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Abstract
Phogat S, Wyatt RT, Karlsson Hedestam GB (National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, MD, USA; Department of Microbiology Tumor and Cell
Biology, Karolinska Institutet, Stockholm; and the Swedish Institute for Infectious Disease Control,
Solna, Sweden). Inhibition of HIV-1 entry by antibodies: potential viral and cellular targets (Review).

Vaccine-induced antibodies that interfere with viral entry are the protective correlate of most existing
prophylactic vaccines. However, for highly variable viruses such as HIV-1, the ability to elicit
broadly neutralizing antibody responses through vaccination has proven to be extremely difficult.
The major targets for HIV-1 neutralizing antibodies are the viral envelope glycoprotein trimers on
the surface of the virus that mediate receptor binding and entry. HIV-1 has evolved many mechanisms
on the surface of envelope glyco-proteins to evade antibody-mediated neutralization, including the
masking of conserved regions by glycan, quaternary protein interactions and the presence of
immunodominant variable elements. The primary challenge in the development of an HIV-1 vaccine
that elicits broadly neutralizing antibodies therefore lies in the design of suitable envelope
glycoprotein immunogens that circumvent these barriers. Here, we describe neutralizing
determinants on the viral envelope glyco-proteins that are defined by their function in receptor
binding or by rare neutralizing antibodies isolated from HIV-infected individuals. We also describe
the nonvariable cellular receptors involved in the HIV-1 entry process, or other cellular proteins, and
ongoing studies to determine if antibodies against these proteins have efficacy as therapeutic reagents
or, in some cases, as vaccine targets to interfere with HIV-1 entry.
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Introduction
As the HIV-1 epidemic continuous unabated there is an urgent need to develop an effective
prophylactic vaccine and other therapeutic strategies to limit viral transmission. Only a fraction
of the nearly 40 million individuals living with the virus today receive the costly antiviral
therapy currently available and these individuals are almost exclusively inhabitants of
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developed countries. It is therefore critical that preventative measures are taken to curb the
infection rate in areas of the world harbouring the greatest HIV-1 burden. The most attractive
strategies to deal with the HIV problem are the development of a preventative vaccine and the
development of readily available effective microbicides. Both approaches are important and
ultimately a combination of the two may prove the most effective in controlling the HIV-1
epidemic by decreasing the frequency of human-to-human transmission events.

The development of a protective vaccine against HIV-1 has proven to be an extremely
challenging task but is under intensive pursuit, as a vaccine is the most cost-effective means
to diminish the spread of the virus to uninfected individuals. Extensive research in this area
suggests that a successful HIV-1 vaccine will need to stimulate both broadly neutralizing
antibodies (Nabs) and potent HIV-1-specific T-cell responses. The importance of humoral
immune responses has received renewed attention as it was shown that passive therapy with
broadly neutralizing monoclonal antibodies against the HIV-1 surface proteins was protective
in monkey challenge models [1–6]. An important component of any HIV-1 vaccine approach
is therefore the viral envelope glycoproteins (Env), the major target for NAbs. There is an
increasing understanding in the field that conserved structures of Env need to be targeted to
obtain cross-neutralization between diverse virus strains and to minimize the likelihood of
immunological escape. It is therefore crucial to define all detectable Env-directed
neutralization specificities and to understand the molecular basis of HIV-1 neutralization
resistance. Such studies, together with the development of new adjuvants and a better
delineation of innate-to-adaptive immune signalling pathways, will hopefully provide the field
with the requisite knowledge to approach the problem with better outcomes than observed to
date.

For individuals already infected with HIV-1, highly active antiretroviral therapy (HAART)
exists thanks to the extensive development over the past two decades of small molecular weight
compounds targeting key viral processes, such as reverse transcription or protease-dependent
Gag-Pol precursor protein cleavage (the major targets of HAART). A peptide-based inhibitor
of the HIV-1 entry process, T-20, has gained acceptance as salvage therapy for individuals that
harbour HAART escape mutants or that cannot tolerate HAART [7]. In addition, drugs capable
of interfering with HIV-1 integration into the host genome [8] or virus binding to the
coreceptors CCR5 or CXCR4 are currently in clinical trials [9] and therapeutic antibodies
against the cellular targets CD4 (the primary HIV-1 receptor) and the major coreceptor, CCR5,
have shown early promise [10–13]. Because a functional CCR5 allele is dispensable for
survival in the developed world and because of its cell type-specific expression and its
important role as the major core-ceptor for HIV-1, CCR5 has evolved as an attractive target
for therapeutic intervention. Early promise of CCR5 as a therapeutic antibody target has lead
to the consideration that CCR5 could be a vaccine target, but there are some distinct differences
between a therapeutic antibody and an in vivo elicited antibody response against a self-molecule
(see below).

Accordingly, in this review, we provide background information of the HIV-1 envelope
glycoproteins that comprise the functional spike and discuss the properties, often elucidated
by recent structures, which make the spike exceptionally challenging to target with NAbs. We
then describe current strategies under pursuit to develop more effective HIV-1 Env vaccine
immunogens and we review selected approaches to target cellular molecules as a means of
inhibiting HIV-1 entry with therapeutic antibodies or vaccination.
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The HIV-1 envelope glycoproteins and neutralizing determinants
The HIV-1 envelope glycoproteins and viral entry

HIV-1 is a member of the Retroviridae family belonging to the genus lentiviruses. The
Retroviridae are enveloped viruses containing two positive sense RNA strands that are
converted into dsDNA by the highly error-prone viral reverse transcriptase enzyme generating
isolate diversity by both point mutation and intergenomic recombination. HIV-1 isolates fall
into three groups: M (Major/Main), N (Non-M, Non-O/New) and O (Outlier) of which, as
implied, group M is most common. Group M is subdivided into several subtypes or clades (A–
D, F–H, J and K), of which B is most common in the Western world, whilst C is the predominant
subtype found primarily in India, China and sub-Saharan Africa. The remaining subtypes, as
well as HIV-1 variants with characteristics of several different subtypes, so-called circulating
recombinant forms (CRFs), are dispersed throughout Africa and other parts of the world.

