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Abstract

A vaccine that can prevent the transmission of HIV-1 at the site of exposure to the host is one of
the best hopes to control the HIV-1 pandemic. The trimeric envelope spike consisting of
heterodimers, gp120 and gp41, is essential for virus entry and thus has been a key target for HIV-1
vaccine development. However, it has been extremely difficult to identify the types of antibodies
required to block the transmission of various HIV-1 strains and the immunogens that can elicit
such antibodies due to the high genetic diversity of the HIV-1 envelope. The modest efficacy of
the gp120 HIV-1 vaccine used in the RV144 Thai trial, including the studies on the immune
correlates of protection, and the discovery of vaccine-induced immune responses to certain
signature regions of the envelope have shown that the gp120 variable loop 2 (V2) is an important
region. Since there is evidence that the V2 region interacts with the integrin a47 receptor of the
host cell, and that this interaction might be important for virus capture, induction of antibodies
against V2 loop could be postulated as one of the mechanisms to prevent the acquisition of HIV-1.
Immunogens that can induce these antibodies should therefore be taken into consideration when
designing HIV-1 vaccine formulations.

1. Introduction

Developing an efficacious prophylactic HIV vaccine that can prevent acquisition of HIV-1
at the initial site of viral entry remains as the best hope to control the spread of the disease
and also as one of the biggest challenges of our time. The genetic diversity of HIV-1 and the
extraordinary evolution of the viral envelope to evade host immune responses pose a major
challenge to the development of globally effective vaccines [1-4]. Vaccine development has
focused on six HIV-1 subtypes that collectively account for the majority of HIV-1 infections
worldwide.
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A number of broadly neutralizing monoclonal antibodies have been generated that target
different regions of gp120, including quaternary antibodies that recognize epitopes in the V2
and V3 loops of gp120 [5-14]. However the variable regions of gp120 have not been
generally considered as suitable vaccine targets because of their sequence variability. This
reasoning has now changed based on the results of the R\VV144 vaccine trial, which showed
an inverse correlation between the antibody response to the V1V2 region [15] and risk of
infection [16]. The V2 region may therefore be a site of HIV-1 vulnerability and should be
taken into consideration in the design of future HIV-1 vaccines. In this review, we discuss
the variable regions of gp120 and in particular the V2 region, the participation of the V2
region in the infection process, the importance of VV2-specific antibodies, the lessons learned
based on the RV144 trial, and finally the possible path to a successful HIV-1 vaccine.

2. HIV-1 Envelope protein

Comparison of genes in the HIV-1 genome among various isolates reveals that envelope is
the most variable in nucleotide sequence. The HIV-1 env gene encodes a single glycosylated
protein, gp160, which is subsequently cleaved intracellularly by furin protease during the
process of maturation. The product of this cleavage is a heterodimer consisting of non-
covalently associated gp120 and gp41 glycoproteins embedded in the viral lipid bilayer [17].
These glycoproteins play a prominent role in the fusion of the viral particles to the target
cells [18]. On the surface of the virions, 3 copies of the heterodimer assemble to form a
functional trimer spike that is visible in appearance as a characteristic three-bladed propeller
(3 gp120 blades connected both at the apex and at the base, corresponding to the gp120/
gp4l interface) in electron micrographs of purified viruses and trimmers [19-21].

2.1 Viral entry

The entry mechanism of HIV-1 into a CD4" T cell is shown in Figure 1A. The trimeric
envelope exists in a highly dynamic state and undergoes a series of well-orchestrated
conformational changes upon binding to the primary CD4 receptor on the cell membrane
followed by binding to the coreceptor CCR5 or CXCR4 leading to membrane fusion and
release of the nucleocapsid core into the cytosol [22]. Analyses by cryoelectron tomography
of the trimeric envelope bound to soluble CD4 or to monoclonal antibodies have predicted
various conformational changes [19, 23-25]. However, which one of these conformations
occurs during the virus-cell interaction is unknown at the present time. The initial weak
interactions (Figure 1A) between V1V2 loop of gp120 which is located at the tip of the
envelope spike, ~150 A from the virus envelope [21, 26] and the integrin receptor af7
[27-29] (the integrin receptor is discussed in greater detail below), and its effect on the high
affinity interactions [30] between gp120 and the CD4 molecule are not well understood.
Whether the trimeric spikes of founder viruses exist in a particular conformation that are
highly conducive for infection compared to the so-called “non-infectious viruses” that are
also present and whether a particular conformation is better suited for entry at the mucosal
site compared to entry through the systemic site are all interesting and highly relevant
questions that would have a bearing on vaccine design.

