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Entry of HIV into target cells is a complex, multi-stage process involving sequential attachment and CD4
binding, coreceptor binding, and membrane fusion. HIV entry inhibitors are a complex group of drugs
with multiple mechanisms of action depending on the stage of the viral entry process they target. Two
entry inhibitors are currently approved for the treatment of HIV-infected patients. Maraviroc, a CCR5
antagonist, blocks interactions between the viral envelope proteins and the CCR5 coreceptor. Enfuvirtide,
a fusion inhibitor, disrupts conformational changes in gp41 that drive membrane fusion. A wide array of
additional agents are in various stages of development. This review covers the entry inhibitors and their
use in the treatment of HIV-infected patients.
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1. Introduction

Viral entry is a complex, multi-step process that involves coor-
dinated, sequential interactions between proteins on the virion and
the host cell. Multiple molecular interactions crucial for entry can
therefore be inhibited, resulting in a wide array of compounds un-
der investigation with varying structures and mechanisms of ac-
tion. In the case of human immunodeficiency virus (HIV), two
classes of antiretroviral drugs block entry into cells: fusion inhibi-
tors and chemokine receptor antagonists. This paper reviews
current knowledge of the structure of HIV surface proteins,
mechanisms of viral entry into cells, and the development of
drugs to inhibit specific steps in HIV entry–collectively known as
entry inhibitors–and clinical considerations in the use of these
agents.

The only viral proteins on the exterior of the lipid membrane
surrounding intact virions are the surface (SU) glycoprotein
gp120 and the transmembrane (TM) glycoprotein gp41, encoded
by the viral envelope gene (env). As understanding their structure
is essential to a full appreciation of their function in the HIV entry
process, their characteristics will be briefly reviewed here. More
comprehensive reviews of the molecular structure–function rela-
tionships of gp120 and gp41 have recently been published (Wilen
et al., 2012). Gp120 and gp41 originate as a single polyprotein,
gp160, that is cleaved in the Golgi by furin or furin-like proteases
prior to being incorporated in the virion membrane (Hallenberger
et al., 1992). These glycoproteins associate as a homotrimer of non-
covalently associated gp41–gp120 heterodimers to form a spike
approximately 110–120 Å in diameter that protrudes 120–140 Å
from the virion surface (Sougrat et al., 2007; Zanetti et al., 2006;
Zhu et al., 2003, 2006, 2008). Each virion displays between 8 and
14 spikes on its surface, although how many of these spikes are
needed or used for entry is not known (Magnus et al., 2009; Yang
et al., 2005, 2006).
120gp
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including a4b7 integrin. HIV binding to CD4 results in conformational changes in CD4 tha
Interaction between the N-terminus of CCR5 and the base of the V3 loop induces a conf
extracellular loops of CCR5. Following engagement with coreceptor, gp120 undergoes fu
peptide into the host membrane. Interactions between HR1 and HR2 result in the forma
membranes into close proximity. Formation of a fusion pore and entry of the HIV capsi
2. Structure of HIV surface proteins

2.1. Gp120

Gp120 is a heavily glycosylated protein that forms the distal
portion of the Env spike that protrudes from the virion surface
(Fig. 1A). It contains 5 conserved domains (C1–C5) and 5 variable
domains (V1–V5) (Starcich et al., 1986). The conserved regions
form the core of the protein while each of the variable regions
forms a distally positioned loop (Leonard et al., 1990). Upon fold-
ing, gp120 forms three key structural regions: the inner domain,
the outer domain, and the bridging sheet (Kwong et al., 1998).
The inner domain is conserved between HIV strains and undergoes
conformational changes upon receptor and coreceptor binding that
are crucial for viral entry (Finzi et al., 2010). The outer domain is
more exposed than the inner domain, is heavily glycosylated and
contains three of the five variable domains (V3–V5), presenting a
varying and cloaked surface to the humoral immune response.
The bridging sheet contains very important residues that contrib-
ute to the CD4 binding site and the coreceptor binding site (Huang
et al., 2007; Kwong et al., 1998). The bridging sheet contains two of
the five variable loops (V1/V2), which are heavily glycosylated and
play an important role in masking the CD4 binding site prior to
receptor engagement (Finzi et al., 2010; Kwon et al., 2012). In addi-
tion to their roles in evading immune responses, the variable loops
also serve critical purposes in the entry process, as will be dis-
cussed in detail below.

2.2. Gp41

Gp41 comprises the proximal transmembrane portion of the
Env spike and is made up of three distinct regions: the C-terminal
cytoplasmic tail, the membrane spanning domain, and the large
ectodomain that non-covalently interacts with gp120 and contains
41gp
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the amino-terminal fusion peptide and two heptad repeat (HR) re-
gions that drive fusion between the viral and host membranes
(Fig. 1A). The ectodomain of gp41 is the portion that participates
in membrane fusion and has 4 major structures. Starting closest
to the membrane, there is a membrane-proximal external region
(MPER) followed by two helical heptad-repeat regions (HR2/C-he-
lix and HR1/N-helix), and finally the fusion peptide at the amino
terminus. The MPER is a highly conserved region and is essential
for successful viral fusion and infection (Muñoz-Barroso et al.,
1999). The heptad-repeat regions from each gp41 in a trimer play
a crucial role in viral fusion by rearranging to form an energetically
stable six-helix bundle or ‘coiled coil’ that brings the viral mem-
brane and the host membrane-anchored by the fusion peptide-into
close proximity, as will be discussed in greater detail below.
3. HIV entry into host cells

3.1. Attachment

The initial interactions between HIV and a target cell may be
facilitated by non-specific electrostatic interactions between posi-
tively charged domains on gp120 and negatively charged proteo-
glycans on the host cell surface (Mondor et al., 1998; Moulard
et al., 2000) or by specific interactions between host proteins incor-
porated in the viral membrane and their ligands on target cells. For
instance, interactions between intracellular adhesion molecule-1
(ICAM-1) in the HIV envelope and lymphocyte function-associated
antigen-1 (LFA-1) on target cells has been demonstrated to in-
crease attachment of HIV, leading to enhancement of viral infec-
tion (Fortin et al., 1997; Kondo and Melikyan, 2012).
Additionally, interactions between gp120 and a4b7 integrin have
also been proposed to promote HIV infection of target cells, partic-
ularly those in the gastrointestinal tract (Fig. 1B) (Arthos et al.,
2008; Cicala et al., 2009; Nawaz et al., 2011). Once the virus is in
close proximity to the host membrane with or without the assis-
tance of attachment factors, gp120 can bind to CD4.
3.2. CD4 binding

CD4 is a transmembrane glycoprotein and belongs to the immu-
noglobulin superfamily. It contains four extracellular immunoglob-
ulin domains (D1–D4), a single-pass transmembrane domain, and
a short cytoplasmic tail that participates in intracellular signaling.
CD4 is expressed on immune cell populations including mono-
cytes, macrophages, and subsets of T cells and dendritic cells.
The D1 domain of CD4 makes contact with the CD4-binding site
of gp120, a highly conserved, carbohydrate-free region at the con-
fluence of the inner and outer domains and the bridging sheet
(Ashish et al., 2008; Kwong et al., 1998; Wang et al., 2001). Recent
work by Kwon et al. suggests that the HIV core may ‘sample’ many
conformations in the intact trimer prior to CD4 engagement (Kwon
et al., 2012). Upon CD4 binding, a number of conformational
changes in gp120 occur. First, the bridging sheet domain becomes
an ordered 4-stranded b-sheet structure, altering the position and
flexibility of the V1/V2 loop (Chen et al., 2005; Kwong et al., 1998).
Second, the V3 loop extends and projects away from the virion
spike (Huang et al., 2005, 2007). Third, the orientation of gp120
is altered such that the bridging sheet and V3 loop are positioned
towards the host membrane where they can interact with corecep-
tor (Huang et al., 2005, 2007; Trkola et al., 1996; Wu et al., 1996).
Unlike most other type 1 fusion machines, gp120 has evolved to
bind to two receptors. CD4 binding induces a conformational tran-
sition from an unliganded state to a CD4-bound state that has the
effect of creating and exposing the coreceptor binding site. The fact
that the coreceptor binding site is rarely exposed prior to CD4
binding likely provides significant advantages for immune evasion.

3.3. Coreceptor binding

In 1996, after a decade-long pursuit, the coreceptors most often
used for HIV entry in vivo were determined to be CCR5 and CXCR4
(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). CCR5 and CXCR4 are both seven-pass G-protein coupled
receptors (GPCRs) that contain an extracellular N-terminal tail,
three intracellular (ICL1, ICL2, ICL3) and extracellular loops (ECL1,
ECL2, ECL3), and a C-terminal cytoplasmic tail. As chemokine
receptors do not project as far from the cell surface as CD4, bending
of the CD4 receptor after engagement is required for interaction
with coreceptor. Binding of gp120 to CCR5 involves two separate
interactions. First, the N-terminus of CCR5 binds to the bridging
sheet of gp120 and the base of the V3 loop. Four sulfonated tyro-
sine residues (at positions 3, 10, 14, and 15) in the N-terminus have
been shown to be important in gp120 binding (Farzan et al., 1998,
1999; Huang et al., 2007; Rabut et al., 1998). Binding of sulfated
tyrosines alters the conformation of the V3 loop, converting it from
a flexible loop to a rigid b-hairpin (Huang et al., 2007). This transi-
tion likely facilitates the second interaction between the ECLs of
CCR5-particularly ECL2-and the tip of the gp120 V3 loop. This
interaction is structurally less well defined but contact between
these regions is critical for HIV entry (Lee et al., 1999; Platt et al.,
2001; Samson et al., 1997; Wu et al., 1997). The relative depen-
dence on the two interaction domains appears to vary for different
strains of HIV. Binding of gp120 to CXCR4 is thought to occur in a
similar manner but may be less dependent on the N-terminus (Bas-
maciogullari et al., 2002; Chabot et al., 1999; Doranz et al., 1999;
Lin et al., 2003; Lu et al., 1997). The V3 loops of viruses that interact
with CXCR4 tend to be more positively charged, particularly at
positions 11, 24, and 25; this observation has led to algorithms
to predict viral tropism based on sequencing data. Although these
algorithms have only �80% concordance with phenotypic tests, re-
cent studies have shown that population sequencing or deep
sequencing of HIV env can predict virologic response to CCR5
antagonists in patients (Kagan et al., 2012; McGovern et al.,
2012; Swenson et al., 2011).

3.4. Fusion

Binding of gp120 to coreceptor triggers a second conforma-
tional change in the receptor that results in exposure of the gp41
fusion peptide and its insertion into the membrane of the host cell.
These conformational changes also enable the heptad repeat re-
gions HR1 and HR2 to undergo a highly energetically favorable
rearrangement into a six-helix bundle or ‘coiled coil’ structure in
which the HR2 domains pack in an antiparallel manner into the
grooves of an inner 3-coil HR1 core (Chan et al., 1997; Weissen-
horn et al., 1997). This results in the cellular and viral membranes
being brought into close proximity and initiation of a fusion pore
that allows the viral capsid to enter the cell.

3.5. Location of viral entry

The cellular location where HIV fusion occurs is still debated:
microscopic studies of HeLa-derived target cells indicated that
endocytosis of viral particles is required for full fusion (Miyauchi
et al., 2009), whereas a recent paper examining cell-to-cell transfer
of HIV did not demonstrate a requirement for endocytosis during
infection of primary CD4+ T cells (Permanyer et al., 2012). These
data are important for consideration of entry inhibitors because
achieving sufficient concentrations of entry inhibitors may be more
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difficult to achieve in endosomal compartments. Similarly, the fo-
cused release of virus across a virological synapse that occurs dur-
ing cell–cell transfer or trans-infection from uninfected dendritic
cells to CD4+ T cells may limit the effectiveness of entry inhibitors
compared to cell-free viral infection. However, these modes of
transmission may provide additional targets for inhibition. For in-
stance, trans-infection from immature DCs to CD4s has been dem-
onstrated to rely on DC-SIGN–gp120 interactions (Geijtenbeek
et al., 2000). Recent studies suggest that interactions between sial-
yllactose-containing gangliosides incorporated into the HIV lipid
membrane and the Siglec-1 receptor on mature dendritic cells
strongly enhance trans-infection in an envelope-independent man-
ner (Izquierdo-Useros et al., 2012; Puryear et al., 2012). Inhibiting
these interactions may retard HIV transmission and spread in vivo.
4. Entry inhibitors

Since HIV entry is a complex, multi-stage process involving
multiple sequential interactions between gp120 and gp41 and host
surface proteins, there are a large number of potential targets to
impede the entry process. As a consequence, entry inhibitors are
a heterogeneous group of compounds with multiple mechanisms
of action. Here, we will focus primarily on compounds that are or
have been tested in clinical trials of HIV-infected patients.
4.1. Drugs blocking the gp120-CD4 interaction

A number of strategies for blocking interactions between gp120
and CD4 have been pursued. Development of recombinant, soluble
CD4 (sCD4) molecules to serve as molecular decoys for cell-associ-
ated CD4 was an early attempt at inhibiting HIV entry and was suc-
cessful at high doses in vitro. However, sCD4 was relatively
ineffective when administered to patients in clinical trials, as pri-
mary isolates of HIV were found to be significantly more resistant
to sCD4 than laboratory adapted strains (Daar et al., 1990). In 1998,
X-ray crystallographic structures of gp120 in association with CD4
provided molecular detail of the highly conserved CD4-binding site
of gp120, guiding efforts to develop small molecular inhibitors to
interrupt their interaction (Kwong et al., 1998; Wyatt et al.,
1998). BMS-378806 was an early compound blocking CD4-gp120
interactions and was discontinued in phase 2 clinical development
(Fig. 2A). More recently, it has demonstrated success in blocking
infection when used as a topical microbicide (Veazey et al.,
2005). A subsequent compound, BMS-448043, demonstrated effi-
cacy in reducing plasma HIV-1 RNA from treatment-naïve subjects
but was discontinued due to poor pharmacokinetics. BMS-626529
and its prodrug, BMS-663068, are currently being explored in
phase 2 clinical studies in combination with optimized background
therapy. Administration of BMS-663068 alone or in the presence of
ritonavir in 50 patients resulted in a 1.21–1.73 log10 decline in
plasma HIV RNA levels and was well tolerated (Nettles et al.,
2012). HIV gp120 clones from patients demonstrated a >6 log10
difference in susceptibility to this drug, indicating that patient re-
sponses may be variable and highly dependent on circulating iso-
lates (Nowicka-Sans et al., 2012). Resistance to BMS-626529
often involves the M426L mutation (Charpentier et al., 2012; Soulié
et al., 2013). BMS-448043 and BMS-626529 appear to stabilize a
conformation of gp120 that is incapable of binding to CD4 (Ho
et al., 2006), whereas BMS-378806 and other compounds may
interfere with conformational changes in gp120 that result in
gp41 exposure (Madani et al., 2004).