The major targets for HIV-1 NAbs are the exterior envelope glycoprotein, gp120, and the
transmembrane glycoprotein, gp41. These proteins are generated by cleavage of a heavily
glycosylated precursor protein, gp160, by furin-like enzymes during transport through the
Golgi apparatus. Once transported to the cell surface, trimeric gp120/gp41 envelope
glycoprotein spikes are incorporated into budding virus for release of new HIV-1 particles.
Each new infectious cycle is initiated when the external envelope glycoprotein gp120 binds
the primary receptor, CD4, which is embedded in the plasma membrane on the surface of
potential targets cells (Fig. 1). Interaction of gp120 with CD4 is followed by a series of
conformational changes in Env resulting in exposure of a transient binding site that allows the
spike to interact with its coreceptor, usually CCR5 or CXCR4. This in turn promotes additional
conformational changes that allow gp41 to insert its fusion peptide into the target cell
membrane to form a prehairpin structure, which then collapses into an energetically stable six-
helix bundle structure, driving virus-to-cell membrane fusion and entry of the HIV-1 core into
the target cell [14]. This sequence of event occurs at the plasma membrane at neutral pH. Main
target cells for HIV-1 infection are CD4+ T cells, macrophages and different subsets of
dendritic cells (DC), whose relative roles during natural HIV-1 transmission remain poorly
defined.

Structural features of the HIV-1 envelope glycoproteins, neutralizing determinants and
immune evasion

The HIV-1 envelope glycoproteins are present as trimers of gp120/gp41 heterodimers on the
surface of infectious virus particles [15–20]. Free gp120 glycoproteins, once shed from the
functional spike, can be divided into three antigenic faces: the non-neutralizing, silent and
neutralizing faces. The non-neutralizing face of gp120 is recognized by antibodies that bind to
gp120 epitopes not exposed in the context of the functional trimer. The neutralizing face binds
most known NAbs. The so-called ‘silent face’, which is composed of V4 and V5 variable
determinants, is heavily glycosylated and thus is poorly immunogenic. One exceptional broad
neutralizing antibody, 2G12, binds to a complex carbohydrate epitope derived from three
glycans located in this region [21].

HIV-1 has developed many sophisticated mechanisms to evade Env-directed antibody
responses efficiently during natural infection. These include shrouding well-conserved
structures by glycan shielding [22] and immunodominant variable loops [23], and masking of
vulnerable receptor-binding sites by conformational and steric constraints [24]. In addition,
monomeric gp120 is readily shed from virus particles, which stimulates the production of
antibodies that bind protein surfaces that are not exposed on the intact Env trimer [25,26].
Unmodified monomeric gp120 therefore holds little promise as a vaccine component,
highlighted by the disappointing, but not unanticipated, results obtained in Vaxgen's human
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clinical trials [27–29]. As our understanding about Env structure and antigenicity increases,
second- and third-generation Env-based immunogens will be designed and tested for their
ability to elicit broadly Nabs more efficiently [30].

The HIV-1 envelope glycoproteins are present on the exterior of the virus and due to their
critical role for viral entry and their exposed location at the surface, they are the major targets
for NAbs [31]. The ability to re-elicit broadly NAbs through vaccination is a major aim of
many HIV-1 vaccine development projects; however, the paucity of broadly NAbs highlights
the challenge of this goal. To date only four rare broadly NAbs have been identified (Fig. 2),
all elicited by chronic HIV-1 infection [32]. On the HIV-1 exterior glycoprotein gp120, the
antibody IgGb12 binds to the CD4-binding site (CD4BS) and cross competes with the primary
HIV-1 receptor, CD4 [33] and with the weakly neutralizing antibody F105 [34]. A recent study
shows that the IgGb12 binds essentially to the outer domain of the HIV-1 gp120 core
glycoprotein [35,69]. The other gp120-directed Nab, 2G12, binds to a cluster of glycans on the
gp120 outer domain [21]. The recent crystal structure of Fab fragment of 2G12 in complex
with Man9Glc-NAC shows that this antibody adopts a highly unusual domain-exchanged
dimeric structure that produces several antibody combining sites in proximity to one another
[36]. The gp41-directed antibodies, 2F5 and 4E10, bind to a region close to the viral membrane
termed the membrane proximal region (MPR) that is hydrophobic and highly conserved across
clades [37,38]. The recent structure of 2F5 in complex to its epitope reveals that the 2F5
antibody bound to only one face of an extended peptide in a cleft between the heavy and light
chain [39]. The structure of 4E10 with its epitope reveals that a helical peptide that bound at
the base of the CDRH3 [40]. Another antibody, D5, binds to a region in the gp41 heptad repeat
1 (HR1) and displays limited neutralization breadth and potency, raising issues regarding the
accessibility of this epitope on primary isolates [41]. These antibodies and their relevant
properties are summarized in Table 1 and are further reviewed in Ref. [42].