Curr HIV Res. Author manuscript; available in PMC 2014 July 08.
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2.2 Constant and variable regions of gp120

HIV-1 gp120 contains numerous potential N-linked glycosylation sites, with more than 20
N-linked glycans that account for about half of the molecular mass of gp120 [31]. HIV-1
gp120 is comprised of 5 variable regions (V1-V5) based on sequence variation among
various isolates, and 5 constant regions (C1-C5), which are interspersed between the
variable regions. Although, by definition, “variable’ regions vary in amino acid sequence,
there are several residues in the variable regions of gp120 that are conserved or tolerate only
conservative changes [14].

Very few studies have been directed towards the constant regions of gp120 and these studies
demonstrate a structure-function interaction between the constant and variable regions.
Several discontinuous residues in the constant regions of gp120 are involved in binding to
the CD4 receptor, while regions of C4 along with 2 and 3 strands of the V1V2 loop and
residues in the V3 loop form the chemokine-receptor binding site of gp120 [32, 33]. It has
been shown that amino acid changes in C4 affect the ability of V1V2 to be recognized by
conformation-dependent neutralizing monoclonal antibodies [34]. Similarly, infection and
syncytia formation can be rescued by an amino acid change in 418 of C4 region in gp120 of
chimeric viruses with diverse envelope proteins (specifically V1V2 domains) from different
isolates [35]. Similar results have been observed in revertant viruses that contained single
amino acid mutations in not only C4 but also in C1, when mutations were present in the
V1V2 region [36]. These data suggest not only a structure-function relationship between the
constant and variable regions of gp120, but also suggest that the role of the constant regions
might be to provide the structural core as well as to compensate for variations in the variable
loops which contain the receptor binding sites.

The functional significance of V1 region still remains poorly understood. Early work
showed that mutations in the carboxy terminus of V1 resulted in less efficient formation of
syncytium by the virus compared to wild type envelope [37]. V1V2 regions are two of the
most variable regions of HIV-1. This region is localized to a membrane-distal cap of gp120
(Figure 1 B) as demonstrated by electron microscopy studies [21, 23, 38]. V1V2 region is
not essential for virus entry and varies in sequence, length, and in N-linked glycosylation.
However, deletion of the V1V2 region renders the virus highly susceptible to neutralization
[15, 39-41] as this region is involved in a number of important functions. V1V2 loop is also
involved in the formation of quaternary epitopes [9, 13, 42] that are associated with many
neutralizing antibodies as also was demonstrated by the crystal structure of the V1V2
domain of HIV-1 gp120 from two clade C strains, complexed with the Fab fragment of
monoclonal antibody PG9 [43]. V2 loop plays a role in CD4-binding [33, 37], contributes to
the env trimer formation [44], is involved in binding to the gut homing integrin molecule
ad4f7 (described below) [27], and forms part of the chemokine binding region. This domain
has been shown to influence cell tropism, through its interaction with the V3 domain and
modulate its conformation [45, 46]. As with the other variable regions, V2 contains N-linked
glycosylation sites, which dictate utilization of the CCR5 or CXCR4 co-receptor [47].