An additional strategy is provided by the monoclonal antibody
ibalizumab (TNX-355) that binds to the D2 domain of CD4. Resi-
dues within the D1 domain have also been implicated in the bind-
ing, suggesting that this antibody may in fact target the D1–D2
interface of CD4 (Song et al., 2010). In contrast to monoclonal anti-
bodies predominantly targeting D1, ibalizumab is not immunosup-
pressive. It has demonstrated efficacy in phase 2 studies with
optimal background therapy (Khanlou et al., 2011). Ibalizumab is
often referred to as a ‘post-attachment’ inhibitor as it does not pre-
vent gp120 binding to CD4 but blocks subsequent interactions
with coreceptor. The loss of a potential N-linked glycosylation site
in the V5 loop of gp120 has been associated with resistance (Pace
et al., 2013).

4.2. Drugs blocking the gp120-coreceptor interaction

In 1996, the coreceptors for HIV were identified as the chemo-
kine receptors CXCR4 and CCR5 (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). This discovery was rapidly
followed by the observation that a cohort of patients homozygous
for an allele with a deletion in CCR5, ccr5D32, expressed virtually
no CCR5 on the surface of their cells and were highly resistant to
HIV-1 infection without significant immunological sequellae (Dean
et al., 1996; Liu et al., 1996; Samson et al., 1996). In addition, it was
found that patients heterozygous for D32-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
findings suggested that blocking the gp120-CCR5 interaction with
drugs could be an effective and well-tolerated strategy for inhibit-
ing HIV entry.

The natural ligands for CCR5 block HIV infection, including CCL3
(MIP-1a), CCL4 (MIP-1b), and CCL5 (RANTES) (Cocchi et al., 1995).
These chemokines appear to have a dual effect upon the CCR5
receptor: they induce internalization of CCR5 shortly after expo-
sure, but over time CCR5 is recycled to the cell surface where the
chemokines can also act as competitive antagonists for gp120
(Alkhatib et al., 1997). A number of RANTES derivatives, notably
AOP-RANTES, PSC-RANTES, and 5P12-RANTES have been devel-
oped either to maximize intracellular retention of HIV or to reduce
agonist activity on CCR5 while maintaining anti-HIV activity
(Fig. 2B) (Gaertner et al., 2008; Mosier et al., 1999; Simmons
et al., 1997). PSC-RANTES and 5P12-RANTES have been explored
for use as topical microbicides (Cerini et al., 2008; Lederman
et al., 2004; Veazey et al., 2009), as discussed in more detail below.

Small molecular inhibitors of CCR5 have also been developed,
which bind to a hydrophobic pocket in the transmembrane do-
mains of CCR5 and alter the conformations of the extracellular
loops required for HIV to enter cells. Unlike RANTES derivatives,
these compounds do not bind to the same site as gp120 making
them allosteric inhibitors of the gp120-CCR5 interaction. A number
of compounds have been effective against HIV replication in vitro,
and several have been tested extensively in humans. Aplaviroc
(GW873140) reached phase 2b clinical trials before being halted
in 2005 due to cases of idiosyncratic hepatotoxicity (Nichols
et al., 2008). Vicriviroc (SCH-417690, SCH-D) reached phase 3 clin-
ical trials but development was stopped after failure to demon-
strate superiority to optimized background therapy in two
double-blinded trials (Caseiro et al., 2012). The compound Cenicri-
viroc (TBR-652) is an antagonist of both CCR5 and CCR2, providing
the drug with both anti-viral and anti-inflammatory properties
(Klibanov et al., 2010; Lalezari et al., 2011; Marier et al., 2011).
Since immune activation is associated with disease progression
and all-cause mortality in HIV infection (Froebel et al., 2000; Giorgi
et al., 1993; Liu et al., 1998; Sandler et al., 2011; Strategies for
Management of Antiretroviral Therapy (SMART) Study Group
et al., 2006), anti-inflammatory CCR2 blockade may have addi-
tional beneficial effects for HIV-infected patients. Maraviroc (UK-
427857) is the product of medicinal chemical optimization of the
compound UK-107543 effective in the low nanomolar range
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against HIV isolates that use the CCR5 coreceptor for entry (Dorr
et al., 2005). As one of two entry inhibitors currently approved
for treatment of HIV-infected patients in the Unites States and Eur-
ope, its use in the management of HIV infection will be discussed in
further detail below. However, it is important to note that blockade
of CCR5 by maraviroc may be of use in other clinical settings as
well. For instance, maraviroc has been found to inhibit Staphylococ-
cus aureus leukotoxin ED-mediated killing of CCR5+ cells (Alonzo
et al., 2013) and to reduce leukocyte chemotaxis in graft-versus
host disease (Reshef et al., 2012).

Several drugs blocking the gp120-CXCR4 interaction have also
been developed, although none are currently approved for the
management of HIV infection. The bicyclam analog AMD3100
(Plexifor, Mozobil) has been extensively analyzed in patients. Orig-
inally selected due to its potent activity against CXCR4-using HIV
strains in vitro, clinical development as an antiretroviral was
halted following a lack of efficacy and cardiac abnormalities (Hen-
drix et al., 2004). Surprisingly, patients treated with AMD3100
demonstrated a mobilization of CD34+ stem cells into the periph-
eral blood (Liles et al., 2005). The drug has been used to mobilize
hematopoietic stem cells for transplantation in cancer patients. A
large number of clinical studies involving AMD3100 are currently
underway, including for the management of hematopoietic disor-
ders and malignancies (www.clinicaltrials.gov). AMD070 is a
third-generation CXCR4 antagonist that inhibits CXCR4-using
strains comparably to AMD3100 (Stone et al., 2007). Although this
compound is no longer in active development due to liver histolog-
ical changes observed in preclinical toxicity studies (Moyle et al.,
2009), several derivatives of AMD070 are being explored (Skerlj
et al., 2011a, b).

4.3. Drugs blocking gp41-mediated membrane fusion

In the early 1990s, synthetic peptides corresponding to the HR1
and HR2 domains of gp41 were found to have potent antiviral ef-
fects (Jiang et al., 1993; Wild et al., 1992). Crystal structures of
the post-fusion conformation of gp41 in 1997 subsequently re-
vealed how these peptides actually work; namely by interfering
with the packing of HR2 domains into the grooves of an HR1 coiled
coil to form the six helix bundle driving membrane fusion (Chan
et al., 1997; Weissenhorn et al., 1997).

In 2003, the fusion inhibitor enfuvirtide (T20) was the first en-
try inhibitor approved for the management of HIV infection
(Fig. 2C). It is a linear, 36 amino acid synthetic peptide based upon
the heptad repeat 2 (HR2) sequence of gp41. As described above,
the HR2 region of gp41 packs in an antiparallel manner into the
grooves on an inner HR1 coiled-coil to form the six helix bundle;
enfuvirtide disrupts this interaction by competing with gp41 HR2
for binding to HR1. Enfuvirtide demonstrated anti-HIV activity in
clinical trials (Kilby et al., 2002; Lalezari et al., 2003) although
there is a wide range in sensitivity of primary patient isolates to
the drug (Derdeyn et al., 2000; Melby et al., 2006; Reeves et al.,
2002). Another 36 amino acid synthetic peptide, sifuvirtide, also
contains residues from the HR2 domain and partially overlaps in
sequence with enfuvirtide. Sifuvirtide has demonstrated enhanced
potency against a wide range of primary and laboratory-adapted
strains of HIV compared to enfuvirtide (He et al., 2008; Liu et al.,
2011). Importantly, sifuvirtide has also demonstrated efficacy
against some HIV strains resistant to enfuvirtide (Liu et al.,
2011). Further clinical studies of sifuvirtide may be performed.
As enfuvirtide and sifuvirtide are peptide drugs, they must be
administered by subcutaneous injection. Development of orally
bioavailable fusion inhibitors remains a goal in pharmacological
development, and a pocket formed by the HR2 residues W628,
W631, and I635 has been identified as a potential target for small
molecule inhibitors (Chan et al., 1998). D-peptides, which unlike
natural L-peptides are not digested by proteases and are therefore
suitable for oral delivery, have potential as pocket-specific inhibi-
tors of entry (PIEs) (Welch et al., 2007).

An alternative strategy to inhibit fusion is suggested by findings
from Münch and colleagues, who isolated a peptide from human
blood that potently blocked HIV-1 infection (Münch et al., 2007).
This peptide, termed virus inhibitory peptide (VIRIP), corresponds
to the C-proximal region of a1-antitrypsin. Rather than inhibiting
six-helix bundle formation by preventing HR1-HR2 interactions,
VIRIP was found to block entry by binding to the fusion peptide
and preventing its insertion into the host cell membrane (Münch
et al., 2007). An optimized dipeptide derivative of VIRIP, VIR-576,
was administered to 18 HIV-infected patients in phase 1/2 clinical
trials and resulted in a 1.23 log10 decline in viral load over 10 days
of monotherapy (Forssmann et al., 2010). Resistance to these
peptides has been observed after long-term passage in culture
(Bonjoch et al., 2013).
5. Clinical considerations

As entry inhibitors are a diverse group of compounds targeting
multiple stages of the HIV entry process, their optimal use will re-
quire a high degree of clinical acumen. Moreover, the variability of
the HIV env gene and the ability of the virus to utilize multiple
coreceptors for entry complicate the use of entry inhibitors in pa-
tients. However, these agents hold considerable potential for the
treatment of infected patients, particularly those with resistance
to reverse transcriptase, protease, or integrase inhibitors. Since
maraviroc and enfuvirtide are the two entry inhibitors currently
approved for the treatment of HIV-infected patients, several of
the clinical challenges in their use will be discussed here.

5.1. Identifying suitable patients for treatment

A primary challenge in the optimal use of entry inhibitors is that
the diversity of the HIV env gene results in a wide array of primary
viral sequences and Env structures to be inhibited. This diversity
has two important consequences. First, the susceptibility of pri-
mary HIV isolates to entry inhibitors can vary by several orders
of magnitude, a much larger range than is seen with agents target-
ing reverse transcriptase, protease, or integrase (Derdeyn et al.,
2000; Melby et al., 2006; Nowicka-Sans et al., 2012; Reeves et al.,
2002). Patients harboring pre-existing resistance to entry inhibi-
tors have also been identified (Tilton et al., 2010a). While env
diversity clearly contributes to the variability in sensitivity to entry
inhibitors, host factors have also been implicated (Pugach et al.,
2009). Second, studies have shown that resistance occurs by differ-
ent pathways in different patients. This suggests that mutations
that lead to drug resistance are dependent on the context of the pa-
tients’ env genes and that efforts to identify signature drug resis-
tance mutations based on env sequence are unlikely to be
successful. Together, these consequences of viral env diversity
complicate the clinician’s ability to identify patients in whom entry
inhibitors are likely to be effective.

HIV can use multiple coreceptors for entry in patients–most
commonly CCR5 and CXCR4, although alternative coreceptor use
has also been reported (Jiang et al., 2011). Maraviroc is effective
only against HIV strains using CCR5 for entry. The presence of
CXCR4-using viruses is associated with virologic failure due to out-
growth of these strains during therapy (Gulick et al., 2007; Lalezari
et al., 2005; Westby et al., 2006). As a consequence, patients should
undergo tropism testing prior to treatment. The Trofile assay from
Monogram Biosciences is a phenotypic assay that has been used
extensively to viral tropism in clinical trials. Genotypic assays to
determine HIV coreceptor usage based on env sequence have been
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shown to predict patient response to maraviroc therapy (Kagan
et al., 2012; McGovern et al., 2012; Swenson et al., 2011), but typ-
ically only have �80% concordance with tropism as measured by
the Trofile assay (Archer et al., 2012; Gonzalez-Serna et al., 2012;
Swenson et al., 2013). Although the appearance of CXCR4-tropic
HIV has been associated with accelerated CD4+ T cell loss and pro-
gression to AIDS in untreated patients (Connor et al., 1997; de Roda
Husman et al., 1997; Karlsson et al., 1994; Maas et al., 2000; Rich-
man and Bozzette, 1994; Scarlatti et al., 1997; Schuitemaker et al.,
1992), CXCR4-tropic viruses that emerge during pharmacological
blockade of CCR5 are rapidly replaced by CCR5-tropic viruses upon
termination of therapy (Gulick et al., 2007; Lalezari et al., 2005;
Westby et al., 2006). Indeed, a study treating patients with
predominantly CXCR4-tropic, dual-mixed (CCR5/CXCR4), or non-
typable virus with maraviroc found that CD4+ T cell counts in-
creased in all groups at weeks 24 and 48 compared to baseline,
indicating that CXCR4-tropic HIV emergence was not associated
with rapid CD4+ T cell loss or disease progression in the context
of CCR5 blockade (Saag et al., 2009).

Importantly, the disease stage of patients is related to the core-
ceptor usage of HIV. Transmitted forms of HIV predominantly use
CCR5 for entry and CCR5-tropic isolates dominate during early
infection. However, CXCR4-tropic HIV is more common in patients
with advanced disease (de Roda Husman et al., 1997; Scarlatti
et al., 1997; Schuitemaker et al., 1992); fewer of these patients
may be suitable candidates for maraviroc treatment. In addition,
CCR5-tropic viruses isolated from patients at later stages of disease
have demonstrated decreased sensitivity to entry inhibitors com-
pared to viruses isolated from patients early in HIV infection (Kar-
lsson et al., 2004; Koning et al., 2003, 2005; Parker et al., 2013;
Repits et al., 2005), suggesting that maraviroc and other CCR5
antagonists may have optimal utility if given early in infection.

A final consideration in determining which patients are suitable
candidates for entry inhibitor therapy are CD4+ T cell counts at ini-
tiation of therapy. Maraviroc has been demonstrated to result in
higher virological suppression in patients with >50 CD4+ T cells/
mm3 (Schapiro et al., 2011). Enfuvirtide has demonstrated virolog-
ical efficacy and immune reconstitution in patients with <50 CD4+
T cells/mm3 when added to a tenofovir-based HAART regimen
(Bonora et al., 2012).

5.2. Viral resistance

A primary clinical concern in the use of all antiretroviral agents
is the development of drug-resistant HIV isolates. As maraviroc
and enfuvirtide target different stages of the HIV entry process, it
is perhaps not surprising that viruses demonstrating resistance of
one drug typically maintain sensitivity to the other (Ray et al.,
2007; Tilton et al., 2010a,b).