Because the four broadly Nabs target relatively well-conserved regions of HIV-1 Env, it is
conceivable that some or all of these antibodies could be used as therapeutic compounds for
prevention of mother-to-infant transmission of HIV-1 or as components of microbicide
formulations. In a nonhuman primate study modelling neonatal transmission, a cocktail of three
NAbs-mediated sterilizing protection of SHIV-challenged infants by mucosal routes [43].
Success in this and other passive immunization studies in nonhuman primates have lead to the
initiation of at least one clinical trial designed to inhibit mother-to-child transmission.
However, the concept has not gained wide acceptance due to the efficacy, ease and low expense
of the reverse transcriptase inhibitor, nevarapine [44]. Recent studies performed in chronically
HIV-1-infected humans passively infused with the three broadly neutralizing monoclonals,
2G12, 2F5 and 4E10, demonstrated that transient inhibition and escape of viral replication were
observed only to 2G12 [45]. These data were consistent with earlier animal models, which
demonstrated that individual monoclonals, at relatively high concentrations, prevent infection
if administered before or just after viral challenge [4,6,44]. If antibody was administered after
the establishment of viral infection, escape from a single antibody was extremely rapid and
generally clonal or oligoclonal. This is presumably due to the high mutation rate of HIV/SIV
that generates many escape mutants, some of which are fit for replication. As a result, the most
fit virus predominates after several rounds of replication following escape. Besides the more
broadly neutralizing determinants described above, other regions responsible for neutralization
activity in a more restricted manner are the immunodominant variable loop 3 (V3) and, to a
lesser extent, the V2 loop. The V3 loop of gp120 elicits antibodies that are often more strain-
restricted in terms of neutralization, although some antibodies directed against conserved
determinants of V3 bind monomeric gp120 from multiple strains, such as 447−52D [47,48].
The recent crystal structure of the HIV-1 gp120 core containing the entire V3 loop reveals that,
once triggered by binding with CD4, the protruding V3 loop is highly accessible on the gp120
monomer, perhaps explaining the immunodominance of this region [49]. Another set of
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antibodies, such as 17b [50], 412D [51] and X5 [52] are referred to as CD4-induced (CD4i)
antibodies and recognize the highly conserved coreceptor-binding site on the gp120 core (Table
1). However, occlusion of most CD4i epitopes due to steric hindrance limits the neutralization
activity displayed by the CD4i site antibodies [52,53]. This is consistent with the recent
observation that such antibodies are at relatively high levels in patient sera [54], and it is likely
that in vivo selection pressure is exerted to select for viruses that occlude the conserved gp120
region involved in binding to the monomorphic coreceptor, CCR5.

HIV-1 envelope glycoprotein immunogen design
Most successful antiviral vaccines consist of either live-attenuated or inactivated viral particles.
However, live attenuation of the HIV-related simian immunodeficiency virus (SIV), resulting
in protective responses without resulting pathogenicity has not been accomplished [55], raising
safety concerns that make human trials intractable. Similarly, chemical inactivation of HIV-1
has not yet generated broadly protective antibody responses. Therefore, investigators turned
to subunit, Env-based immunogens a means of eliciting broadly NAbs. The use of monomeric
gp120 or peptides derived from the immunodominant V3 loop of gp120 generates type-
specific, but not broadly NAbs, likely due to occlusion of functionally conserved V3 epitopes
on most circulating isolates. The failure of gp120 to elicit efficiently broadly NAbs has shifted
design efforts to engineering soluble versions of the Env spike to recapitulate properties of the
functional trimer. We will briefly summarize such efforts here, but for more extensive treatment
we refer readers to other more comprehensive reviews focused on HIV-1 Env-based
immunogen design [18,30,56].

Soluble versions of the spike, containing full-length gp120 covalently linked to selected
versions of the gp41 domain, have been generated and are commonly referred to as ‘gp140
molecules’. To name a few iterations on this common theme: C-terminal heterologous
trimerization motifs were added to gp120-gp41 molecules [57,58], cysteine-pair linkages were
added to covalently linked gp120 to gp41 [59], flexible inter gp120-gp41 linkers were
generated as another means to covalently link gp120 to gp41 [60], variable loop deletion of
gp140 molecules to expose cryptic epitomes were performed [61], deletion of the fusion peptide
and gp41 immunodominant cysteine loop to remove nondesired epitopes were created [62],
solid-phase proteoliposomes containing full-length Env embedded in a reconstituted lipid
bilayer were made [63] and consensus sequence-derived gp140 soluble spike mimetics were
characterized and tested as immunogens [reviewed in Ref. 30]. Amongst other approaches to
mimic properties of the functional spike, chemically inactivated virions and virus-like particles
[reviewed in Ref. 30,64] as well as CD4–gp120 complexes designed to reveal cryptic, transition
state epitopes displayed by Env during the entry process can be included [65]. Although slight
relative improvements in neutralization breadth and potency were reported in some of these
studies, none of the designs by themselves appear to generate sufficient neutralization breadth
to impact on reducing HIV-1 diversity worldwide in a vaccine setting.

To better elicit broadly Nabs using Env-based monomeric gp120 subunits, several groups have
devised rational and innovative strategies to improve on the natural properties of Env.
Hyperglycosylated derivatives of gp120/gp140 were designed that attempt to focus the immune
response to conserved epitopes that form part of the CD4BS [66,67] and render immuno-silent
variable and non-neutralizing elements of gp120. Structure-based attempts to stabilize gp120
in the CD4-bound conformation by site-direct mutagenesis and thermodynamic analysis have
been attempted, but to date limited improvements in the elicitation of NAbs has been reported
[65]. The availability of structural information presents unique opportunities to target discrete
elements of Env for immunogen design. The most recent example of this are broadly
neutralizing determinants within the gp41 MPR that has been crystallized by two different
groups and consists of the MPR-directed, broadly NAbs 2F5 and 4E10 in complex with their
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cog-nate linear epitopes. Based upon the gp41 peptide conformations defined in the structures,
constrained peptides and other novel means to stabilize the MPR sequences and present them
in the lipid context proximal to this region are being designed and evaluated as vaccine
candidates. For example, the MPR-based immunogens are being arrayed on carrier molecules
(HepB surface antigen) to increase B-cell responses as well as to provide T-help and a
heterologous lipid membrane. A parallel approach is structure-assisted scaffolding of the 2F5
and 4E10 epitopes on heterologous proteins containing similar folds as those adopted by the
extended loop structure of the 2F5 epitope or the helical conformation of the 4E10 epitope
[39,68].