A potent neutralizing monoclonal antibody 2909, which targets both the V2 and V3 regions
of gp120 was the first quaternary-specific monoclonal antibody to be described [9].
However, it did not exhibit broad neutralizing activity. Several broadly neutralizing
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quaternary-specific human monoclonal antibodies that target the V1V2 region have since
been identified. These include the somatic variant antibodies PG9 and PG16 [13], antibodies
CHO01-CHO04 [48], and antibodies PGT141-145 [49], which respectively neutralize 70-80%,
40-50%, and 40-80% of circulating HIV-1 isolates. These antibodies preferentially bind to
the gp120 trimeric form and share specificity for an N-linked glycan at position 160 (Asp) in
the V2 loop. Removal of this glycosylation site abolishes the neutralization activity of the
antibodies [13, 50]. In addition to these broadly neutralizing antibodies, four VV2-specific
monoclonal antibodies have been isolated from RV144 vaccinees that neutralize laboratory
adapted HIV-1. Two of the monoclonal antibodies CH58 and CH59 bind at or near the site
in V2 to which PG9 and CHO1 bind, inhibit interactions of V2 peptide with 437, and
capture infectious AE.92THO023 strain virions [51].

The V3 loop of gp120 is involved in binding to the chemokine receptor and although the
length of V3 loop is fairly constant at 34-35 amino acids, its amino acid sequence is highly
variable, except in clade C viruses where the VV3 sequence is generally conserved [52-54].
V3 is functionally essential for infectivity as deletion of V3 completely abrogates virus
infectivity. Several monoclonal and polyclonal V3-specific antibodies have been described,
some exhibiting cross clade neutralizing activity [55-57]. However, the V3 monoclonal
antibodies unlike the V1V2 broadly neutralizing monoclonal antibodies, at best neutralize
10-20% of tier 2 viruses [56, 57]. Furthermore, V3 is not easily accessible on all viruses
[58]. It has also been demonstrated that neutralizing antibodies to HIV-1 arise several weeks
after infection [59] and are mainly directed towards the V3 loop [60, 61], with certain
individuals developing cross clade broadly neutralizing activity in their serum [62, 63].
Thus, the early studies regarding the function of V3 and the crystal structure demonstrating
the presence of conserved secondary structural elements in the crown of V3 [64] indicate
that V3 is a possible target for vaccine development [14].

Although, V4-specific neutralizing antibodies have been described in immunized rabbits and
V4 has been shown to be a target for early autologous neutralizing antibodies [65, 66], a
well-defined function has yet to be attributed to the V4 loop. The V5 region forms part of
the CD4 binding site of gp120 and is the only variable region that does not form disulfide-
linked loops. So far, no monoclonal or polyclonal neutralizing antibodies directed against
the V5 region have been described.

3. Mucosal transmission of HIV-1 and a4f7 integrin receptor

Although the transmission of HIV-1 through heterosexual means is inefficient, it remains the
primary route of HIV-1 infection. The early events during HIV-1 sexual transmission and
infection are not completely understood. However, it is believed that the virus binds to
integrin al receptors on the genital epithelial cells triggering a cascade of signaling
mechanisms resulting in the release of cytokines including TNF-a. This in turn, causes a
breach in the tight junctions, allowing the virus to pass through. Both human and an SIV /
macaque model indicate that low levels of viral replication initially occur during the first
days of infection in partially activated memory CD4+ T cells and then in fully activated
memory CD4+ cells in the genital mucosa. This is a localized event which in theory
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provides a small window of time to stop the HIV-1 infection before systemic dissemination
occurs.

Within days following sexual transmission, infected lymphocytes migrate from the genital
mucosa to Peyer’s patches, mesenteric lymph nodes, and lamina propria, which constitute
the gut-associated lymphoid tissues (GALT). The migration of lymphocytes is facilitated by
the gut mucosal homing integrin receptor a4p7 [67, 68]. Following increased viral
replication and massive depletion of CCR5" a4B7*CD4* T cells including Th17 a4B7 high
CD4* T cells in both HIV and SIV infections [69-71], the virus then spreads from the GALT
to other areas and becomes systemic [72, 73]. In addition, CD47v8 T cells expressing a4f37
are also deleted as a result of bystander apoptosis [74]. Blocking of a487 gut-homing
integrin receptor during acute infection leads to decreased plasma and gastrointestinal tissue
viral loads in simian immunodeficiency virus-infected rhesus macaques, further supporting
an important role for this molecule in HIV and SIV pathogenesis [75].