5.2.1. Resistance to maraviroc
Resistance to maraviroc can occur through two predominant

pathways: the outgrowth of pre-existing CXCR4-tropic HIV isolates
and the emergence of CCR5-tropic viruses that can infect cells in
the presence of drug (Gulick et al., 2007; Lalezari et al., 2005; Tilton
et al., 2010a,b; Westby et al., 2006, 2007). As outgrowth of CXCR4-
tropic HIV strains has been discussed above, we will focus here on
the mechanisms and consequence of resistance by CCR5-tropic
HIV. Studies with maraviroc and other CCR5 antagonists, both
in vitro and in vivo, have revealed several key trends. First, resis-
tance to these drugs appears to occur predominantly through the
use of drug-bound receptor for entry characterized by a non-com-
petitive mechanism in which further increases in drug concentra-
tion do not reduce entry efficiency (Pugach et al., 2007; Tilton
et al., 2010a,b; Trkola et al., 2002; Westby et al., 2007). However,
viruses that demonstrate resistance via a competitive mechanism,
as evidenced by a shift in IC50 values without reduction of maxi-
mal percent inhibition at high concentrations, have also been re-
ported (Ratcliff et al., 2013). Second, resistance determinants
have been mapped to multiple regions of gp120, particularly the
V3 loop, as well as gp41 (Anastassopoulou et al., 2009; Baba
et al., 2007; Kuhmann et al., 2004; McNicholas et al., 2010; Ogert
et al., 2008; Putcharoen et al., 2012; Tilton et al., 2010b; Tsibris
et al., 2008; Westby et al., 2007; Yuan et al., 2011). Importantly,
there was minimal overlap of resistance-conferring mutations,
indicating that the resistance pathway utilized is heavily depen-
dent upon the context of the viral env gene and the CCR5 antago-
nist utilized. Resistance patterns also depend upon the antagonist
used; maraviroc and vicriviroc selected for different patterns of
resistance in the V3 loop of gp120 (Berro et al., 2012). Third, resis-
tant viruses often demonstrate altered interactions with CCR5, par-
ticularly with reliance on residues in the N-terminal or ECL2
regions. CCR5 antagonist-resistant viruses differ in which CCR5
residues are critical for entry (Henrich et al., 2012; Roche et al.,
2011; Tilton et al., 2010b), supporting the conclusion the V3 can
mutate in a variety of ways to recognize different residues on
drug-bound coreceptor. Fourth, the degree of cross-resistance to
other CCR5 antagonists varies. Maraviroc and other coreceptor
antagonists induce conformational changes to the extracellular
loops of CCR5 but have minimal impact on the N-terminus, as
demonstrated by antibody binding studies to drug-free and drug-
bound receptors. The ECL2 loop changes vary by antagonist: for in-
stance, aplaviroc strongly inhibits binding of the monoclonal anti-
body 45529 and completely abrogates binding of 45531 to ECL2,
whereas vicriviroc, maraviroc, and TAK-779 show similar and more
modest effects on antibody binding (Tilton et al., 2010b). However,
these differences appear to be significant: resistant viruses isolated
from patients treated with vicriviroc are often cross-resistant to
maraviroc (Putcharoen et al., 2012), whereas the converse is not
true (Tilton et al., 2010b; Westby et al., 2007). These studies have
important ramifications for future clinical use of entry inhibitors,
as they imply that the order in which CCR5 antagonists are given
to patients may impact the emergence of cross-resistant viruses
perhaps by selecting for different patterns of V3 resistance (Berro
et al., 2012). From a drug-development perspective antagonists
inducing significantly different changes in ECL2 compared to
maraviroc may require drastic alterations in the way the virus rec-
ognizes CCR5 for cross-resistance to emerge, such as a dependence
on the N-terminus of CCR5 alone (Pfaff et al., 2010).

While in vitro and in vivo studies have extensively character-
ized the development of resistance of CCR5 antagonists, it is impor-
tant to note that many cases of virological failure in patients are
not explained by coreceptor switching to CXCR4 or by mutations
that confer reduced susceptibility to drug (Hardy et al., 2010; Kitri-
nos et al., 2009; McNicholas et al., 2010; Tilton et al., 2010b; Tsibris
et al., 2008). The cause of these treatment failures remains unclear.

5.2.2. Resistance to enfuvirtide
Enfuvirtide resistance mutations have been investigated in pa-

tients failing therapy, and in contrast to maraviroc, several ‘signa-
ture’ resistance mutations have been identified. These mutations
cluster in the HR1 domain where enfuvirtide binds to gp41 and in-
clude G36D, V38A, N42D, and N43D/Q (Poveda et al., 2004; Wei
et al., 2002; Xu et al., 2005). Mutations in env outside of HR1 ap-
pear to play little role in enfuvirtide resistance (Baatz et al.,
2011). While these resistance mutations decrease sensitivity to
enfuvirtide, they are associated with reduced efficiency of fusion
and enhanced susceptibility to neutralizing antibodies (Reeves
et al., 2005). Compensatory mutations in the HR2 domain of
gp41 can restore viral fusion kinetics while retaining enfuvirtide
resistance (Ray et al., 2009). Importantly, patients that continue
enfuvirtide treatment despite the presence of resistance mutations
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retain CD4+ T cell increases from therapy (Melby et al., 2007; Soria
et al., 2008), potentially due to antiviral effects under conditions of
incomplete virologic suppression (Deeks et al., 2007).

5.2.3. Viral consequences of resistance
Mutations in the Env protein that confer resistance to entry

inhibitors can impact viral fitness and tropism. As mentioned
above, mutations in HR1 that confer resistance to enfuvirtide re-
duce fusion efficiency; these are compensated for by additional
mutations in HR2. The majority of Envs that are resistant to core-
ceptor antagonists demonstrate incomplete inhibition in the pres-
ence of drug, suggesting that the virus cannot use drug-bound
CCR5 as efficiently as the native form (Kuhmann et al., 2004;
McNicholas et al., 2010; Ogert et al., 2009; Tilton et al., 2010a;
Westby et al., 2007). However, some patient-derived Envs that
have developed resistance to CCR5 antagonists have adapted to
preferentially use the drug-bound form of the receptor. These
viruses have improved entry efficiency and kinetics in the presence
of maraviroc and vicriviroc, respectively (Putcharoen et al., 2012;
Tilton et al., 2010b). Interestingly, a virus that developed complete
resistance to vicriviroc in a patient on a phase 2b clinical trial re-
verted to a sensitive phenotype following treatment discontinua-
tion, suggesting a fitness cost to the resistance mutations in the
absence of drug (Tsibris et al., 2008, 2012). This contrasts with
in vitro data indicating a lack of fitness cost of coreceptor antago-
nist resistance (Anastassopoulou et al., 2007). Finally, there is evi-
dence that CCR5-tropic viruses resistant to CCR5 antagonists can
have altered tropism on primary CD4+ T cells and macrophages
in the presence and absence of drug, suggesting that the conse-
quences of resistance may be complex (Pfaff et al., 2010; Roche
et al., 2011).

5.3. Entry inhibitors in combination therapy

Combination antiretroviral therapy has traditionally consisted
of two reverse transcriptase inhibitors and a third drug from a dif-
ferent class, typically a protease inhibitor. The addition of entry
inhibitors, integrase inhibitors, and new reverse transcriptase and
protease inhibitors to the clinical arsenal has expanded treatment
options to reduce toxicities (drug-sparing regimens), combat mul-
tidrug resistant HIV strains (salvage therapy), and to intensify anti-
retroviral treatment. In particular, maraviroc has been studied in
non-nucleoside reverse transcriptase inhibitor (NNRTI) and ritona-
vir-boosted protease inhibitor sparing regimens and been found to
be effective and well-tolerated (Bonjoch et al., 2013; Mills et al.,
2013; Mora-Peris et al., 2013). In addition, maraviroc appears to
have reduced toxicity on adipose cells in vitro (Díaz-Delfín et al.,
2013) and improves lipid profiles in patients with dyslipidemia
(Bonjoch et al., 2013; MacInnes et al., 2011). Maraviroc has also
been investigated as part of salvage regimens (Calcagno et al.,
2011; Imaz et al., 2011; Reuter et al., 2010; Weimer et al., 2013),
but use trails that of other antiretroviral agents such as raltegravir,
darunavir, and etravirine (Willig et al., 2013). Finally, maraviroc
intensification as part of efforts to increase CD4+ counts in patients
with poor immune reconstitution despite control of viral replica-
tion resulted in only extremely modest CD4+ gains (�30 cells/
mm3/year and <20 cells/mm3/24 weeks, respectively) in two re-
cent clinical studies (Cuzin et al., 2012; Wilkin et al., 2012).

5.4. Synergistic action of multiple entry inhibitors

An additional clinical consideration with the use of entry inhib-
itors is the synergistic use of multiple drugs. There are several
mechanisms through which multiple entry inhibitors may yield
enhanced antiviral activity. First, as demonstrated with enfuvir-
tide, resistance mutations can alter the kinetics of stages of the
HIV entry process and increase the potency of drugs or antibodies.
Second, if more entry inhibitors are approved for the use in HIV-in-
fected patients, it is feasible that the number of resistance muta-
tions required within gp120 and gp41 may significantly impact
the fitness of the virus or be incompatible with the formation of
a meta-stable Env trimer required for entry. Synergism has already
been demonstrated between coreceptor antagonists, enfuvirtide,
and monoclonal antibodies (Ji et al., 2007; Reeves et al., 2005;
Tremblay et al., 2000).

5.5. Future directions

5.5.1. Microbicide development
A large number of entry inhibitors are at various stages of devel-

opment for the treatment of HIV-infected patients. In addition, ef-
forts are underway to use these agents to prevent HIV transmission
through the development of effective microbicides. In particular,
RANTES derivatives and maraviroc have demonstrated potent inhi-
bition of viral transmission in non-human primate models (Leder-
man et al., 2004; Veazey et al., 2010). Resistance to these RANTES
derivatives can occur through coreceptor switching to CXCR4
(Nedellec et al., 2011), but resistance of CCR5-tropic Envs remains
controversial. A study examining env sequences in a SHIV (SF162-
p3)-infected macaque pretreated with PSC-RANTES identified two
mutations that enabled replication at high doses of drug (Dudley
et al., 2009). However, introduction of these mutations into the
parental SF162 or macaque-adapted SF162-p3 envs was not found
to alter sensitivity to PSC-RANTES using a single-cycle assay for
resistance (Nedellec et al., 2010). Analysis of macaques infected de-
spite maraviroc-based microbicide treatment did not identify
drug-resistant viruses, implying the infections arose from incom-
plete viral inhibition rather than the presence and selection of
drug-resistant variants (Tsibris et al., 2011). Microbicide develop-
ment efforts with these compounds continue and would provide
an important tool for preventing HIV transmission.

5.5.2. Inhibition of HIV entry through gene therapy approaches
The functional cure of an HIV-infected patient with acute mye-

logenous leukemia by bone marrow transplantation using cells
from a ccr5D32 homozygous patient has reinvigorated interest in
the eradication of HIV infection (Allers et al., 2011; Hütter et al.,
2009). However, chemo- and radio-ablative treatments followed
by allogeneic bone marrow transplantation carry significant risks
to the patient. An alternative strategy is to genetically modify a pa-
tient’s hematopoietic stem cells or CD4+ T cells to disrupt the ccr5
or cxcr4 genes using zinc-finger nucleases (ZFN) or transcription
activator-like effector nucleases (TALEN) (Holt et al., 2010; Maier
et al., 2013; Perez et al., 2008; Wilen et al., 2011). A recent study
has demonstrated ZFN-mediated homologous recombination to
simultaneously knockout the CCR5 locus and insert a cassette of
restriction factors to inhibit viruses that do enter cells. The resul-
tant cells were resistant to both CCR5- and CXCR4-tropic HIV vari-
ants (Voit et al., 2013). This exciting field of HIV research has been
recently reviewed (Didigu and Doms, 2012).
6. Conclusion

The advent of combination antiretroviral therapy has trans-
formed the HIV epidemic from a nearly universally fatal disease
to a medically managed condition in which patients have near nor-
mal life expectancies. Antiretroviral drugs initially targeted the re-
verse transcriptase and protease enzymes, but over the past decade
additional classes of drugs targeting the HIV entry process and the
integrase enzyme have become available for the management of
HIV-infected patients. Entry inhibitors represent a diverse group



166 A.A. Haqqani, J.C. Tilton / Antiviral Research 98 (2013) 158–170
of compounds targeting multiple stages of the HIV entry process
and currently contain two clinically approved drugs–maraviroc
and enfuvirtide–that target gp120-CCR5 interaction and gp41-
mediated fusion, respectively. Primarily due to the ability of HIV
to use multiple coreceptors for entry and the diversity of the HIV
env gene, identifying patients that will respond effectively to treat-
ment is a challenge and the optimal use of these drugs will require
a high degree of clinical acumen. As more entry inhibitors are ap-
proved for the treatment of infected patients, the complexity of
this group of compounds will increase, but so will the opportuni-
ties for the synergistic use of these compounds and the treatment
of HIV infection.
References

Alkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E., Murphy, P.M.,
Berger, E.A., 1996. CC CKR5: a RANTES, MIP-1alpha, MIP-1beta receptor as a
fusion cofactor for macrophage-tropic HIV-1. Science 272, 1955–1958.

Alkhatib, G., Locati, M., Kennedy, P.E., Murphy, P.M., Berger, E.A., 1997. HIV-1
coreceptor activity of CCR5 and its inhibition by chemokines: independence
from G protein signaling and importance of coreceptor downmodulation.
Virology 234, 340–348.

Allers, K., Hütter, G., Hofmann, J., Loddenkemper, C., Rieger, K., Thiel, E., Schneider,
T., 2011. Evidence for the cure of HIV infection by CCR5D32/D32 stem cell
transplantation. Blood 117, 2791–2799.

Alonzo, F., Kozhaya, L., Rawlings, S.A., Reyes-Robles, T., DuMont, A.L., Myszka, D.G.,
Landau, N.R., Unutmaz, D., Torres, V.J., 2013. CCR5 is a receptor for
Staphylococcus aureus leukotoxin ED. Nature 493, 51–55.

Anastassopoulou, C.G., Ketas, T.J., Klasse, P.J., Moore, J.P., 2009. Resistance to CCR5
inhibitors caused by sequence changes in the fusion peptide of HIV-1 gp41.
Proc. Natl. Acad. Sci. USA 106, 5318–5323.

Anastassopoulou, C.G., Marozsan, A.J., Matet, A., Snyder, A.D., Arts, E.J., Kuhmann,
S.E., Moore, J.P., 2007. Escape of HIV-1 from a small molecule CCR5 inhibitor is
not associated with a fitness loss. PLoS Pathog. 3, e79.

Archer, J., Weber, J., Henry, K., Winner, D., Gibson, R., Lee, L., Paxinos, E., Arts, E.J.,
Robertson, D.L., Mimms, L., Quiñones-Mateu, M.E., 2012. Use of four next-
generation sequencing platforms to determine HIV-1 coreceptor tropism. PLoS
ONE 7, e49602.