For gp120-based approaches alternative to stabilizing the CD4-bound conformation described
above, the structure of the broadly neutralizing CD4BS antibody, IgGb12, in complex with
core gp120 was recently reported. The structural definition of this conserved gp120 surface
should aid greatly in designing immunogens intended to re-elicit this type of broadly
neutralizing antibody [69]. The structure of the intact trimeric, functional spike might be the
most critical structure to obtain for structure-based envelope glyco-protein immunogen design,
but to date no such structure has been forthcoming. It should be said that although rational,
structure-based immunogen design is an inviting new path, if is far from proven that it will
lead to an effective HIV-1 vaccine.

Other factors to consider in protein subunit-based vaccine development is modulation of the
immune system by selected adjuvants. Improved oil-in-water adjuvants with and without
immune-activating compounds such as the Toll-like receptor 4 (TLR-4) agonist MPL are under
development and evaluation by GlaxoSmithKline or their collaborators [70]. Other TLR
agonists and other molecular adjuvants that target innate pathways to activate the adaptive
immune response are exciting new areas of vaccine development that might be capable of
eliciting both antibody and cellular responses from protein immunogens. Such approaches may
impact favourably on HIV-1 vaccine design in the future, especially if the adjuvant conjugated
directly to the protein antigen [71–73].

The viral receptors as antibody targets to inhibit HIV entry
One of the most daunting hurdles to overcome in developing an effective HIV-1 vaccine is the
viral heterogeneity, which increases with every passing day. Viral heterogeneity is a concern
for both the breadth of cellular immune responses, which also depends upon polymorphic MHC
restrictions, and for the coverage required by broadly NAbs. Because the virus is extremely
responsive to selection pressures, unless the vaccine exerts pressure akin to the level displayed
by the triple combination antiretroviral drugs, a transient drop in viral transmission may be
achieved, but may only mark the evolution of a new, vaccine-resistant viral branch point.
Initially, such a branch might be more limited in terms of viral diversity and perhaps then easier
to control by a second-generation vaccine if the correlates and mechanisms of protection from
the first generation vaccine are well understood.

A vaccine eliciting ‘neutralizing antibodies’ that are directed at monomorphic host molecules
would eliminate many concerns of viral heterogeneity. Such antibodies, with the potential
capacity to inhibit entry of diverse HIV-1 strains using the same invariant receptor, would be
less affected by HIV heterogeneity. If efficiently elicited, such antibodies would not be directly
‘neutralizing’ virus in the classical virological jargon, but would inhibit viral entry. For ease
of discussion, all HIV entry-inhibiting antibodies will be referred to as Nabs in this review.
Vaccines elicited against self-proteins will encounter many obstacles of basic immunology and
safety concerns, but if they display promise in small animals, selected approaches could be
assessed for safety and efficacy in nonhuman primates. If proof-of-principle can be
demonstrated in nonhuman primates, then such approaches could be considered for testing in
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infected humans, who harbour HIV escape variants from all other forms of therapy.
Importantly, such approaches do (potentially) take most aspects of viral diversity out of the
picture if the cellular target is properly selected. At this juncture, there are primarily two
relevant cellular targets directly involved in the HIV-1 entry process: the primary receptor,
CD4 and the viral coreceptors, chemokine receptors CCR5 or CXCR4. As described below,
each of these cellular proteins has received some attention as therapeutic targets and, to a
limited extent, CCR5 has been examined in a small number of preclinical studies as a vaccine
target. Other potential targets are lectin-like molecules found on DCs, such as the C-type lectin
DC-SIGN [74]. Because the precise role of DC-SIGN in mediating HIV-1-specific attachment
to DCs and transport in vivo is currently undergoing revision [75] we will not discuss this area
in detail here. Suffice it to say that it is likely that lectins may mediate DC interaction with
glycosylated viruses such as HIV-1 and that antibodies against such cellular molecules could
have therapeutic value in interfering with HIV-1 infection at these key portals of entry in the
submucosa. The ability of cyanovirin, a lectin-like protein isolated from natural sources, to
inhibit HIV-1 entry in vitro provides proof-of-principle for this concept [76,77]. Selected
antibodies against relevant cellular molecules are summarized in Table 1.

Because several strategies need to be explored in the quest to develop effective means to inhibit
HIV-1 replication either via a vaccine or, also relevant to this review, via therapeutic antibodies,
cellular molecules that are incorporated into the virus particle are also worth limited discussion
regarding their relevance as potential neutralization determinants. Early studies using SIV
propagated in human cells suggested that xeno-immunization provided some degree of
protection against SIV [78,79]. Subsequent studies suggested that this response was in part
mediated by antibodies against MHC class I and II molecules incorporated into the membrane
of the virus. Other molecules, including adhesion molecules such as the intracellular adhesion
molecule 1, ICAM-1, and its primary receptor leucocyte function-associated molecule 1,
LFA-1, have also been shown to be incorporated into the HIV-1 membrane and to modulate
the neutralization sensitivity of HIV-1 [80,81]. The potential to target molecules that are
incorporated into HIV-1 particles represent at least a theoretical alternative approach for
interfering with HIV-1 entry (see below).