The a4p7 integrin receptor on activated CD4+ T cells [76] provides a link between the
earliest site of HIV-1 infection, the mucosa, and the gut inductive sites where T cells are
depleted during infection. The natural ligand for a4p7 receptor is the mucosal addressin cell
adhesion molecule-1, MAdCAML1, as well as VCAM1 and fibronectin [77]. The HIV-1
envelope protein gp120 also binds to the active form of a4B7, which is thought to account
for the concentration of HIV-1 virus in the GALT [78, 79]. The binding of a4p7 (Figure 1C,
D) to the conserved tripeptide, LDI(V) present at the tip of the gp120 V2 loop [27, 72] is
facilitated by the extended form of a437 from the cell surface and might be instrumental for
“permanent” establishment of HIV-1 positive state [27, 28, 72]. This interaction has been
shown to mediate the activation of LFA-1 and assist in the formation of virological synapse
thus facilitating cell-to-cell spread of HIV-1 [80, 81]. However, unlike CD4 and CCR5,
which are required for viral entry, interaction with a4p7 receptor is probably not essential
for viral replication. The in vitro conditions do not necessarily simulate in vivo transmission
of HIV-1. For instance, during in vivo transmission, the mucosal cells are presumably
exposed to a heterogeneous mixture of HIV-1 variants at relatively low concentrations.
Thus, transmission fitness might be critical for establishing infection. On the other hand, the
cells in vitro are exposed to high concentration of a single HIV-1 variant, which may mimic
a different transmission dynamics between the host and the virus.

In the RV144 study, it was found that antibodies against the HIVV-1 Env gp120 V1V2 region
were associated with lower risk of infection (see below). A vaccine efficacy of 31.2% in the
absence of any difference in the viral loads between vaccinees and placebos, and a
correlation with the induction of binding antibodies that recognized the V2 region
containing the a4p7-binding site, would suggest that the a4f7 interaction might have played
a significant role in transmission competence. However this question, clearly a critical one,
requires further investigation using more defined and quantitative assays, which are
currently underway in our laboratories.

Curr HIV Res. Author manuscript; available in PMC 2014 July 08.
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4. Clinical trials, correlates of risk, and the importance of V2

Most vaccines protect through the induction of antibodies, although cellular immune
responses are equally critical in controlling or preventing disease progression. The
predominant protective correlates of almost all licensed human vaccines appear to be the
induction of sufficient quantities of antibodies [82]. Nevertheless, in almost all diseases,
CDA4+ T cell help is necessary for B cell development. There are only two vaccines, BCG
vaccine against tuberculosis [83, 84] and the herpes zoster vaccine [85, 86], to date, that
work predominantly by inducing cellular immune responses. The HIV vaccine field has
oscillated between trying to develop a vaccine that would induce either potent cellular or
antiviral neutralizing antibody responses against a majority of circulating virus strains.
Traditional methods of using live attenuated, chemically inactivated, or whole killed viruses
cannot be tested as potential candidate HIV-1 vaccines because it is too dangerous [87].
Very few HIV-1 vaccine clinical trials have made it past the phase I or phase I trials. To
date, there have been only four large-scale human HIV vaccine efficacy trials [88-91].

VAX003 and VAX004 Trials

The first two phase 111 randomized double-blind control HIV vaccine trials, VAX003 and
VAX004 utilized monomeric recombinant gp120 (bivalent vaccine containing two genetic
variants of the recombinant envelope protein gp120 subtype B and subtype E A244)
adsorbed to alum, with the goal of generating neutralizing antibodies that would prevent
HIV-1 entry. Although, the cohorts and the geographical location of VAX003 [90] and
VAXO004 trials [91] were different, they were both conducted in high-risk populations. In
both trials, the vaccine did not prevent HIV-1 infection or delay disease progression even
though in VAXO004 trial, all vaccinees produced neutralizing and CD4 blocking antibodies
[92].

STEP and Phambili Trials

The failures of VAX003 and VAX004 human clinical trials prompted the scientific
community to design and conduct the first efficacy trial of a vector-based vaccine for
inducing cell-mediated immune responses [88]. The precedent for this thinking was the
demonstrated role of Gag-specific cellular responses in long-term nonprogressors, elite
controllers [93, 94], and in non-human primate models [95-100].