Arthos, J., Cicala, C., Martinelli, E., Macleod, K., van Ryk, D., Wei, D., Xiao, Z., Veenstra,
T.D., Conrad, T.P., Lempicki, R.A., McLaughlin, S., Pascuccio, M., Gopaul, R.,
McNally, J., Cruz, C.C., Censoplano, N., Chung, E., Reitano, K.N., Kottilil, S., Goode,
D.J., Fauci, A.S., 2008. HIV-1 envelope protein binds to and signals through
integrin alpha4beta7, the gut mucosal homing receptor for peripheral T cells.
Nat. Immunol. 9, 301–309.

Ashish, Juncadella, I.J., Garg, R., Boone, C.D., Anguita, J., Krueger, J.K., 2008.
Conformational rearrangement within the soluble domains of the CD4
receptor is ligand-specific. J. Biol. Chem. 283, 2761–2772.

Baatz, F., Nijhuis, M., Lemaire, M., Riedijk, M., Wensing, A.M.J., Servais, J.-Y., van
Ham, P.M., Hoepelman, A.I.M., Koopmans, P.P., Sprenger, H.G., Devaux, C.,
Schmit, J.-C., Perez Bercoff, D., 2011. Impact of the HIV-1 env genetic context
outside HR1-HR2 on resistance to the fusion inhibitor enfuvirtide and viral
infectivity in clinical isolates. PLoS ONE 6, e21535.

Baba, M., Miyake, H., Wang, X., Okamoto, M., Takashima, K., 2007. Isolation and
characterization of human immunodeficiency virus type 1 resistant to the
small-molecule CCR5 antagonist TAK-652. Antimicrob. Agents Chemother. 51,
707–715.

Basmaciogullari, S., Babcock, G.J., van Ryk, D., Wojtowicz, W., Sodroski, J., 2002.
Identification of conserved and variable structures in the human
immunodeficiency virus gp120 glycoprotein of importance for CXCR4 binding.
J. Virol. 76, 10791–10800.

Berro, R., Klasse, P.J., Jakobsen, M.R., Gorry, P.R., Moore, J.P., Sanders, R.W., 2012. V3
determinants of HIV-1 escape from the CCR5 inhibitors Maraviroc and
Vicriviroc. Virology 427, 158–165.

Bonjoch, A., Pou, C., Pérez-Álvarez, N., Bellido, R., Casadellà, M., Puig, J., Noguera-
Julian, M., Clotet, B., Negredo, E., Paredes, R., 2013. Switching the third drug of
antiretroviral therapy to maraviroc in aviraemic subjects: a pilot, prospective,
randomized clinical trial. J. Antimicrob. Chemother [Epub ahead of print].

Bonora, S., Calcagno, A., Cometto, C., Fontana, S., Aguilar, D., D’Avolio, A., Gonzalez
de Requena, D., Maiello, A., Dal Conte, I., Lucchini, A., Di Perri, G., 2012. Short-
term additional enfuvirtide therapy is associated with a greater immunological
recovery in HIV very late presenters: a controlled pilot study. Infection 40, 69–
75.

Calcagno, A., Nozza, S., Bonora, S., Castagna, A., Gonzalez de Requena, D., D’Avolio,
A., Lazzarin, A., Di Perri, G., 2011. Pharmacokinetics of the raltegravir/
maraviroc/etravirine combination. J. Antimicrob. Chemother. 66, 1932–1934.

Caseiro, M.M., Nelson, M., Diaz, R.S., Gathe, J., de Andrade Neto, J.L., Slim, J., Solano,
A., Netto, E.M., Mak, C., Shen, J., Greaves, W., Dunkle, L.M., Vilchez, R.A.,
Zeinecker, J., 2012. Vicriviroc plus optimized background therapy for treatment-
experienced subjects with CCR5 HIV-1 infection: final results of two
randomized phase III trials. J. Infect. 65, 326–335.
Cerini, F., Landay, A., Gichinga, C., Lederman, M.M., Flyckt, R., Starks, D., Offord, R.E.,
Le Gal, F., Hartley, O., 2008. Chemokine analogues show suitable stability
for development as microbicides. J. Acquir. Immune Defic. Syndr. 49, 472–
476.

Chabot, D.J., Zhang, P.F., Quinnan, G.V., Broder, C.C., 1999. Mutagenesis of CXCR4
identifies important domains for human immunodeficiency virus type 1 X4
isolate envelope-mediated membrane fusion and virus entry and reveals cryptic
coreceptor activity for R5 isolates. J. Virol. 73, 6598–6609.

Chan, D.C., Chutkowski, C.T., Kim, P.S., 1998. Evidence that a prominent cavity in the
coiled coil of HIV type 1 gp41 is an attractive drug target. Proc. Natl. Acad. Sci.
USA 95, 15613–15617.

Chan, D.C., Fass, D., Berger, J.M., Kim, P.S., 1997. Core structure of gp41 from the HIV
envelope glycoprotein. Cell 89, 263–273.

Charpentier, C., Larrouy, L., Visseaux, B., Landman, R., Levittas, M., Storto, A.,
Damond, F., Yazdanpanah, Y., Yeni, P., Brun-Vézinet, F., Descamps, D., 2012.
Prevalence of subtype-related polymorphisms associated with in vitro
resistance to attachment inhibitor BMS-626529 in HIV-1 ‘‘non-B-’’infected
patients. J. Antimicrob. Chemother. 67, 1459–1461.

Chen, B., Vogan, E.M., Gong, H., Skehel, J.J., Wiley, D.C., Harrison, S.C., 2005. Structure
of an unliganded simian immunodeficiency virus gp120 core. Nature 433, 834–
841.

Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rollins, B., Ponath, P.D., Wu, L., Mackay,
C.R., LaRosa, G., Newman, W., Gerard, N., Gerard, C., Sodroski, J., 1996. The beta-
chemokine receptors CCR3 and CCR5 facilitate infection by primary HIV-1
isolates. Cell 85, 1135–1148.

Cicala, C., Martinelli, E., McNally, J.P., Goode, D.J., Gopaul, R., Hiatt, J., Jelicic, K.,
Kottilil, S., Macleod, K., O’Shea, A., Patel, N., van Ryk, D., Wei, D., Pascuccio, M.,
Yi, L., McKinnon, L., Izulla, P., Kimani, J., Kaul, R., Fauci, A.S., Arthos, J., 2009. The
integrin alpha4beta7 forms a complex with cell-surface CD4 and defines a T-cell
subset that is highly susceptible to infection by HIV-1. Proc. Natl. Acad. Sci. USA
106, 20877–20882.

Cocchi, F., DeVico, A.L., Garzino-Demo, A., Arya, S.K., Gallo, R.C., Lusso, P., 1995.
Identification of RANTES, MIP-1 alpha, and MIP-1 beta as the major HIV-
suppressive factors produced by CD8+ T cells. Science 270, 1811–1815.

Connor, R.I., Sheridan, K.E., Ceradini, D., Choe, S., Landau, N.R., 1997. Change in
coreceptor use coreceptor use correlates with disease progression in HIV-1–
infected individuals. J. Exp. Med. 185, 621–628.

Cuzin, L., Trabelsi, S., Delobel, P., Barbuat, C., Reynes, J., Allavena, C., Peytavin, G.,
Ghosn, J., Lascoux-Combe, C., Psomas, C., Corbeau, P., Flandre, P., ANRS 145
MARIMUNO Study group, 2012. Maraviroc intensification of stable antiviral
therapy in HIV-1-infected patients with poor immune restoration: MARIMUNO-
ANRS 145 study. J. Acquir. Immune Defic. Syndr. 61, 557–564.

Daar, E.S., Li, X.L., Moudgil, T., Ho, D.D., 1990. High concentrations of recombinant
soluble CD4 are required to neutralize primary human immunodeficiency virus
type 1 isolates. Proc. Natl. Acad. Sci. USA 87, 6574–6578.

de Roda Husman, A.M., Koot, M., Cornelissen, M., Keet, I.P., Brouwer, M., Broersen,
S.M., Bakker, M., Roos, M.T., Prins, M., de Wolf, F., Coutinho, R.A., Miedema, F.,
Goudsmit, J., Schuitemaker, H., 1997. Association between CCR5 genotype and
the clinical course of HIV-1 infection. Ann. Intern. Med. 127, 882–890.

Dean, M., Carrington, M., Winkler, C., Huttley, G.A., Smith, M.W., Allikmets, R.,
Goedert, J.J., Buchbinder, S.P., Vittinghoff, E., Gomperts, E., Donfield, S., Vlahov,
D., Kaslow, R., Saah, A., Rinaldo, C., Detels, R., O’Brien, S.J., 1996. Genetic
restriction of HIV-1 infection and progression to AIDS by a deletion allele of the
CKR5 structural gene. Hemophilia Growth and Development Study, Multicenter
AIDS Cohort Study, Multicenter Hemophilia Cohort Study, San Francisco City
Cohort. ALIVE Study. Science 273, 1856–1862.

Deeks, S.G., Lu, J., Hoh, R., Neilands, T.B., Beatty, G., Huang, W., Liegler, T., Hunt, P.,
Martin, J.N., Kuritzkes, D.R., 2007. Interruption of enfuvirtide in HIV-1 infected
adults with incomplete viral suppression on an enfuvirtide-based regimen. J.
Infect. Dis. 195, 387–391.

Deng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, D., Burkhart, M., Di Marzio, P.,
Marmon, S., Sutton, R.E., Hill, C.M., Davis, C.B., Peiper, S.C., Schall, T.J., Littman,
D.R., Landau, N.R., 1996. Identification of a major co-receptor for primary
isolates of HIV-1. Nature 381, 661–666.

Derdeyn, C.A., Decker, J.M., Sfakianos, J.N., Wu, X., O’Brien, W.A., Ratner, L., Kappes,
J.C., Shaw, G.M., Hunter, E., 2000. Sensitivity of human immunodeficiency virus
type 1 to the fusion inhibitor T-20 is modulated by coreceptor specificity
defined by the V3 loop of gp120. J. Virol. 74, 8358–8367.

Didigu, C.A., Doms, R.W., 2012. Novel approaches to inhibit HIV entry. Viruses 4,
309–324.

Díaz-Delfín, J., Domingo, P., Giralt, M., Villarroya, F., 2013. Maraviroc reduces
cytokine expression and secretion in human adipose cells without altering
adipogenic differentiation. Cytokine 61, 808–815.

Doranz, B.J., Orsini, M.J., Turner, J.D., Hoffman, T.L., Berson, J.F., Hoxie, J.A., Peiper,
S.C., Brass, L.F., Doms, R.W., 1999. Identification of CXCR4 domains that support
coreceptor and chemokine receptor functions. J. Virol. 73, 2752–2761.

Doranz, B.J., Rucker, J., Yi, Y., Smyth, R.J., Samson, M., Peiper, S.C., Parmentier, M.,
Collman, R.G., Doms, R.W., 1996. A dual-tropic primary HIV-1 isolate that uses
fusin and the beta-chemokine receptors CKR-5, CKR-3, and CKR-2b as fusion
cofactors. Cell 85, 1149–1158.

Dorr, P., Westby, M., Dobbs, S., Griffin, P., Irvine, B., Macartney, M., Mori, J., Rickett,
G., Smith-Burchnell, C., Napier, C., Webster, R., Armour, D., Price, D., Stammen,
B., Wood, A., Perros, M., 2005. Maraviroc (UK-427,857), a potent, orally
bioavailable, and selective small-molecule inhibitor of chemokine receptor
CCR5 with broad-spectrum anti-human immunodeficiency virus type 1 activity.
Antimicrob. Agents Chemother. 49, 4721–4732.



A.A. Haqqani, J.C. Tilton / Antiviral Research 98 (2013) 158–170 167
Dragic, T., Litwin, V., Allaway, G.P., Martin, S.R., Huang, Y., Nagashima, K.A., Cayanan,
C., Maddon, P.J., Koup, R.A., Moore, J.P., Paxton, W.A., 1996. HIV-1 entry into
CD4+ cells is mediated by the chemokine receptor CC-CKR-5. Nature 381, 667–
673.

Dudley, D.M., Wentzel, J.L., Lalonde, M.S., Veazey, R.S., Arts, E.J., 2009. Selection of a
simian-human immunodeficiency virus strain resistant to a vaginal microbicide
in macaques. J. Virol. 83, 5067–5076.

Farzan, M., Choe, H., Vaca, L., Martin, K., Sun, Y., Desjardins, E., Ruffing, N., Wu, L.,
Wyatt, R., Gerard, N., Gerard, C., Sodroski, J., 1998. A tyrosine-rich region in the
N terminus of CCR5 is important for human immunodeficiency virus type 1
entry and mediates an association between gp120 and CCR5. J. Virol. 72, 1160–
1164.

Farzan, M., Mirzabekov, T., Kolchinsky, P., Wyatt, R., Cayabyab, M., Gerard, N.P.,
Gerard, C., Sodroski, J., Choe, H., 1999. Tyrosine sulfation of the amino terminus
of CCR5 facilitates HIV-1 entry. Cell 96, 667–676.

Feng, Y., Broder, C.C., Kennedy, P.E., Berger, E.A., 1996. HIV-1 entry cofactor:
functional cDNA cloning of a seven-transmembrane, G protein-coupled
receptor. Science 272, 872–877.

Finzi, A., Xiang, S.-H., Pacheco, B., Wang, L., Haight, J., Kassa, A., Danek, B., Pancera,
M., Kwong, P.D., Sodroski, J., 2010. Topological layers in the HIV-1 gp120 inner
domain regulate gp41 interaction and CD4-triggered conformational
transitions. Mol. Cell 37, 656–667.

Forssmann, W.-G., The, Y.-H., Stoll, M., Adermann, K., Albrecht, U., Tillmann, H.-C.,
Barlos, K., Busmann, A., Canales-Mayordomo, A., Giménez-Gallego, G., Hirsch, J.,
Jiménez-Barbero, J., Meyer-Olson, D., Münch, J., Pérez-Castells, J., Ständker, L.,
Kirchhoff, F., Schmidt, R.E., 2010. Short-term monotherapy in HIV-infected
patients with a virus entry inhibitor against the gp41 fusion peptide. Sci. Transl.
Med. 2, 63 (re3).

Fortin, J.F., Cantin, R., Lamontagne, G., Tremblay, M., 1997. Host-derived
ICAM-1 glycoproteins incorporated on human immunodeficiency virus
type 1 are biologically active and enhance viral infectivity. J. Virol. 71, 3588–
3596.

Froebel, K.S., Raab, G.M., D’Alessandro, C., Armitage, M.P., MacKenzie, K.M.,
Struthers, M., Whitelaw, J.M., Yang, S., 2000. A single measurement of
CD38CD8 cells in HIV+, long-term surviving injecting drug users distinguishes
those who will progress to AIDS from those who will remain stable. Clin. Exp.
Immunol. 122, 72–78.