CD4 as a soluble immunotherapeutic or as a therapeutic antibody target
The primary virus receptor, CD4, is a member of the immunoglobulin super family and is a
major phenotypic marker and functional protein on T-helper cells. CD4 consists of four
extracellular domains (D1–D4) and the CDR2 loop of the first domain (D1) plays a critical
role in interaction with the HIV-1 envelope glycoprotein gp120 during viral entry [82]. In the
early 1990s, a soluble form of CD4 (sCD4) was under investigation as a therapeutic drug. Initial
attempts at using sCD4 as therapeutic inhibitor of HIV-1 infection were met with limited
success likely due the discovery that primary isolates were much more resistant to the
neutralizing capacity of sCD4 than had been previously appreciated [83,84]. Alternative
versions of sCD4 have been made to improve its neutralizing activity by grafting the D1 and
D2 domains onto selected IgG constructs to create immunoglobulin fusions containing two or
four CD4BS (dimeric and tetrameric CD4). The most promising CD4-based fusion protein,
PRO542 [85], is a tetravalent CD4–Ig construct that contains the D1 and D2 domains of human
CD4 genetically fused to heavy and light chain constant regions of human IgG2κ. This
molecule has been shown to potently inhibit HIV-1; besides increased valency and avidity, the
greater conformational flexibility in PRO542 may contribute to its enhanced antiviral activity
[85] via activation of complement or opsonization in vivo. In preclinical studies, PRO542 is
well tolerated at a dose of 25 mg kg−1 and reduces the viral load significantly in advanced
disease HIV-1 patients [87–89].
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In an alternative but related strategy, antibodies against CD4 were characterized and shown to
exhibit potent inhibitory activity of HIV-1 entry by both directly blocking gp120–CD4
interaction or interfering with fusion [90,91]. One of these antibodies, the calcium-dependent
anti-CD4 antibody Q425, recognizes an epitope in the CD4 domain 3 and was recently
crystallized in complex with CD4 [92]. Tanox has developed a humanized version of a murine
IgG4 monoclonal antibody, TNX-355, which binds to the D2 domain of CD4 [10,93]. The
antibody, 5A8, was originally isolated from a mouse immunized with human sCD4. As the
TNX-355 epitope lies outside the D1-located binding site of class II molecules on CD4, it
apparently does not interfere with the normal immunological functions of CD4. A single dose
of TNX-355 reduced viral load and increased CD4+ T-cell counts in HIV-1-infected patients
and phase II clinical trial results showed a more than 2 log reduction in viral load after 24 weeks
of treatment [10]. TNX-355 may have an adjunct role in salvage therapy in the near future, if
the clinical data continues to be positive.

CCR5 as a therapeutic or vaccine target
Another cellular molecule that has been explored as an antibody target is the chemokine
receptor 5, CCR5, which is the most important HIV-1 coreceptor in vivo. Host genetics studies
on HIV-1 susceptibility have identified interesting CCR5 polymorphisms in the human
population that reduce the risk of HIV infection [94,95]. Furthermore, seronegative individuals
have an increased frequency of an N-terminal 32 residue deletion (CCR5-Δ32) that produces
a functionally defective CCR5 molecule [96,97]. Perhaps because there are several receptors
with similar chemokine receptor activity, the CCR5 molecule does not appear essential for
immune function and survival, at least in the developed world. Attempts to induce antibodies
that block the regions of CCR5 used by HIV-1 to gain entry into the cell are described in more
detail below, but, as a prelude, we will summarize the rationale to target CCR5 with low-
molecular weight compounds.

Chemokine receptor 5 and to a lesser extent, the other HIV-1 coreceptor, CXCR4, have been
under intense targeting by several pharmaceutical companies for small molecular weight
inhibitors. CCR5 is one member of a large family of G-protein-coupled, 7-membrane-spanning
receptors (GPCRs). CCR5 binds and signals via the β-chemokines MIP-1α, MIP-1β and
RANTES [98,99] and has become a preferred target for GPCR drug development due to the
existence of a small number of CCR5-Δ32 homozygotes that express no functional CCR5
molecules on their cells, yet have no observable pathological phenotype [94,97]. Supporting
the null phenotype for loss of CCR5 in the human condition, CCR5 knock out mice
demonstrated no severe developmental nor immunological defects [100]. A recent set of studies
suggest that the presence of anti-CCR5 antibodies in a subset of HIV-infected long-term
nonprogressors induce long-lasting downregulation of CCR5, perhaps contributing to their
nonprogressor clinical phenotype [101–103].

