics and efficacy compared with enfu-
virtide (Dwyer et al., 2007; Lalezari et al., 2005b). Additionally,
certain agents are active against some enfuvirtide-resistant strains
of HIV (Dwyer et al., 2007; He et al., 2008), and fusion inhibitors
that bind to different functional domains of gp41 can have syn-
ergistic effects (Pan et al., 2009). However, since peptidic fusion
inhibitors are not orally bioavailable and must be administered via
injection, the development of small-molecule inhibitors of gp41-
mediated fusion remains a goal in drug development. An alternative
approach that has shown considerable potential is the generation
of d-peptide pocket-specific inhibitors of entry (PIEs) that bind to
gp41 and which, unlike natural l-peptides, are not digested by pro-
teases and have the potential for oral bioavailability (Welch et al.,
2007).

4. Clinical considerations

Entry inhibitors hold considerable potential for the treatment
of HIV infection, particularly in patients harboring viruses resistant
to RT and protease inhibitors. Since entry inhibitors target multiple
stages of the HIV entry pathway and operate via distinct mecha-
nisms of action, they represent a diverse collection of drugs that will
require a high degree of clinical acumen for their optimal use. As
maraviroc and enfuvirtide are the currently approved members of
this group of antiretroviral agents, several of the clinical challenges
of the CCR5 antagonists and fusion inhibitors will be discussed here.
However, as more drugs that inhibit HIV entry become available,
especially those that target additional stages of the entry pathway,
the complexity of this group of agents will undoubtedly increase.

One challenge common to all of the entry inhibitors is that
they target the HIV envelope either directly or, in the case of core-
ceptor inhibitors, indirectly. The Env protein is highly diverse and

can exhibit dramatic variability between patients. This diversity
has two important consequences. First, viral resistance to entry
inhibitors may occur via different pathways in different patients,
depending on the envelopes they harbor prior to therapy. This
may complicate efforts to identify patients that are resistant to
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hese agents. Second, the baseline sensitivity of patients to entry
nhibitors can differ by several orders of magnitude, a much larger
ange than has been seen with other classes of antiretrovirals
Derdeyn et al., 2000; Melby et al., 2006; Reeves et al., 2002). While

uch of this variability can be attributed to diversity of the viral
nvelope, host factors are also involved in susceptibility to entry
nhibitors, furthering the potential differences in efficacy between
atients (Pugach et al., 2009).

As mentioned previously, HIV can utilize two different core-
eptors for entry, CCR5 and CXCR4. Maraviroc and other CCR5
ntagonists are only active against R5-tropic strains of HIV, and as a
onsequence, patients must undergo tropism testing prior to ther-
py. Currently, the Trofile assay from Monogram Biosciences is the
nly CLIA and clinically validated test for viral tropism prior to treat-
ent with CCR5 antagonists, and the Enhanced Sensitivity form

f the assay can detect the presence of X4-using viruses as low as
.3% of the circulating population. Patients with detectable levels of
iruses that use CXCR4 for entry are not candidates for CCR5 antag-
nist therapy, since viruses using CXCR4 have become the dominant
irculating strains in patients harboring dual-mixed (R5/X4-tropic)
iruses prior to therapy (Gulick et al., 2007; Lalezari et al., 2005a;
estby et al., 2006). The outgrowth of X4-tropic HIV is of clini-

al concern because when these viruses occur naturally during the
ourse of infection their appearance is associated with accelerated
D4+ T cell loss and disease progression (Connor et al., 1997; de
oda Husman et al., 1997; Karlsson et al., 1994; Maas et al., 2000;
ichman and Bozzette, 1994; Scarlatti et al., 1997; Schuitemaker et
l., 1992). However, whether X4-tropic viruses that emerge under
onditions of pharmacological blockade of CCR5 will also result in
apid CD4+ T cell loss and progression to AIDS remains unclear. In
he majority of patients that had an outgrowth of X4-tropic viruses
hile on CCR5 antagonist therapy, the circulating strains of virus

everted to predominantly R5-tropic virus following cessation of
herapy (Gulick et al., 2007; Lalezari et al., 2005a; Westby et al.,
006), suggesting that X4-tropic viruses may be less fit than their
5-tropic counterparts. The emergence of X4-tropic viruses as a
esult of CCR5 antagonist therapy and the consequences on disease
rogression will need to be closely monitored.

The disease stage of patients on CCR5 antagonist therapy is an
dditional complicating factor in their use. Currently, maraviroc is
pproved for patients with multi-drug-resistant HIV isolates, which
end to be patients in later stages of disease. However, X4-tropic
iruses are more common in patients with advanced disease (de
oda Husman et al., 1997; Scarlatti et al., 1997; Schuitemaker et
l., 1992), increasing the possibility that patients will fail therapy
s a result of outgrowth of CXCR4 using viruses. Additionally, R5-
ropic viruses that have been isolated from patients in later stages of
isease have shown decreased sensitivity to entry inhibitors com-
ared with viruses from patients at earlier disease stages (Karlsson
t al., 2004; Koning et al., 2005, 2003; Repits et al., 2005). These
ata indicate that CCR5 antagonists might be more effective if uti-

ized to treat patients at earlier stages of disease, and clinical trials
f CCR5 antagonists on treatment-naïve patients are in progress.
s CCR5 inhibitors become more established antiretroviral drugs,

he indications for their use will likely change to maximize clinical
enefit.

A substantial concern affecting all classes of antiretroviral
gents, including the entry inhibitors, is the development of
rug-resistant HIV strains. Since maraviroc and enfuvirtide have
ifferent mechanisms of action, it is not surprising that viruses gain
esistance to these compounds in fundamentally different ways.

onsequently, viruses that become resistant to one type of entry

nhibitor can maintain sensitivity to entry inhibitors that act at
istinct stages of HIV entry (Ray et al., 2007).