Gaertner, H., Cerini, F., Escola, J.-M., Kuenzi, G., Melotti, A., Offord, R., Rossitto-Borlat,
I., Nedellec, R., Salkowitz, J., Gorochov, G., Mosier, D., Hartley, O., 2008. Highly
potent, fully recombinant anti-HIV chemokines: reengineering a low-cost
microbicide. Proc. Natl. Acad. Sci. USA 105, 17706–17711.

Geijtenbeek, T.B., Torensma, R., van Vliet, S.J., van Duijnhoven, G.C., Adema, G.J., van
Kooyk, Y., Figdor, C.G., 2000. Identification of DC-SIGN, a novel dendritic cell-
specific ICAM-3 receptor that supports primary immune responses. Cell 100,
575–585.

Giorgi, J.V., Liu, Z., Hultin, L.E., Cumberland, W.G., Hennessey, K., Detels, R., 1993.
Elevated levels of CD38+ CD8+ T cells in HIV infection add to the prognostic
value of low CD4+ T cell levels: results of 6 years of follow-up. The Los Angeles
Center, Multicenter AIDS Cohort Study. J. Acquir. Immune Defic. Syndr. 6, 904–
912.

Gonzalez-Serna, A., McGovern, R.A., Harrigan, P.R., Vidal, F., Poon, A.F.Y., Ferrando-
Martinez, S., Abad, M.A., Genebat, M., Leal, M., Ruiz-Mateos, E., 2012. Correlation
of the virological response to short-term maraviroc monotherapy with standard
and deep-sequencing-based genotypic tropism prediction methods.
Antimicrob. Agents Chemother. 56, 1202–1207.

Gulick, R.M., Su, Z., Flexner, C., Hughes, M.D., Skolnik, P.R., Wilkin, T.J., Gross, R.,
Krambrink, A., Coakley, E., Greaves, W.L., Zolopa, A., Reichman, R., Godfrey, C.,
Hirsch, M., Kuritzkes, D.R., AIDS Clinical Trials Group 5211 Team, 2007. Phase 2
study of the safety and efficacy of vicriviroc, a CCR5 inhibitor, in HIV-1-Infected,
treatment-experienced patients: AIDS clinical trials group 5211. J. Infect. Dis.
196, 304–312.

Hallenberger, S., Bosch, V., Angliker, H., Shaw, E., Klenk, H.D., Garten, W., 1992.
Inhibition of furin-mediated cleavage activation of HIV-1 glycoprotein gp160.
Nature 360, 358–361.

Hardy, W.D., Gulick, R.M., Mayer, H., Fätkenheuer, G., Nelson, M., Heera, J., Rajicic,
N., Goodrich, J., 2010. Two-year safety and virologic efficacy of maraviroc in
treatment-experienced patients with CCR5-tropic HIV-1 infection: 96-week
combined analysis of MOTIVATE 1 and 2. J. Acquir. Immune Defic. Syndr. 55,
558–564.

He, Y., Xiao, Y., Song, H., Liang, Q., Ju, D., Chen, X., Lu, H., Jing, W., Jiang, S., Zhang, L.,
2008. Design and evaluation of sifuvirtide, a novel HIV-1 fusion inhibitor. J. Biol.
Chem. 283, 11126–11134.

Hendrix, C.W., Collier, A.C., Lederman, M.M., Schols, D., Pollard, R.B., Brown, S.,
Jackson, J.B., Coombs, R.W., Glesby, M.J., Flexner, C.W., Bridger, G.J., Badel, K.,
MacFarland, R.T., Henson, G.W., Calandra, G., AMD3100 HIV Study Group, 2004.
Safety, pharmacokinetics, and antiviral activity of AMD3100, a selective CXCR4
receptor inhibitor, in HIV-1 infection. J. Acquir. Immune Defic. Syndr. 37, 1253–
1262.

Henrich, T.J., Lewine, N.R.P., Lee, S.-H., Rao, S.S.P., Berro, R., Gulick, R.M., Moore, J.P.,
Tsibris, A.M.N., Kuritzkes, D.R., 2012. Differential use of CCR5 by HIV-1 clinical
isolates resistant to small-molecule CCR5 antagonists. Antimicrob. Agents
Chemother. 56, 1931–1935.

Ho, H.-T., Fan, L., Nowicka-Sans, B., McAuliffe, B., Li, C.-B., Yamanaka, G., Zhou, N.,
Fang, H., Dicker, I., Dalterio, R., Gong, Y.-F., Wang, T., Yin, Z., Ueda, Y., Matiskella,
J., Kadow, J., Clapham, P., Robinson, J., Colonno, R., Lin, P.-F., 2006. Envelope
conformational changes induced by human immunodeficiency virus type 1
attachment inhibitors prevent CD4 binding and downstream entry events. J.
Virol. 80, 4017–4025.

Holt, N., Wang, J., Kim, K., Friedman, G., Wang, X., Taupin, V., Crooks, G.M., Kohn,
D.B., Gregory, P.D., Holmes, M.C., Cannon, P.M., 2010. Human hematopoietic
stem/progenitor cells modified by zinc-finger nucleases targeted to CCR5
control HIV-1 in vivo. Nat. Biotechnol. 28, 839–847.

Huang, C.-C., Lam, S.N., Acharya, P., Tang, M., Xiang, S.-H., Hussan, S.S.-U., Stanfield,
R.L., Robinson, J., Sodroski, J., Wilson, I.A., Wyatt, R., Bewley, C.A., Kwong, P.D.,
2007. Structures of the CCR5 N terminus and of a tyrosine-sulfated antibody
with HIV-1 gp120 and CD4. Science 317, 1930–1934.

Huang, C.-C., Tang, M., Zhang, M.-Y., Majeed, S., Montabana, E., Stanfield, R.L.,
Dimitrov, D.S., Korber, B., Sodroski, J., Wilson, I.A., Wyatt, R., Kwong, P.D., 2005.
Structure of a V3-containing HIV-1 gp120 core. Science 310, 1025–1028.

Huang, Y., Paxton, W.A., Wolinsky, S.M., Neumann, A.U., Zhang, L., He, T., Kang, S.,
Ceradini, D., Jin, Z., Yazdanbakhsh, K., Kunstman, K., Erickson, D., Dragon, E.,
Landau, N.R., Phair, J., Ho, D.D., Koup, R.A., 1996. The role of a mutant CCR5 allele
in HIV-1 transmission and disease progression. Nat. Med. 2, 1240–1243.

Hütter, G., Nowak, D., Mossner, M., Ganepola, S., Müssig, A., Allers, K., Schneider, T.,
Hofmann, J., Kücherer, C., Blau, O., Blau, I.W., Hofmann, W.K., Thiel, E., 2009.
Long-term control of HIV by CCR5 Delta32/Delta32 stem-cell transplantation. N.
Engl. J. Med. 360, 692–698.

Imaz, A., Llibre, J.M., Mora, M., Mateo, G., Camacho, A., Blanco, J.R., Curran, A., Santos,
J.R., Caballero, E., Bravo, I., Gayá, F., Domingo, P., Rivero, A., Falcó, V., Clotet, B.,
Ribera, E., 2011. Efficacy and safety of nucleoside reverse transcriptase
inhibitor-sparing salvage therapy for multidrug-resistant HIV-1 infection
based on new-class and new-generation antiretrovirals. J. Antimicrob.
Chemother. 66, 358–362.

Izquierdo-Useros, N., Lorizate, M., Puertas, M.C., Rodriguez-Plata, M.T., Zangger, N.,
Erikson, E., Pino, M., Erkizia, I., Glass, B., Clotet, B., Keppler, O.T., Telenti, A.,
Kräusslich, H.-G., Martinez-Picado, J., 2012. Siglec-1 is a novel dendritic cell
receptor that mediates HIV-1 trans-infection through recognition of viral
membrane gangliosides. PLoS Biol. 10, e1001448.

Ji, C., Zhang, J., Dioszegi, M., Chiu, S., Rao, E., Derosier, A., Cammack, N., Brandt, M.,
Sankuratri, S., 2007. CCR5 small-molecule antagonists and monoclonal
antibodies exert potent synergistic antiviral effects by cobinding to the
receptor. Mol. Pharmacol. 72, 18–28.

Jiang, C., Parrish, N.F., Wilen, C.B., Li, H., Chen, Y., Pavlicek, J.W., Berg, A., Lu, X., Song,
H., Tilton, J.C., Pfaff, J.M., Henning, E.A., Decker, J.M., Moody, M.A., Drinker, M.S.,
Schutte, R., Freel, S., Tomaras, G.D., Nedellec, R., Mosier, D.E., Haynes, B.F., Shaw,
G.M., Hahn, B.H., Doms, R.W., Gao, F., 2011. Primary infection by a human
immunodeficiency virus with atypical coreceptor tropism. J. Virol. 85, 10669–
10681.

Jiang, S., Lin, K., Strick, N., Neurath, A.R., 1993. HIV-1 inhibition by a peptide. Nature
365, 113.

Kagan, R.M., Johnson, E.P., Siaw, M., Biswas, P., Chapman, D.S., Su, Z., Platt, J.L.,
Pesano, R.L., 2012. A genotypic test for HIV-1 tropism combining Sanger
sequencing with ultradeep sequencing predicts virologic response in
treatment-experienced patients. PLoS ONE 7, e46334.

Karlsson, A., Parsmyr, K., Sandström, E., Fenyö, E.M., Albert, J., 1994. MT-2 cell
tropism as prognostic marker for disease progression in human
immunodeficiency virus type 1 infection. J. Clin. Microbiol. 32, 364–370.

Karlsson, I., Antonsson, L., Shi, Y., Oberg, M., Karlsson, A., Albert, J., Olde, B., Owman,
C., Jansson, M., Fenyö, E.M., 2004. Coevolution of RANTES sensitivity and mode
of CCR5 receptor use by human immunodeficiency virus type 1 of the R5
phenotype. J. Virol. 78, 11807–11815.

Khanlou, H., Gathe, J., Schrader, S., Towner, W., Weinheimer, S., Lewis, S., 2011.
Safety, efficacy, and pharmacokinetics of ibalizumab in treatment-experienced
HIV-1 infected patiengs: a phase 2b study, in: Presented at the Program and
Abstracts of the 51st Interscience Conference on Antimicrobial Agents and
Chemotherapy; Chicago, USA, September 17–20.

Kilby, J.M., Lalezari, J.P., Eron, J.J., Carlson, M., Cohen, C., Arduino, R.C., Goodgame,
J.C., Gallant, J.E., Volberding, P., Murphy, R.L., Valentine, F., Saag, M.S., Nelson,
E.L., Sista, P.R., Dusek, A., 2002. The safety, plasma pharmacokinetics, and
antiviral activity of subcutaneous enfuvirtide (T-20), a peptide inhibitor of
gp41-mediated virus fusion, in HIV-infected adults. AIDS Res. Hum.
Retroviruses 18, 685–693.

Kitrinos, K.M., Amrine-Madsen, H., Irlbeck, D.M., Word, J.M., Demarest, J.F.,
CCR100136 Study Team, 2009. Virologic failure in therapy-naive subjects on
aplaviroc plus lopinavir-ritonavir: detection of aplaviroc resistance requires
clonal analysis of envelope. Antimicrob. Agents Chemother. 53, 1124–1131.

Klibanov, O.M., Williams, S.H., Iler, C.A., 2010. Cenicriviroc, an orally active CCR5
antagonist for the potential treatment of HIV infection. Curr. Opin. Investig.
Drugs 11, 940–950.

Kondo, N., Melikyan, G.B., 2012. Intercellular adhesion molecule 1 promotes HIV-1
attachment but not fusion to target cells. PLoS ONE 7, e44827.

Koning, F.A., Koevoets, C., van der Vorst, T.J.K., Schuitemaker, H., 2005. Sensitivity of
primary R5 HTV-1 to inhibition by RANTES correlates with sensitivity to small-
molecule R5 inhibitors. Antivir. Ther. (Lond) 10, 231–237.

Koning, F.A., Kwa, D., Boeser-Nunnink, B., Dekker, J., Vingerhoed, J., Hiemstra, H.,
Schuitemaker, H., 2003. Decreasing sensitivity to RANTES (regulated on
activation, normally T cell-expressed and -secreted) neutralization of CC
chemokine receptor 5-using, non-syncytium-inducing virus variants in the
course of human immunodeficiency virus type 1 infection. J. Infect. Dis. 188,
864–872.

Kuhmann, S.E., Pugach, P., Kunstman, K.J., Taylor, J., Stanfield, R.L., Snyder, A., Strizki,
J.M., Riley, J., Baroudy, B.M., Wilson, I.A., Korber, B.T., Wolinsky, S.M., Moore, J.P.,



168 A.A. Haqqani, J.C. Tilton / Antiviral Research 98 (2013) 158–170
2004. Genetic and phenotypic analyses of human immunodeficiency virus type
1 escape from a small-molecule CCR5 inhibitor. J. Virol. 78, 2790–2807.

Kwon, Y.D., Finzi, A., Wu, X., Dogo-Isonagie, C., Lee, L.K., Moore, L.R., Schmidt, S.D.,
Stuckey, J., Yang, Y., Zhou, T., Zhu, J., Vicic, D.A., Debnath, A.K., Shapiro, L.,
Bewley, C.A., Mascola, J.R., Sodroski, J.G., Kwong, P.D., 2012. Unliganded HIV-1
gp120 core structures assume the CD4-bound conformation with regulation by
quaternary interactions and variable loops. Proc. Natl. Acad. Sci. USA 109, 5663–
5668.

Kwong, P.D., Wyatt, R., Robinson, J., Sweet, R.W., Sodroski, J., Hendrickson, W.A.,
1998. Structure of an HIV gp120 envelope glycoprotein in complex with the
CD4 receptor and a neutralizing human antibody. Nature 393, 648–659.

Lalezari, J., Gathe, J., Brinson, C., Thompson, M., Cohen, C., DeJesus, E., Galindez, J.,
Ernst, J.A., Martin, D.E., Palleja, S.M., 2011. Safety, efficacy, and
pharmacokinetics of TBR-652, a CCR5/CCR2 antagonist, in HIV-1-infected,
treatment-experienced, CCR5 antagonist-naive subjects. J. Acquir. Immune
Defic. Syndr. 57, 118–125.

Lalezari, J., Thompson, M., Kumar, P., Piliero, P., Davey, R., Patterson, K., Shachoy-
Clark, A., Adkison, K., Demarest, J., Lou, Y., Berrey, M., Piscitelli, S., 2005. Antiviral
activity and safety of 873140, a novel CCR5 antagonist, during short-term
monotherapy in HIV-infected adults. AIDS 19, 1443–1448.

Lalezari, J.P., Eron, J.J., Carlson, M., Cohen, C., DeJesus, E., Arduino, R.C., Gallant, J.E.,
Volberding, P., Murphy, R.L., Valentine, F., Nelson, E.L., Sista, P.R., Dusek, A.,
Kilby, J.M., 2003. A phase II clinical study of the long-term safety and antiviral
activity of enfuvirtide-based antiretroviral therapy. AIDS 17, 691–698.