There has been growing interest over the therapeutic potential of CCR5-targeted compounds
as new anti-HIV-1 agents [104]. Of the small molecular weight CCR5 inhibitors, Schering's
SH-C and SH-D compounds are the furthest along in Phase 1 clinical trials and Pfizer's also
has a CCR5-targeted drug in clinical development [9]. The conserved helical trans-membrane
structure in the membrane spanning region of many GPCRs is where most CCR5 inhibitory
compounds appear to bind [105] and may contribute to toxicity concerns that caused Merck to
abandon its CCR5 drug development programme. Furthermore, gp120–CD4 complexes likely
do not interact with the hydrophobic helical pocket that is the target for the most noncompetitive
inhibitory drugs. Therefore, not surprisingly, HIV-1 can escape from inhibition mediated by
many of the compounds [106–108]. In this regard, an antibody that binds in a competitive
manner, with a much larger protein–protein footprint, might have improved efficacy compared
with the low-molecular weight drugs.
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Exploring the antibody approach, Human Genome Sciences recently identified a potent anti-
CCR5 antibody, CCR5 mab004, which inhibits entry from representative HIV-1 isolates from
clades A–G, without inducing either cell signalling or apparent cell toxicity [13]. This antibody
is now in Phase I clinical trial and efficacy data should be forthcoming in the near future.
Progenics is also exploiting the exquisite specificity and large contact surface of antibody to
develop an anti-CCR5 humanized antibody, Pro140 (originally called PA14), which is
currently under evaluation in Phase I clinical trial. The PA14 antibody, similar to 2D7 antibody,
was raised initially in mice against cells expressing CCR5. These antibodies bind to a complex
determinant composed of the human CCR5 extracellular loops (ECLs), predominantly the
second ECL and effectively block HIV-1 infection of target cells [11,12]. In general, the anti-
CCR5 antibodies against ECL loops are potent inhibitors of HIV-1 entry and might function
by inhibiting direct binding of CD4-activated gp120 or inhibit postbinding conformational
changes or oligomerization of CCR5 [109]. Antibodies against the CCR5 N-terminus also
block entry with varying degrees of activity, but generally are less potent than those against
the ECLs [11,110,111]. Once the in vivo efficacy of the CCR5 antibodies in clinical trials is
determined, they may be considered as components of a microbicide.

Only one potent anti-CXCR4 antibody (12G5) that inhibits HIV-1 entry has been well
characterized. The 12G5 murine monoclonal recognizes an epitope in ECL2 of CXCR4
[112,113]. However, in the past several years, with their success against cancer targets,
humanized or fully human monoclonal antibodies have regained favour as therapeutic drugs
due to their exquisite specificity, relative ease of production and long in vivo half-life (e.g.
Herceptin against the Her2 receptor for breast cancer therapy (114]). In that light, Northwest
Pharmaceuticals is developing an anti-CXCR4 humanized monoclonal antibody for multiple
therapeutic applications (Table 1).

Because CCR5 is considered dispensable for human survival, in principle, active immunization
against CCR5 could induce a long-lasting immunity against HIV-1 infection, either in a
therapeutic modality or potentially as a prophylactic vaccine. Several studies have attempted
to generate anti-CCR5 inhibitory responses, including DNA priming and boosting with CCR5-
derived peptides [115], or bacterially expressed fragments of CCR5 displayed on particles
[116] with limited success. Another study used the 2D7 antibody to isolate a peptide by phage
display panning. The peptide displayed homology for the CCR5 ECL2 and it was reported that
the peptide could elicit antibodies that then bound CCR5 and inhibited HIV-1 infection in
vitro [117].

Recent advancement to generate conformationally intact CCR5 either as proteoliposomes
[118] or as soluble molecules in lipid: detergent mixtures [119,120] will allow immunization
of small animals with fully native CCR5. The goal will be to determine if this approach will
better elicit HIV inhibitory antibodies than have been currently generated by other means
[121–123]. However, the difficulties of active immunization against a ‘self’ cellular target are
obviously of great concern, not underestimating the requirements to keep a 7-membrane-
spanning protein in its native conformation throughout the vaccination process. The initial
immunological hurdle to overcome will be to break tolerance to a self-antigen in an adult animal
or human. Initially there are several ways to determine if this is feasible in small animal models.
For example, immunization with the intact protein, or a fragment of the protein, along with an
heterologous T-helper epitope, which in some cases is sufficient to break tolerance [124]. Cross
species immunization of CCR5 contained in proteoliposomes (i.e. human CCR5 into mice or
rabbits) are alternative strategies to break tolerance. If tolerance to CCR5 can be overcome,
then it will be critical to induce anti-CCR5 inhibitory antibodies and not cytolytic cellular
responses, which could induce pathology. If anti-CCR5 HIV-1-inhibiting antibodies are
elicited in small animals, it remains to be determined if they can be induced in monkeys and
mediate protection either as a therapeutic or prophylactic vaccine for SIV. If protection is
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accomplished in the absence of pathology, then such CCR5 immunogenicity–challenge
experiments would be on the critical path to testing in humans.

Other cellular proteins as antibody targets
Historically, examination of HIV or SIV particles has revealed that a myriad of cellular proteins
are incorporated into viral particles [125]. A subset of these molecules was shown to mediate
protection against SIV challenge in nonhuman primates as discussed immediately below.
Antibodies to another abundant molecule incorporated into virions (ICAM-1) can mediate viral
neutralization in vitro [81]. Although it is less likely that either of these cellular molecules are
practical vaccine or therapeutic targets, for a complete discussion of the ‘HIV-1 neutralizing
determinants’ topic, selected examples are worth highlighting. Although outside the scope of
this review, microbicide formulations will likely incorporate combination therapy against
multiple targets involved in the HIV-1 entry process to achieve broad and potent efficacy
[126,127]. In this light, it is prudent to be aware of all effective inhibitors of HIV-1 entry,
including those directed against cellular components.