Resistance to maraviroc and other CCR5 antagonists can occur
ia two primary pathways: outgrowth of X4-tropic virus or the
esearch 85 (2010) 91–100

presence of viruses that can utilize CCR5 for entry in the presence of
drug (Gulick et al., 2007; Lalezari et al., 2005a; Westby et al., 2006).
As outgrowth of CXCR4 using viruses has been discussed previously,
we will focus on the drug-resistant, R5-tropic viruses in this section.
Since the CCR5 antagonists are relatively new antiretroviral agents,
there is a paucity of data regarding resistance in patients. However,
HIV strains that are resistant to CCR5 antagonists have been stud-
ied extensively in vitro, and several key trends have emerged. First,
drug-resistant R5-tropic viruses can utilize the antagonist-bound
conformation of CCR5 for entry (Pugach et al., 2007; Trkola et al.,
2002; Westby et al., 2007). Second, resistant viruses typically show
a non-competitive mechanism of resistance in which their ability to
use the drug-bound receptor is not affected by further increases in
drug concentration (Pugach et al., 2007; Trkola et al., 2002; Westby
et al., 2007). Third, the regions of envelope that are responsible for
resistance to CCR5 antagonists have mapped to multiple regions of
the gp120 and gp41 proteins (Anastassopoulou et al., 2009; Baba
et al., 2007; Ogert et al., 2008; Westby et al., 2007), suggesting
that the resistance pathway utilized may vary depending on the
viral envelope and the CCR5 antagonist used in treatment. Unfor-
tunately, this indicates that developing genotypic screening assays
to test for resistance, as is done prior to RT or protease inhibitor
therapy, may not be viable for CCR5 antagonists. However, viruses
are under a number of different selection pressures in vivo that
do not act upon in vitro-derived resistant viruses, including the
humoral immune system, constant high-level drug exposure, and
complex target cell environments. Although it is likely that patient-
derived viruses will emerge that can also utilize drug-bound forms
of CCR5, this has not been formally demonstrated. A recent report
from a study with the CCR5 antagonist aplaviroc has identified
some patients with clinical failure that maintained primarily R5-
tropic HIV strains (Kitrinos et al., 2009). These patients, and others
failing CCR5 antagonist therapy, will need to be studied in detail
to identify how HIV utilizes evolves resistance to these drugs in
vivo.

Resistance to enfuvirtide has been investigated in patients that
have failed treatment with these agents and, in contrast to CCR5
antagonists, several mutations indicative of resistance have been
identified. These mutations cluster within the HR1 domain of gp41,
the binding site for enfuvirtide, and include G36D, V38M, N43D/Q
(Poveda et al., 2004; Wei et al., 2002; Xu et al., 2005). Although these
mutations decrease the susceptibility of gp41 to enfuvirtide, they
also decrease the efficiency of the fusion reaction and increase sus-
ceptibility to neutralizing antibodies (Reeves et al., 2005). However,
compensatory mutations in HR2 can restore viral fusion kinetics
while retaining enfuvirtide resistance (Ray et al., 2009). Unexpect-
edly, patients that continue treatment with enfuvirtide despite
the presence of resistant viruses have been reported to maintain
increased CD4+ T cell levels (Melby et al., 2007; Soria et al., 2008).
Although the exact cause of the CD4+ T cell benefit to patients with
enfuvirtide-resistant virus has not been determined, the drug has
demonstrated antiviral effects in the setting of incomplete viral
suppression (Deeks et al., 2007).

One additional clinical consideration with entry inhibitors is the
synergistic use of multiple agents. Most entry inhibitors – both
pharmaceutical agents and antibodies – have distinct windows dur-
ing HIV entry at which they are active. For instance, enfuvirtide is
effective only after CD4 binding and prior to gp41-mediated mem-
brane fusion. Agents that slow viral entry kinetics expand these
windows of viral sensitivity and increase the potency of drugs or
antibodies. Importantly, many entry inhibitors appear to slow the
overall rate of HIV entry, making the virus more susceptible to
other entry inhibitors as well as neutralizing antibodies. Synergism

has been demonstrated between monoclonal antibodies, corecep-
tor antagonists, and enfuvirtide (Ji et al., 2007; Reeves et al., 2005;
Tremblay et al., 2000).
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. Future directions

The ability of entry inhibitors to block infection of target cells
akes them attractive agents for use in microbicide therapy. Stud-

es of HIV transmission have indicated that relatively few viruses
re responsible for the initiation of infection in a new host (Keele
t al., 2008), and strategies to block infection of cells at this stage
ay be particularly effective. A number of entry inhibitors have

hown efficacy in animal transmission models as microbicide ther-
py (Lederman et al., 2004; Veazey et al., 2008, 2005). Microbicide
trategies to prevent HIV transmission will be discussed in detail in
ubsequent chapters of this review series.

The success of antiretroviral therapy in improving and extend-
ng the lives of patients infected with HIV has been remarkable.
owever, due to the requirement for lifelong therapy, toxicities
ssociated with these agents, and the emergence of drug-resistant
trains of HIV, novel agents that target other aspects of the HIV
ife cycle are required. Entry inhibitors are a heterogeneous group
f drugs that act at multiple points in the HIV entry pathway
nd present unique clinical challenges for their optimal use. The
pproval of maraviroc and enfuvirtide have demonstrated that
locking HIV entry is an effective strategy for reducing HIV repli-
ation in patients, and have provided additional clinical options for
reating infected patients. As additional entry inhibitors become
vailable, the complexity of this group of drugs will increase, but so
ill the options for the treating – and blocking – HIV infection.
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