Lederman, M.M., Veazey, R.S., Offord, R., Mosier, D.E., Dufour, J., Mefford, M., Piatak,
M., Lifson, J.D., Salkowitz, J.R., Rodriguez, B., Blauvelt, A., Hartley, O., 2004.
Prevention of vaginal SHIV transmission in rhesus macaques through inhibition
of CCR5. Science 306, 485–487.

Lee, B., Sharron, M., Blanpain, C., Doranz, B.J., Vakili, J., Setoh, P., Berg, E., Liu, G., Guy,
H.R., Durell, S.R., Parmentier, M., Chang, C.N., Price, K., Tsang, M., Doms, R.W.,
1999. Epitope mapping of CCR5 reveals multiple conformational states and
distinct but overlapping structures involved in chemokine and coreceptor
function. J. Biol. Chem. 274, 9617–9626.

Leonard, C.K., Spellman, M.W., Riddle, L., Harris, R.J., Thomas, J.N., Gregory, T.J., 1990.
Assignment of intrachain disulfide bonds and characterization of potential
glycosylation sites of the type 1 recombinant human immunodeficiency virus
envelope glycoprotein (gp120) expressed in Chinese hamster ovary cells. J. Biol.
Chem. 265, 10373–10382.

Liles, W.C., Rodger, E., Broxmeyer, H.E., Dehner, C., Badel, K., Calandra, G.,
Christensen, J., Wood, B., Price, T.H., Dale, D.C., 2005. Augmented mobilization
and collection of CD34+ hematopoietic cells from normal human volunteers
stimulated with granulocyte-colony-stimulating factor by single-dose
administration of AMD3100, a CXCR4 antagonist. Transfusion 45, 295–300.

Lin, G., Baribaud, F., Romano, J., Doms, R.W., Hoxie, J.A., 2003. Identification of gp120
binding sites on CXCR4 by using CD4-independent human immunodeficiency
virus type 2 Env proteins. J. Virol. 77, 931–942.

Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk, R., MacDonald, M.E.,
Stuhlmann, H., Koup, R.A., Landau, N.R., 1996. Homozygous defect in HIV-1
coreceptor accounts for resistance of some multiply-exposed individuals to
HIV-1 infection. Cell 86, 367–377.

Liu, Z., Cumberland, W.G., Hultin, L.E., Kaplan, A.H., Detels, R., Giorgi, J.V., 1998.
CD8+ T-lymphocyte activation in HIV-1 disease reflects an aspect of
pathogenesis distinct from viral burden and immunodeficiency. J. Acquir.
Immune Defic. Syndr. Hum. Retrovirol. 18, 332–340.

Liu, Z., Shan, M., Li, L., Lu, L., Meng, S., Chen, C., He, Y., Jiang, S., Zhang, L., 2011. In
vitro selection and characterization of HIV-1 variants with increased resistance
to sifuvirtide, a novel HIV-1 fusion inhibitor. J. Biol. Chem. 286, 3277–3287.

Lu, Z., Berson, J.F., Chen, Y., Turner, J.D., Zhang, T., Sharron, M., Jenks, M.H., Wang, Z.,
Kim, J., Rucker, J., Hoxie, J.A., Peiper, S.C., Doms, R.W., 1997. Evolution of HIV-1
coreceptor usage through interactions with distinct CCR5 and CXCR4 domains.
Proc. Natl. Acad. Sci. USA 94, 6426–6431.

Maas, J.J., Gange, S.J., Schuitemaker, H., Coutinho, R.A., van Leeuwen, R., Margolick,
J.B., 2000. Strong association between failure of T cell homeostasis and the
syncytium-inducing phenotype among HIV-1-infected men in the Amsterdam
Cohort Study. AIDS 14, 1155–1161.

MacInnes, A., Lazzarin, A., Di Perri, G., Sierra-Madero, J.G., Aberg, J., Heera, J., Rajicic,
N., Goodrich, J., Mayer, H., Valdez, H., 2011. Maraviroc can improve lipid profiles
in dyslipidemic patients with HIV: results from the MERIT trial. HIV Clin. Trials
12, 24–36.

Madani, N., Perdigoto, A.L., Srinivasan, K., Cox, J.M., Chruma, J.J., LaLonde, J., Head,
M., Smith, A.B., Sodroski, J.G., 2004. Localized changes in the gp120 envelope
glycoprotein confer resistance to human immunodeficiency virus entry
inhibitors BMS-806 and #155. J. Virol. 78, 3742–3752.

Magnus, C., Rusert, P., Bonhoeffer, S., Trkola, A., Regoes, R.R., 2009. Estimating the
stoichiometry of human immunodeficiency virus entry. J. Virol. 83, 1523–1531.

Maier, D.A., Brennan, A.L., Jiang, S., Binder-Scholl, G.K., Lee, G., Plesa, G., Zheng, Z.,
Cotte, J., Carpenito, C., Wood, T., Spratt, S.K., Ando, D., Gregory, P., Holmes, M.C.,
Perez, E.E., Riley, J.L., Carroll, R.G., June, C.H., Levine, B.L., 2013. Efficient Clinical
Scale Gene Modification via Zinc Finger Nuclease-Targeted Disruption of the
HIV Co-receptor CCR5. Hum. Gene Ther. 24, 245–258.

Marier, J.-F., Trinh, M., Pheng, L.H., Palleja, S.M., Martin, D.E., 2011.
Pharmacokinetics and pharmacodynamics of TBR-652, a novel CCR5
antagonist, in HIV-1-infected, antiretroviral treatment-experienced, CCR5
antagonist-naïve patients. Antimicrob. Agents Chemother. 55, 2768–2774.

McGovern, R.A., Thielen, A., Portsmouth, S., Mo, T., Dong, W., Woods, C.K., Zhong, X.,
Brumme, C.J., Chapman, D., Lewis, M., James, I., Heera, J., Valdez, H., Harrigan,
P.R., 2012. Population-based sequencing of the V3-loop can predict the
virological response to maraviroc in treatment-naive patients of the MERIT
trial. J. Acquir. Immune Defic. Syndr. 61, 279–286.

McNicholas, P., Wei, Y., Whitcomb, J., Greaves, W., Black, T.A., Tremblay, C.L., Strizki,
J.M., 2010. Characterization of emergent HIV resistance in treatment-naive
subjects enrolled in a vicriviroc phase 2 trial. J. Infect. Dis. 201, 1470–1480.

Melby, T., Despirito, M., Demasi, R., Heilek-Snyder, G., Greenberg, M.L., Graham, N.,
2006. HIV-1 coreceptor use in triple-class treatment-experienced patients:
baseline prevalence, correlates, and relationship to enfuvirtide response. J.
Infect. Dis. 194, 238–246.

Melby, T.E., Despirito, M., Demasi, R.A., Heilek, G., Thommes, J.A., Greenberg, M.L.,
Graham, N., 2007. Association between specific enfuvirtide resistance
mutations and CD4 cell response during enfuvirtide-based therapy. AIDS 21,
2537–2539.

Michael, N.L., Chang, G., Louie, L.G., Mascola, J.R., Dondero, D., Birx, D.L., Sheppard,
H.W., 1997. The role of viral phenotype and CCR-5 gene defects in HIV-1
transmission and disease progression. Nat. Med. 3, 338–340.

Mills, A., Mildvan, D., Podzamczer, D., Fätkenheuer, G., Leal, M., Than, S., Valluri, S.R.,
Craig, C., McFadyen, L., Vourvahis, M., Heera, J., Valdez, H., Rinehart, A.R.,
Portsmouth, S., 2013. Maraviroc once-daily nucleoside analog-sparing regimen
in treatment-naive patients: randomized, open-label pilot study. J. Acquir.
Immune Defic. Syndr. 62, 164–170.

Miyauchi, K., Kim, Y., Latinovic, O., Morozov, V., Melikyan, G.B., 2009. HIV enters
cells via endocytosis and dynamin-dependent fusion with endosomes. Cell 137,
433–444.

Mondor, I., Ugolini, S., Sattentau, Q.J., 1998. Human immunodeficiency virus type 1
attachment to HeLa CD4 cells is CD4 independent and gp120 dependent and
requires cell surface heparans. J. Virol. 72, 3623–3634.

Mora-Peris, B., Croucher, A., Else, L.J., Vera, J.H., Khoo, S., Scullard, G., Back, D.,
Winston, A., 2013. Pharmacokinetic profile and safety of 150 mg of maraviroc
dosed with 800/100 mg of darunavir/ritonavir all once daily, with and without
nucleoside analogues, in HIV-infected subjects. J. Antimicrob. Chemother [Epub
ahead of print].

Mosier, D.E., Picchio, G.R., Gulizia, R.J., Sabbe, R., Poignard, P., Picard, L., Offord, R.E.,
Thompson, D.A., Wilken, J., 1999. Highly potent RANTES analogues either
prevent CCR5-using human immunodeficiency virus type 1 infection in vivo or
rapidly select for CXCR4-using variants. J. Virol. 73, 3544–3550.

Moulard, M., Lortat-Jacob, H., Mondor, I., Roca, G., Wyatt, R., Sodroski, J., Zhao, L.,
Olson, W., Kwong, P.D., Sattentau, Q.J., 2000. Selective interactions of polyanions
with basic surfaces on human immunodeficiency virus type 1 gp120. J. Virol. 74,
1948–1960.

Moyle, G., DeJesus, E., Boffito, M., Wong, R.S., Gibney, C., Badel, K., MacFarland, R.,
Calandra, G., Bridger, G., Becker, S., X4 Antagonist Concept Trial Study Team,
2009. Proof of activity with AMD11070, an orally bioavailable inhibitor of
CXCR4-tropic HIV type 1. Clin. Infect. Dis. 48, 798–805.

Münch, J., Ständker, L., Adermann, K., Schulz, A., Schindler, M., Chinnadurai, R.,
Pohlmann, S., Chaipan, C., Biet, T., Peters, T., Meyer, B., Wilhelm, D., Lu, H., Jing,
W., Jiang, S., Forssmann, W.-G., Kirchhoff, F., 2007. Discovery and optimization
of a natural HIV-1 entry inhibitor targeting the gp41 fusion peptide. Cell 129,
263–275.

Muñoz-Barroso, I., Salzwedel, K., Hunter, E., Blumenthal, R., 1999. Role of the
membrane-proximal domain in the initial stages of human immunodeficiency
virus type 1 envelope glycoprotein-mediated membrane fusion. J. Virol. 73,
6089–6092.

Nawaz, F., Cicala, C., van Ryk, D., Block, K.E., Jelicic, K., McNally, J.P., Ogundare, O.,
Pascuccio, M., Patel, N., Wei, D., Fauci, A.S., Arthos, J., 2011. The genotype of
early-transmitting HIV gp120s promotes a (4) b(7)-reactivity, revealing a (4)
b(7) +/CD4+ T cells as key targets in mucosal transmission. PLoS Pathog. 7,
e1001301.

Nedellec, R., Coetzer, M., Lederman, M.M., Offord, R.E., Hartley, O., Mosier, D.E.,
2010. ‘‘Resistance’’ to PSC-RANTES revisited: two mutations in human
immunodeficiency virus type 1 HIV-1 SF162 or simian-human
immunodeficiency virus SHIV SF162-p3 do not confer resistance. J. Virol. 84,
5842–5845.

Nedellec, R., Coetzer, M., Lederman, M.M., Offord, R.E., Hartley, O., Mosier, D.E.,
2011. Resistance to the CCR5 inhibitor 5P12-RANTES requires a difficult
evolution from CCR5 to CXCR4 coreceptor use. PLoS ONE 6, e22020.

Nettles, R.E., Schürmann, D., Zhu, L., Stonier, M., Huang, S.-P., Chang, I., Chien, C.,
Krystal, M., Wind-Rotolo, M., Ray, N., Hanna, G.J., Bertz, R., Grasela, D., 2012.
Pharmacodynamics, safety, and pharmacokinetics of BMS-663068, an oral HIV-
1 attachment inhibitor in HIV-1-infected subjects. J. Infect. Dis. 206, 1002–1011.

Nichols, W.G., Steel, H.M., Bonny, T., Adkison, K., Curtis, L., Millard, J., Kabeya, K.,
Clumeck, N., 2008. Hepatotoxicity observed in clinical trials of aplaviroc
(GW873140). Antimicrob. Agents Chemother. 52, 858–865.

Nowicka-Sans, B., Gong, Y.-F., McAuliffe, B., Dicker, I., Ho, H.-T., Zhou, N., Eggers, B.,
Lin, P.-F., Ray, N., Wind-Rotolo, M., Zhu, L., Majumdar, A., Stock, D., Lataillade,
M., Hanna, G.J., Matiskella, J.D., Ueda, Y., Wang, T., Kadow, J.F., Meanwell, N.A.,
Krystal, M., 2012. In vitro antiviral characteristics of HIV-1 attachment inhibitor
BMS-626529, the active component of the prodrug BMS-663068. Antimicrob.
Agents Chemother. 56, 3498–3507.

Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., Virelizier, J.L., Arenzana-Seisdedos, F.,
Schwartz, O., Heard, J.M., Clark-Lewis, I., Legler, D.F., Loetscher, M., Baggiolini,
M., Moser, B., 1996. The CXC chemokine SDF-1 is the ligand for LESTR/fusin and
prevents infection by T-cell-line-adapted HIV-1. Nature 382, 833–835.

Ogert, R., Wojcik, L., Buontempo, C., Ba, L., Buontempo, P., Ralston, R., Strizki, J.,
Howe, J., 2008. Mapping resistance to the CCR5 co-receptor antagonist



A.A. Haqqani, J.C. Tilton / Antiviral Research 98 (2013) 158–170 169
vicriviroc using heterologous chimeric HIV-1 envelope genes reveals key
determinants in the C2–V5 domain of gp120. Virology.

Ogert, R.A., Ba, L., Hou, Y., Buontempo, C., Qiu, P., Duca, J., Murgolo, N., Buontempo,
P., Ralston, R., Howe, J.A., 2009. Structure-function analysis of human
immunodeficiency virus type 1 gp120 amino acid mutations associated with
resistance to the CCR5 coreceptor antagonist vicriviroc. J. Virol. 83, 12151–
12163.

Pace, C.S., Fordyce, M.W., Franco, D., Kao, C.-Y., Seaman, M.S., Ho, D.D., 2013. Anti-
CD4 monoclonal antibody ibalizumab exhibits breadth and potency against
HIV-1, with natural resistance mediated by the loss of a V5 glycan in envelope. J.
Acquir. Immune Defic. Syndr. 62, 1–9.