Xeno- or allo-immunization against HLA class I and II molecules
In addition to cellular proteins that serve as viral receptors essential for HIV-1 entry into host
cells, there are a number of other cellular molecules incorporated in the viral membrane, which
may enhance HIV-1 infectivity or modulate pathogenesis (Fig. 3). The majority of host cell-
derived membrane proteins are excluded when retroviruses bud from the plasma membrane;
however, early studies on human T-cell leukaemia virus type I (HTLV-1), avian leukosis virus
and HIV-1 demonstrated that some cellular molecules are selectively incorporated into the
viral membrane [128–130]. The potential benefit of targeting host-derived molecules through
vaccination became apparent when it was shown that fixed SIV-infected C8166 cells provided
protection against SIV challenge [131] and that a similar level of protection could be achieved
by using fixed, but uninfected, cells alone [132]. This strongly suggested that protection against
SIV in this model was mediated by immune responses directed against cellular proteins rather
than against viral determinants. Soon thereafter, Arthur et al. showed that β2-microglobulin
(β2m) as well as the α- and β-chains of human lymphocyte antigen (HLA) molecules were
present in HIV-1, HIV-2 and SIV virus preparations grown in H9 cells (a human T-cell line)
[133]. This has later been confirmed by several investigators [128,134–136] and attempts to
understand the role of these processes in the pathogenesis of HIV-1 are still ongoing. Reactivity
to cellular proteins incorporated in the virus particles appear to explain early results that
monkeys immunized with purified inactivated SIV preparations were protected against
subsequent challenge with SIV [78]. Although a contribution from cellular immune responses
cannot be ruled out, it is likely that elicitation of HLA-directed antibody responses explains
most of the protection. So far, the relative roles of MHC class I and class II molecules as
protective antibody targets remains unclear. Analysis of sera from protected monkeys
immunized with fixed uninfected cells demonstrated that there was positive correlation of
protection with antibody response to the HLA class I molecule [137]. However, in another
study, cynomolgus macaques were immunized with purified β2m, HLA class I or class II
proteins prior to SIV challenge and all animals immunized with the class II immunogens were
protected, whilst animals immunized with β2m or HLA class I immunogens were not protected
despite high antibody titres against these antigens [138]. Thus, it remains possible that both
HLA class I and class II molecules induce xeno-antibodies that can mediate some level of
protection against SIV.

Results describing a role for allo-antibodies in HIV-1 protection are more sparse [139], but
this approach is also being considered as a vaccine strategy. Allo-antibody responses against
HLA-B62 and HLA-DR4 were detected in individuals receiving fixed inactivated HIV-1
particles as immunotherapy (consistent with the HLA types of the producer cell line), whilst
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no such responses were detected in HLA-B62- and HLA-DR4-positive individuals suggesting
that tolerance had not been broken [140]. As discussed by others [141], the rationale for using
HLA molecules as components of an HIV-1 vaccine is that transmitted HIV-1 particles would
carry the donor's HLA molecules and by establishing an allo-response through prophylactic
vaccination against an array of nonself HLA molecules, the rate of transmission could possibly
be curbed. The observation that intrapartum transmission of HIV-1 correlated with the degree
of MHC class I concordance between mothers and infants in a study in Nairobi [142] lends
support to this hypothesis. It is known that the allogeneic response is one of the strongest
antigen-specific immune responses and that this response is already well developed in the
newborn. Furthermore, immune responses to allo-antigens could potentially eliminate both
virus-infected cells and free particles, which may be important as it is not known whether
HIV-1 transmission is mediated by cell-free virus or by infected cells. Both viral sources are
present in vaginal fluid and semen [143]. However, an obvious limitation to the allo-
immunization approach is that, in contrast to other cellular molecules, there is a high degree
of HLA polymorphism in the human population. It would therefore be necessary to immunize
against multiple HLA haplotypes to obtain broad protection against diverse HIV-1 infected
individuals.

Strategies to immunize against MHC molecules include the use of fixed cells [131], plasmid
DNA [144] or inactivated virus particles [78,79,140,145]. Generally, purified protein
administered in adjuvant provides the most potent humoral immunity. Protocols for expressing,
purifying and refolding HLA molecules have advanced over the past years, but many
challenges remain. Soluble HLA class I molecules are relatively easy to refold and therefore
might be more amenable to presentation as an immunogen [146,147]. In contrast, only a subset
of HLA class II alleles have been successfully re-folded [148–150]. Current efforts to devise
protocols that allow native folding of HLA molecules and use of such proteins in preclinical
immunization experiments will show if this approach is promising for the development of an
HIV-1 vaccine.

Targeting cell adhesion molecules incorporated into HIV-1
In addition to MHC class I and II molecules, several other cellular proteins are incorporated
into HIV-1 particles [125,134,135]. The repertoire and amount of cellular proteins incorporated
into HIV-1 depend on the source of cells from which the virus is isolated from and the activation
state of these cells. During natural infection, most free virus is likely to be produced from
activated T cells [151,152], in which many cell surface molecules are upregulated. Some of
these proteins are cell adhesion molecules, including ICAM-1 (CD54) and LFA-1 (CD11a),
whose presence on viral particles modulates the virus’ neutralization sensitivity [80,81]. Other
molecules, such as CD86, are also preferentially incorporated into virus particles and may
influence HIV-1 pathogenesis if these molecules are biologically active [134,153]. The
presence of ICAM-1 on HIV-1 particles was shown to endow the virus with an increased ability
to attach to target cells and to initiate infection [134,154]. Despite increased infectivity by
ICAM-1 containing HIV-1, viral entry could be efficiently inhibited by antibodies against
ICAM-1 [80] raising the possibility that ICAM-1 could be considered a target for passive
therapeutic intervention or, less likely, as prophylactic vaccine target. The large ‘sink’ of
ICAM-1 in vivo, the critical function of ICAM-1 in many biological process and potential
pathogenicity, however, make both of these prospects unlikely. Perhaps inclusion of anti-
ICAM-1 antibodies in a topical microbicide could be considered. Targeting other
nonpolymorphic cellular molecules incorporated in HIV-1 particle is associated with similar
concerns, but could be revisited if other more promising approaches do not demonstrate
therapeutic or prophylactic efficacy.
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Concluding remarks
In this review, we have described viral and cellular molecules that potentially could be targets
for antibodies, or antibody-related molecules, to block HIV-1 entry into susceptible target cells
and decrease the spread of HIV-1 in the human population. As described, a prophylactic vaccine
against conserved but exposed epitopes on the HIV-1 envelope glycoproteins gp120 or gp41
is the best option to limit newly acquired infections. Innovative approaches to generate broadly
neutralizing activity via subunit Env-based vaccine strategies represent the major focus of
current research and development in this area. However, the difficulties in generating
antibodies of sufficient neutralizing breadth and potency against these viral targets should be
obvious from the selected approaches and studies described in this review. With the exception
of other chronic RNA viruses such as Hepatitis C virus, for which a prophylactic vaccine does
not yet exist either, other viruses do not generally pose such daunting requirements on vaccine
development as does HIV-1. The successful influenza virus vaccine, for example, mediates
essentially subtypespecific protection that requires a close match between the vaccine and
circulating strain. This vaccine, although effective, does not elicit broadly protective antibodies
or overcome the hurdle of viral variability and hence has to be evaluated each year for homology
to the predicted circulating viral strain. The need to develop preventative strategies against the
wide array of HIV-1 isolates seeded in the human population is more urgent now than ever
since the epidemic continues to spread in many regions of the developing and developed world.
For individuals already infected by HIV-1, drugs exist, but they are not available in much of
the developing world. Drug-resistant escape mutants continue to emerge in patients undergoing
HAART and those of sufficient fitness can transmit viral infection. Therefore, alternative
possibilities of interfering with HIV-1 entry in a therapeutic modality using antibodies that
target cellular molecules involved in the HIV-1 entry process or cellular molecules that are
associated with virus particles may merit consideration as future salvage therapies as discussed
in this review.
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Fig. 1.
Schematic of HIV-1 and the cellular receptors involved in viral entry. The HIV-1 envelope
glycoprotein, gp120 (blue), associated with the transmembrane protein gp41 (brown), are
exposed on the outside of the virus particles. HIV-1 binds to the primary receptor, CD4 (red)
and, following conformational changes, the gp120–CD4 complexes bind the coreceptor, CCR5
(green), which activates gp41 to mediate fusion of the viral membrane to the target cell
membrane, leading to viral entry. The exterior viral envelope glycoproteins, gp120 and gp41
are both targets for neutralizing antibodies as are also, potentially, the cellular receptors CD4
and CCR5. Known neutralizing targets are highlighted with a schematic representation of
antibodies that are colour-matched with their target proteins.
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Fig. 2.
Schematic representation of the functional spike and the binding sites of broadly neutralizing
antibodies on the viral envelope glycoproteins. The exterior envelope glyco-protein, gp120
(blue), and the transmembrane glycoprotein, gp41 (brown) are shown as noncovalently
associated trimers on the surface of the virus (below) and expanded to reveal more details of
the spike (above). The membrane proximal epitopes for the two broadly neutralizing gp41
antibodies; 4E10 (orange) and 2F5 (red) are shown on the trimeric stalk of gp41 external to
the viral membrane. The two broadly neutralizing gp120 antibodies are 2G12 and IgGb12.
2G12 recognizes a carbohydrate cluster (encircled in white dashes) on the N-linked glycans
(magenta) of gp120, which are shown on one gp120 monomer. The antibody IgGb12
recognizes a discontinuous epitope that overlaps with the recessed CD4-binding site on gp120
(grey area) and is shown on one monomer.
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Fig. 3.
Schematic representation of the HIV-1 particle and its protein and genomic RNA contents.
Two copies of the viral positive strand RNA genome are packaged into the particle. Viral
enzymes; reverse transcriptase (RT), integrase (IN), protease (Pr) and structural proteins;
capsid (CA), nucleocapsid (NC), matrix (MA) and p6 are inside the particle together with the
viral regulatory protein Vpr and the cellular protein cyclophilin. The virus is enveloped by a
host cell-derived lipid membrane into which trimers of the viral transmembrane glycoprotein
gp41 is inserted. Three monomers of the exterior envelope glycoprotein gp120 are
noncovalently associated with gp41. Several cellular proteins are also incorporated into the
viral membrane with relative abundance, including MHC class I and II molecules and
intracellular adhesion molecule-1 shown here.
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Table 1
Prototypic HIV-1 Neutralizing antibodies

Target Target site Antibody Reference Potency/breadth

Virus
    gp120 CD4BS IgGb12 Burton et al. [33] Strong/broad

F105 Posner et al. [34] Weak/narrow
Glycan 2G12 Trkola et al. [21] Moderate/broad
V3 447−52D Gorny et al. [47] Strong/narrow
CD4i 17b Thali et al. [50] Weak/narrow

412D Raja et al. [51] Weak/narrow
X5 Moulard et al. [52] Weak/narrow

    gp41 MPR 2F5 Muster et al. [37] Moderate/broad
4E10 Zwick et al. [38] Weak/broad
Z13 Zwick et al. [38] Weak/narrow

HR1 D5 Miller et al. [41] Weak/narrow
Host protein ICAM-1 15.2 Rizzuto et al. [81] Weak/narrow
Cell surface CD4 5A8/TNX-355 (hu) Burkly et al. [93], Kuritzkes et al. [10] Moderate/broad

CCR5 CCR5mab004 http://www.hgsi.com Moderate/broada
2D7, PA14/Pro 140
(hu)

Olson et al. [11], Lee et al. [12] Moderate/broadb

CXCR4 12G5 Strizki et al. [113] Moderate/broadb
CXCR4 http://www.nwbio.com Moderate/broadb

a
Effective against CCR5 utilizing HIV-1.

b
Effective against CXCR4 utilizing HIV-1.
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