Parker, Z.F., Iyer, S.S., Wilen, C.B., Parrish, N.F., Chikere, K.C., Lee, F.-H., Didigu, C.A.,
Berro, R., Klasse, P.J., Lee, B., Moore, J.P., Shaw, G.M., Hahn, B.H., Doms, R.W.,
2013. Transmitted/Founder and Chronic HIV-1 Envelope Proteins Are
Distinguished by Differential Utilization of CCR5. J. Virol. 87, 2401–2411.

Perez, E.E., Wang, J., Miller, J.C., Jouvenot, Y., Kim, K.A., Liu, O., Wang, N., Lee, G.,
Bartsevich, V.V., Lee, Y.-L., Guschin, D.Y., Rupniewski, I., Waite, A.J., Carpenito, C.,
Carroll, R.G., Orange, J.S., Urnov, F.D., Rebar, E.J., Ando, D., Gregory, P.D., Riley,
J.L., Holmes, M.C., June, C.H., 2008. Establishment of HIV-1 resistance in CD4+ T
cells by genome editing using zinc-finger nucleases. Nat. Biotechnol. 26, 808–
816.

Permanyer, M., Ballana, E., Badia, R., Pauls, E., Clotet, B., Esté, J.A., 2012. Trans-
infection but not infection from within endosomal compartments after cell-to-
cell HIV-1 transfer to CD4+ T cells. J. Biol. Chem. 287, 32017–32026.

Pfaff, J.M., Wilen, C.B., Harrison, J.E., Demarest, J.F., Lee, B., Doms, R.W., Tilton, J.C.,
2010. HIV-1 resistance to CCR5 antagonists associated with highly efficient use
of CCR5 and altered tropism on primary CD4+ T cells. J. Virol. 84, 6505–6514.

Platt, E.J., Kuhmann, S.E., Rose, P.P., Kabat, D., 2001. Adaptive mutations in the V3
loop of gp120 enhance fusogenicity of human immunodeficiency virus type 1
and enable use of a CCR5 coreceptor that lacks the amino-terminal sulfated
region. J. Virol. 75, 12266–12278.

Poveda, E., Rodés, B., Labernardière, J.-L., Benito, J.M., Toro, C., González-Lahoz, J.,
Faudon, J.-L., Clavel, F., Schapiro, J., Soriano, V., 2004. Evolution of genotypic and
phenotypic resistance to Enfuvirtide in HIV-infected patients experiencing
prolonged virologic failure. J. Med. Virol. 74, 21–28.

Pugach, P., Marozsan, A.J., Ketas, T.J., Landes, E.L., Moore, J.P., Kuhmann, S.E., 2007.
HIV-1 clones resistant to a small molecule CCR5 inhibitor use the inhibitor-
bound form of CCR5 for entry. Virology 361, 212–228.

Pugach, P., Ray, N., Klasse, P.J., Ketas, T.J., Michael, E., Doms, R.W., Lee, B., Moore, J.P.,
2009. Inefficient entry of vicriviroc-resistant HIV-1 via the inhibitor-CCR5
complex at low cell surface CCR5 densities. Virology 387, 296–302.

Puryear, W.B., Yu, X., Ramirez, N.P., Reinhard, B.M., Gummuluru, S., 2012. HIV-1
incorporation of host-cell-derived glycosphingolipid GM3 allows for capture by
mature dendritic cells. Proc. Natl. Acad. Sci. USA 109, 7475–7480.

Putcharoen, O., Lee, S.-H., Henrich, T.J., Hu, Z., Vanichanan, J., Coakley, E., Greaves,
W., Gulick, R.M., Kuritzkes, D.R., Tsibris, A.M.N., 2012. HIV-1 clinical isolates
resistant to CCR5 antagonists exhibit delayed entry kinetics that are corrected
in the presence of drug. J. Virol. 86, 1119–1128.

Rabut, G.E., Konner, J.A., Kajumo, F., Moore, J.P., Dragic, T., 1998. Alanine
substitutions of polar and nonpolar residues in the amino-terminal domain of
CCR5 differently impair entry of macrophage- and dualtropic isolates of human
immunodeficiency virus type 1. J. Virol. 72, 3464–3468.

Rappaport, J., Cho, Y.Y., Hendel, H., Schwartz, E.J., Schachter, F., Zagury, J.F., 1997. 32
bp CCR-5 gene deletion and resistance to fast progression in HIV-1 infected
heterozygotes. Lancet 349, 922–923.

Ratcliff, A.N., Shi, W., Arts, E.J., 2013. HIV-1 resistance to maraviroc conferred by a
CD4 binding site mutation in the envelope glycoprotein gp120. J. Virol. 87, 923–
934.

Ray, N., Blackburn, L.A., Doms, R.W., 2009. HR-2 mutations in human
immunodeficiency virus type 1 gp41 restore fusion kinetics delayed by HR-1
mutations that cause clinical resistance to enfuvirtide. J. Virol. 83, 2989–2995.

Ray, N., Harrison, J.E., Blackburn, L.A., Martin, J.N., Deeks, S.G., Doms, R.W., 2007.
Clinical resistance to enfuvirtide does not affect susceptibility of human
immunodeficiency virus type 1 to other classes of entry inhibitors. J. Virol. 81,
3240–3250.

Reeves, J.D., Gallo, S.A., Ahmad, N., Miamidian, J.L., Harvey, P.E., Sharron, M.,
Pohlmann, S., Sfakianos, J.N., Derdeyn, C.A., Blumenthal, R., Hunter, E., Doms,
R.W., 2002. Sensitivity of HIV-1 to entry inhibitors correlates with envelope/
coreceptor affinity, receptor density, and fusion kinetics. Proc. Natl. Acad. Sci.
USA 99, 16249–16254.

Reeves, J.D., Lee, F.-H., Miamidian, J.L., Jabara, C.B., Juntilla, M.M., Doms, R.W., 2005.
Enfuvirtide resistance mutations: impact on human immunodeficiency virus
envelope function, entry inhibitor sensitivity, and virus neutralization. J. Virol.
79, 4991–4999.

Repits, J., Oberg, M., Esbjörnsson, J., Medstrand, P., Karlsson, A., Albert, J., Fenyö,
E.M., Jansson, M., 2005. Selection of human immunodeficiency virus type 1 R5
variants with augmented replicative capacity and reduced sensitivity to entry
inhibitors during severe immunodeficiency. J. Gen. Virol. 86, 2859–2869.

Reshef, R., Luger, S.M., Hexner, E.O., Loren, A.W., Frey, N.V., Nasta, S.D., Goldstein,
S.C., Stadtmauer, E.A., Smith, J., Bailey, S., Mick, R., Heitjan, D.F., Emerson, S.G.,
Hoxie, J.A., Vonderheide, R.H., Porter, D.L., 2012. Blockade of lymphocyte
chemotaxis in visceral graft-versus-host disease. N. Engl. J. Med. 367, 135–145.

Reuter, S., Braken, P., Jensen, B., Sierra-Aragon, S., Oette, M., Balduin, M., Kaiser, R.,
Häussinger, D., 2010. Maraviroc in treatment-experienced patients with HIV-1
infection - experience from routine clinical practice. Eur. J. Med. Res. 15, 231–
237.
Richman, D.D., Bozzette, S.A., 1994. The impact of the syncytium-inducing
phenotype of human immunodeficiency virus on disease progression. J. Infect.
Dis. 169, 968–974.

Roche, M., Jakobsen, M.R., Sterjovski, J., Ellett, A., Posta, F., Lee, B., Jubb, B., Westby,
M., Lewin, S.R., Ramsland, P.A., Churchill, M.J., Gorry, P.R., 2011. HIV-1 escape
from the CCR5 antagonist maraviroc associated with an altered and less-
efficient mechanism of gp120-CCR5 engagement that attenuates macrophage
tropism. J. Virol. 85, 4330–4342.

Saag, M., Goodrich, J., Fätkenheuer, G., Clotet, B., Clumeck, N., Sullivan, J., Westby,
M., van der Ryst, E., Mayer, H., A4001029 Study Group, 2009. A double-blind,
placebo-controlled trial of maraviroc in treatment-experienced patients
infected with non-R5 HIV-1. J. Infect. Dis. 199, 1638–1647.

Samson, M., LaRosa, G., Libert, F., Paindavoine, P., Detheux, M., Vassart, G.,
Parmentier, M., 1997. The second extracellular loop of CCR5 is the major
determinant of ligand specificity. J. Biol. Chem. 272, 24934–24941.

Samson, M., Libert, F., Doranz, B.J., Rucker, J., Liesnard, C., Farber, C.M., Saragosti, S.,
Lapoumeroulie, C., Cognaux, J., Forceille, C., Muyldermans, G., Verhofstede, C.,
Burtonboy, G., Georges, M., Imai, T., Rana, S., Yi, Y., Smyth, R.J., Collman, R.G.,
Doms, R.W., Vassart, G., Parmentier, M., 1996. Resistance to HIV-1 infection in
caucasian individuals bearing mutant alleles of the CCR-5 chemokine receptor
gene. Nature 382, 722–725.

Sandler, N.G., Wand, H., Roque, A., Law, M., Nason, M.C., Nixon, D.E., Pedersen, C.,
Ruxrungtham, K., Lewin, S.R., Emery, S., Neaton, J.D., Brenchley, J.M., Deeks, S.G.,
Sereti, I., Douek, D.C., INSIGHT SMART Study Group, 2011. Plasma levels of
soluble CD14 independently predict mortality in HIV infection. J. Infect. Dis.
203, 780–790.

Scarlatti, G., Tresoldi, E., Björndal, A., Fredriksson, R., Colognesi, C., Deng, H.K.,
Malnati, M.S., Plebani, A., Siccardi, A.G., Littman, D.R., Fenyö, E.M., Lusso, P.,
1997. In vivo evolution of HIV-1 co-receptor usage and sensitivity to
chemokine-mediated suppression. Nat. Med. 3, 1259–1265.

Schapiro, J.M., Boucher, C.A.B., Kuritzkes, D.R., van de Vijver, D.A., Llibre, J.M., Lewis,
M., Simpson, P., Delogne, C., McFadyen, L., Chapman, D., Perros, M., Valdez, H.,
van der Ryst, E., Westby, M., 2011. Baseline CD4(+) T-cell counts and weighted
background susceptibility scores strongly predict response to maraviroc
regimens in treatment-experienced patients. Antivir. Ther. (Lond) 16, 395–404.

Schuitemaker, H., Koot, M., Kootstra, N.A., Dercksen, M.W., de Goede, R.E., van
Steenwijk, R.P., Lange, J.M., Schattenkerk, J.K., Miedema, F., Tersmette, M., 1992.
Biological phenotype of human immunodeficiency virus type 1 clones at
different stages of infection: progression of disease is associated with a shift
from monocytotropic to T-cell-tropic virus population. J. Virol. 66, 1354–1360.

Simmons, G., Clapham, P.R., Picard, L., Offord, R.E., Rosenkilde, M.M., Schwartz, T.W.,
Buser, R., Wells, T.N., Proudfoot, A.E., 1997. Potent inhibition of HIV-1 infectivity
in macrophages and lymphocytes by a novel CCR5 antagonist. Science 276,
276–279.

Skerlj, R., Bridger, G., McEachern, E., Harwig, C., Smith, C., Kaller, A., Veale, D., Yee, H.,
Skupinska, K., Wauthy, R., Wang, L., Baird, I., Zhu, Y., Burrage, K., Yang, W.,
Sartori, M., Huskens, D., De Clercq, E., Schols, D., 2011a. Design of novel CXCR4
antagonists that are potent inhibitors of T-tropic (X4) HIV-1 replication. Bioorg.
Med. Chem. Lett. 21, 1414–1418.

Skerlj, R., Bridger, G., McEachern, E., Harwig, C., Smith, C., Wilson, T., Veale, D., Yee,
H., Crawford, J., Skupinska, K., Wauthy, R., Yang, W., Zhu, Y., Bogucki, D., Di Fluri,
M., Langille, J., Huskens, D., De Clercq, E., Schols, D., 2011b. Synthesis and SAR of
novel CXCR4 antagonists that are potent inhibitors of T tropic (X4) HIV-1
replication. Bioorg. Med. Chem. Lett. 21, 262–266.

Song, R., Franco, D., Kao, C.-Y., Yu, F., Huang, Y., Ho, D.D., 2010. Epitope mapping of
ibalizumab, a humanized anti-CD4 monoclonal antibody with anti-HIV-1
activity in infected patients. J. Virol. 84, 6935–6942.

Soria, A., Cavarelli, M., Sala, S., Alessandrini, A.I., Scarlatti, G., Lazzarin, A., Castagna,
A., 2008. Unexpected dramatic increase in CD4+ cell count in a patient with
AIDS after enfuvirtide treatment despite persistent viremia and resistance
mutations. J. Med. Virol. 80, 937–941.

Sougrat, R., Bartesaghi, A., Lifson, J.D., Bennett, A.E., Bess, J.W., Zabransky, D.J.,
Subramaniam, S., 2007. Electron tomography of the contact between T cells and
SIV/HIV-1: implications for viral entry. PLoS Pathog. 3, e63.

Soulié, C., Lambert-Niclot, S., Fofana, D.B., Fourati, S., Ait-Arkoub, Z., Sayon, S.,
Simon, A., Katlama, C., Calvez, V., Marcelin, A.-G., 2013. Frequency of amino acid
changes associated with resistance to attachment inhibitor BMS-626529 in R5-
and X4-tropic HIV-1 subtype B. J. Antimicrob. Chemother. [Epub ahead of print].

Starcich, B.R., Hahn, B.H., Shaw, G.M., McNeely, P.D., Modrow, S., Wolf, H., Parks, E.S.,
Parks, W.P., Josephs, S.F., Gallo, R.C., 1986. Identification and characterization of
conserved and variable regions in the envelope gene of HTLV-III/LAV, the
retrovirus of AIDS. Cell 45, 637–648.

Stone, N.D., Dunaway, S.B., Flexner, C., Tierney, C., Calandra, G.B., Becker, S., Cao, Y.-
J., Wiggins, I.P., Conley, J., MacFarland, R.T., Park, J.-G., Lalama, C., Snyder, S.,
Kallungal, B., Klingman, K.L., Hendrix, C.W., 2007. Multiple-dose escalation
study of the safety, pharmacokinetics, and biologic activity of oral AMD070, a
selective CXCR4 receptor inhibitor, in human subjects. Antimicrob. Agents
Chemother. 51, 2351–2358.

Strategies for Management of Antiretroviral Therapy (SMART) Study Group, El-Sadr,
W.M., Lundgren, J.D., Neaton, J.D., Gordin, F., Abrams, D., Arduino, R.C., Babiker,
A., Burman, W., Clumeck, N., Cohen, C.J., Cohn, D., Cooper, D., Darbyshire, J.,
Emery, S., Fätkenheuer, G., Gazzard, B., Grund, B., Hoy, J., Klingman, K., Losso, M.,
Markowitz, N., Neuhaus, J., Phillips, A., Rappoport, C., 2006. CD4+ count-guided
interruption of antiretroviral treatment. N. Engl. J. Med. 355, 2283–2296.

Swenson, L.C., Dong, W.W.Y., Mo, T., Demarest, J., Chapman, D., Ellery, S., Heera, J.,
Valdez, H., Poon, A.F.Y., Harrigan, P.R., 2013. Use of cellular HIV DNA to predict



170 A.A. Haqqani, J.C. Tilton / Antiviral Research 98 (2013) 158–170
virologic response to maraviroc: performance of population-based and deep
sequencing. Clin. Infect Dis. [Epub ahead of print].

Swenson, L.C., Mo, T., Dong, W.W.Y., Zhong, X., Woods, C.K., Thielen, A., Jensen, M.A.,
Knapp, D.J.H.F., Chapman, D., Portsmouth, S., Lewis, M., James, I., Heera, J.,
Valdez, H., Harrigan, P.R., 2011. Deep V3 sequencing for HIV type 1 tropism in
treatment-naive patients: a reanalysis of the MERIT trial of maraviroc. Clin.
Infect Dis. 53, 732–742.

Tilton, J.C., Amrine-Madsen, H., Miamidian, J.L., Kitrinos, K.M., Pfaff, J., Demarest, J.F.,
Ray, N., Jeffrey, J.L., Labranche, C.C., Doms, R.W., 2010a. HIV type 1 from a
patient with baseline resistance to CCR5 antagonists uses drug-bound receptor
for entry. AIDS Res. Hum. Retroviruses 26, 13–24.

Tilton, J.C., Wilen, C.B., Didigu, C.A., Sinha, R., Harrison, J.E., Agrawal-Gamse, C.,
Henning, E.A., Bushman, F.D., Martin, J.N., Deeks, S.G., Doms, R.W., 2010b. A
maraviroc-resistant HIV-1 with narrow cross-resistance to other CCR5
antagonists depends on both N-terminal and extracellular loop domains of
drug-bound CCR5. J. Virol. 84, 10863–10876.

Tremblay, C.L., Kollmann, C., Giguel, F., Chou, T.C., Hirsch, M.S., 2000. Strong in vitro
synergy between the fusion inhibitor T-20 and the CXCR4 blocker AMD-3100. J.
Acquir. Immune Defic. Syndr. 25, 99–102.

Trkola, A., Dragic, T., Arthos, J., Binley, J.M., Olson, W.C., Allaway, G.P., Cheng-Mayer,
C., Robinson, J., Maddon, P.J., Moore, J.P., 1996. CD4-dependent, antibody-
sensitive interactions between HIV-1 and its co-receptor CCR-5. Nature 384,
184–187.

Trkola, A., Kuhmann, S.E., Strizki, J.M., Maxwell, E., Ketas, T., Morgan, T., Pugach, P.,
Xu, S., Wojcik, L., Tagat, J., Palani, A., Shapiro, S., Clader, J.W., McCombie, S.,
Reyes, G.R., Baroudy, B.M., Moore, J.P., 2002. HIV-1 escape from a small
molecule, CCR5-specific entry inhibitor does not involve CXCR4 use. Proc. Natl.
Acad. Sci. USA 99, 395–400.

Tsibris, A.M.N., Hu, Z., Paredes, R., Leopold, K.E., Putcharoen, O., Schure, A.L., Mazur,
N., Coakley, E., Su, Z., Gulick, R.M., Kuritzkes, D.R., 2012. Vicriviroc resistance
decay and relative replicative fitness in HIV-1 clinical isolates under sequential
drug selection pressures. J. Virol. 86, 6416–6426.

Tsibris, A.M.N., Pal, U., Schure, A.L., Veazey, R.S., Kunstman, K.J., Henrich, T.J., Klasse,
P.J., Wolinsky, S.M., Kuritzkes, D.R., Moore, J.P., 2011. SHIV-162P3 infection of
rhesus macaques given maraviroc gel vaginally does not involve resistant
viruses. PLoS ONE 6, e28047.

Tsibris, A.M.N., Sagar, M., Gulick, R.M., Su, Z., Hughes, M., Greaves, W., Subramanian,
M., Flexner, C., Giguel, F., Leopold, K.E., Coakley, E., Kuritzkes, D.R., 2008. In vivo
emergence of vicriviroc resistance in a human immunodeficiency virus type 1
subtype C-infected subject. J. Virol. 82, 8210–8214.

Veazey, R.S., Ketas, T.J., Dufour, J., Moroney-Rasmussen, T., Green, L.C., Klasse, P.J.,
Moore, J.P., 2010. Protection of rhesus macaques from vaginal infection by
vaginally delivered maraviroc, an inhibitor of HIV-1 entry via the CCR5 co-
receptor. J. Infect Dis. 202, 739–744.

Veazey, R.S., Klasse, P.J., Schader, S.M., Hu, Q., Ketas, T.J., Lu, M., Marx, P.A., Dufour, J.,
Colonno, R.J., Shattock, R.J., Springer, M.S., Moore, J.P., 2005. Protection of
macaques from vaginal SHIV challenge by vaginally delivered inhibitors of
virus-cell fusion. Nature 438, 99–102.

Veazey, R.S., Ling, B., Green, L.C., Ribka, E.P., Lifson, J.D., Piatak, M., Lederman, M.M.,
Mosier, D., Offord, R., Hartley, O., 2009. Topically applied recombinant
chemokine analogues fully protect macaques from vaginal simian-human
immunodeficiency virus challenge. J. Infect Dis. 199, 1525–1527.

Voit, R.A., McMahon, M.A., Sawyer, S.L., Porteus, M.H., 2012. Generation of an HIV
Resistant T-cell Line by Targeted ‘‘Stacking’’ of Restriction Factors. Mol. Ther. 21,
786–795.

Wang, J.H., Meijers, R., Xiong, Y., Liu, J.H., Sakihama, T., Zhang, R., Joachimiak, A.,
Reinherz, E.L., 2001. Crystal structure of the human CD4 N-terminal two-
domain fragment complexed to a class II MHC molecule. Proc. Natl. Acad. Sci.
USA 98, 10799–10804.

Wei, X., Decker, J.M., Liu, H., Zhang, Z., Arani, R.B., Kilby, J.M., Saag, M.S., Wu, X.,
Shaw, G.M., Kappes, J.C., 2002. Emergence of resistant human
immunodeficiency virus type 1 in patients receiving fusion inhibitor (T-20)
monotherapy. Antimicrob. Agents Chemother. 46, 1896–1905.

Weimer, L.E., Fragola, V., Floridia, M., Guaraldi, G., Ladisa, N., Francisci, D.,
Bellagamba, R., Degli Antoni, A., Parruti, G., Giacometti, A., Manconi, P.E.,
Vivarelli, A., d’Ettorre, G., Mura, M.S., Cicalini, S., Preziosi, R., Sighinolfi, L.,
Verucchi, G., Libertone, R., Tavio, M., Sarmati, L., Bucciardini, R., ISS-NIA Study
Group, 2013. Response to raltegravir-based salvage therapy in HIV-infected
patients with hepatitis C virus or hepatitis B virus coinfection. J. Antimicrob.
Chemother. 68, 193–199.

Weissenhorn, W., Dessen, A., Harrison, S.C., Skehel, J.J., Wiley, D.C., 1997. Atomic
structure of the ectodomain from HIV-1 gp41. Nature 387, 426–430.
Welch, B.D., VanDemark, A.P., Heroux, A., Hill, C.P., Kay, M.S., 2007. Potent D-peptide
inhibitors of HIV-1 entry. Proc. Natl. Acad. Sci. USA 104, 16828–16833.

Westby, M., Lewis, M., Whitcomb, J., Youle, M., Pozniak, A.L., James, I.T., Jenkins,
T.M., Perros, M., van der Ryst, E., 2006. Emergence of CXCR4-using human
immunodeficiency virus type 1 (HIV-1) variants in a minority of HIV-1-infected
patients following treatment with the CCR5 antagonist maraviroc is from a
pretreatment CXCR4-using virus reservoir. J. Virol. 80, 4909–4920.

Westby, M., Smith-Burchnell, C., Mori, J., Lewis, M., Mosley, M., Stockdale, M., Dorr,
P., Ciaramella, G., Perros, M., 2007. Reduced maximal inhibition in phenotypic
susceptibility assays indicates that viral strains resistant to the CCR5 antagonist
maraviroc utilize inhibitor-bound receptor for entry. J. Virol. 81, 2359–2371.

Wild, C., Oas, T., McDanal, C., Bolognesi, D., Matthews, T., 1992. A synthetic peptide
inhibitor of human immunodeficiency virus replication: correlation between
solution structure and viral inhibition. Proc. Natl. Acad. Sci. USA 89, 10537–
10541.

Wilen, C.B., Tilton, J.C., Doms, R.W., 2012. Molecular mechanisms of HIV entry. Adv.
Exp. Med. Biol. 726, 223–242.

Wilen, C.B., Wang, J., Tilton, J.C., Miller, J.C., Kim, K.A., Rebar, E.J., Sherrill-Mix, S.A.,
Patro, S.C., Secreto, A.J., Jordan, A.P.O., Lee, G., Kahn, J., Aye, P.P., Bunnell, B.A.,
Lackner, A.A., Hoxie, J.A., Danet-Desnoyers, G.A., Bushman, F.D., Riley, J.L.,
Gregory, P.D., June, C.H., Holmes, M.C., Doms, R.W., 2011. Engineering HIV-
Resistant Human CD4+ T Cells with CXCR4-Specific Zinc-Finger Nucleases. PLoS
Pathog. 7, e1002020.

Wilkin, T.J., Lalama, C.M., McKinnon, J., Gandhi, R.T., Lin, N., Landay, A., Ribaudo, H.,
Fox, L., Currier, J.S., Mellors, J.W., Gulick, R., Tenorio, A.R., 2012. A pilot trial of
adding maraviroc to suppressive antiretroviral therapy for suboptimal CD4 T-
cell recovery despite sustained virologic suppression: ACTG A5256. J. Infect. Dis.
206, 534–542.

Willig, J.H., Wilkins, S.-A., Tamhane, A., Nevin, C.R., Mugavero, M.J., Raper, J.L.,
Napolitano, L.A., Saag, M.S., 2013. Maraviroc observational study: the impact of
expanded resistance testing and clinical considerations for antiretroviral
regimen selection in treatment-experienced patients. AIDS Res. Hum.
Retroviruses 29, 105–111.

Wu, L., Gerard, N.P., Wyatt, R., Choe, H., Parolin, C., Ruffing, N., Borsetti, A., Cardoso,
A.A., Desjardin, E., Newman, W., Gerard, C., Sodroski, J., 1996. CD4-induced
interaction of primary HIV-1 gp120 glycoproteins with the chemokine receptor
CCR-5. Nature 384, 179–183.

Wu, L., LaRosa, G., Kassam, N., Gordon, C.J., Heath, H., Ruffing, N., Chen, H., Humblias,
J., Samson, M., Parmentier, M., Moore, J.P., Mackay, C.R., 1997. Interaction of
chemokine receptor CCR5 with its ligands: multiple domains for HIV-1 gp120
binding and a single domain for chemokine binding. J. Exp. Med. 186, 1373–
1381.

Wyatt, R., Kwong, P.D., Desjardins, E., Sweet, R.W., Robinson, J., Hendrickson, W.A.,
Sodroski, J.G., 1998. The antigenic structure of the HIV gp120 envelope
glycoprotein. Nature 393, 705–711.

Xu, L., Pozniak, A., Wildfire, A., Stanfield-Oakley, S.A., Mosier, S.M., Ratcliffe, D.,
Workman, J., Joall, A., Myers, R., Smit, E., Cane, P.A., Greenberg, M.L., Pillay, D.,
2005. Emergence and evolution of enfuvirtide resistance following long-term
therapy involves heptad repeat 2 mutations within gp41. Antimicrob. Agents
Chemother. 49, 1113–1119.

Yang, X., Kurteva, S., Ren, X., Lee, S., Sodroski, J., 2005. Stoichiometry of envelope
glycoprotein trimers in the entry of human immunodeficiency virus type 1. J.
Virol. 79, 12132–12147.

Yang, X., Kurteva, S., Ren, X., Lee, S., Sodroski, J., 2006. Subunit stoichiometry of
human immunodeficiency virus type 1 envelope glycoprotein trimers during
virus entry into host cells. J. Virol. 80, 4388–4395.

Yuan, Y., Maeda, Y., Terasawa, H., Monde, K., Harada, S., Yusa, K., 2011. A
combination of polymorphic mutations in V3 loop of HIV-1 gp120 can confer
noncompetitive resistance to maraviroc. Virology 413, 293–299.

Zanetti, G., Briggs, J.A.G., Grünewald, K., Sattentau, Q.J., Fuller, S.D., 2006. Cryo-
electron tomographic structure of an immunodeficiency virus envelope
complex in situ. PLoS Pathog. 2, e83.

Zhu, P., Chertova, E., Bess, J., Lifson, J.D., Arthur, L.O., Liu, J., Taylor, K.A., Roux, K.H.,
2003. Electron tomography analysis of envelope glycoprotein trimers on HIV
and simian immunodeficiency virus virions. Proc. Natl. Acad. Sci. USA 100,
15812–15817.

Zhu, P., Liu, J., Bess, J., Chertova, E., Lifson, J.D., Grisé, H., Ofek, G.A., Taylor, K.A., Roux,
K.H., 2006. Distribution and three-dimensional structure of AIDS virus envelope
spikes. Nature 441, 847–852.

Zhu, P., Winkler, H., Chertova, E., Taylor, K.A., Roux, K.H., 2008. Cryoelectron
tomography of HIV-1 envelope spikes: further evidence for tripod-like legs.
PLoS Pathog. 4, e1000203.


	Entry inhibitors and their use in the treatment of HIV-1 infection
	1 Introduction
	2 Structure of HIV surface proteins
	2.1 Gp120
	2.2 Gp41

	3 HIV entry into host cells
	3.1 Attachment
	3.2 CD4 binding
	3.3 Coreceptor binding
	3.4 Fusion
	3.5 Location of viral entry

	4 Entry inhibitors
	4.1 Drugs blocking the gp120-CD4 interaction
	4.2 Drugs blocking the gp120-coreceptor interaction
	4.3 Drugs blocking gp41-mediated membrane fusion

	5 Clinical considerations
	5.1 Identifying suitable patients for treatment
	5.2 Viral resistance
	5.2.1 Resistance to maraviroc
	5.2.2 Resistance to enfuvirtide
	5.2.3 Viral consequences of resistance

	5.3 Entry inhibitors in combination therapy
	5.4 Synergistic action of multiple entry inhibitors
	5.5 Future directions
	5.5.1 Microbicide development
	5.5.2 Inhibition of HIV entry through gene therapy approaches


	6 Conclusion
	References