The Merck HIV vaccine was tested in the STEP and Phambili trials [88, 101] as a
multicenter randomized double-blind placebo controlled study. The vaccine consisted of
three different replication defective adenovirus type 5 vectors, each expressing one of the
subtype B HIV-1 genes, Gag, Pol, or Nef [88]. The hypothesis was that the vaccine would
induce CD8™ T cell responses that would control viral replication following infection and
was supported by the results of the vaccine in non-human primates [96]. Since the vaccine
did not contain Env genes, it did not induce Env-specific binding or neutralizing antibodies.
Although the vaccine stimulated T cells, it did not protect the volunteers from virus
acquisition nor did it reduce the viral loads after infection. The interim analyses showed an
increase in HIV infection rates in uncircumcised male vaccinees compared to the controls,
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resulting in the trials being halted before completion [88, 102]. This was a major setback in
the HIV field as this vaccine had been viewed as highly promising.

RV144: The Thai Trial

Since the VaxGen vaccine (AIDSVAX B/E) had previously failed, using this vaccine as a
boost along with Sanofi Pasteurs’ recombinant canarypox vector ALVAC-HIV (vCP1521)
as a prime in a large phase 11 trial (RV144) that was ongoing at that time in Thailand and
had previously been shown to be safe and immunogenic in a phase I/11 trial [103] was met
with great skepticism [104]. Nonetheless, the RV144 trial was justified and conducted as
planned [105, 106]. When the results were analyzed, the vaccine showed a modest but
significant protective efficacy [89].

The RV144 trial, the largest HIV vaccine randomized, multicenter, double blind, placebo
controlled efficacy trial conducted so far, enrolled a total of 16,395 men and women in
Thailand, at risk for HIV-1 infection via heterosexual exposure. This trial was conducted by
the US Military HIV Research Program (USMHRP) in collaboration with the Thai Ministry
of Health and the National Institutes of Health [89]. The volunteers were monitored at the
end of the 6-month vaccination series and every 6 months thereafter for 3 years for two co-
primary endpoints, HIVV-1 infection and early HIV-1 viremia. The vaccine regimen consisted
of 4 injections at 0, 1, 3, and 6 months of recombinant canarypox vector ALVAC-HIV
(vCP1521) expressing CRF01_AE gp120 from strain 92THO023, linked to the
transmembrane anchoring portion of gp41 from HIV subtype B strain LAI that was devoid
of the entire gp41 ectodomain, and HIV-1 clade B (LAI) Gag and protease as the prime
followed by two simultaneous injections of bivalent AIDSVAX B/E CHO produced
recombinant gp120 [B and E Env gp120 derived from MN and CRF01_AE strain, CM244
(A244), respectively] at 3 and 6 months. Both A244 and MN recombinant gp120 proteins
were modified by an N-terminal 11 amino acid deletion and addition of a herpes simplex
virus gD protein-derived tag as part of an early expression and purification strategy [107,
108]. The results of the RV144 vaccine trial for the first time demonstrated a modest but
significant protection, with an estimated efficacy of 31.2% from HIV-1 acquisition (p =
0.04) at 42 months. Furthermore, the data through months 12 and 18 showed an even higher
efficacy, estimated to be 60% and 44%, respectively [109]. These data renewed the hope
that it would indeed be possible to develop an efficacious HIV-1 vaccine.

This trial provided an opportunity to identify immune correlates of protection and a
consortium of scientists was put together to conduct a two-stage analysis of vaccine-induced
antibody responses, innate, and cellular immune responses [16, 110]. In a series of pilot
studies, plasma and PBMCs from uninfected placebos (20%) and vaccinees (80%) at
baseline and week 26 (2 weeks after the last boost at week 24) were analyzed for 32
different immunologic assays including binding antibodies, ELIPSOT, and ICS responses.
The results of the pilot study demonstrated that binding antibodies primarily to subtype E
A244 rather than to subtype B MN gp120 was induced in 95% of the vaccinees at week 26
but waned substantially over the next 6 months. Some of the antibodies induced were to the
V2 loop of gp120 from diverse HIV-1 subtypes as assessed by peptide microarray analysis,
ELISA, and Biacore studies [111, 112]. The vaccine induced antibodies specific to both
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linear and conformational regions of V2 loop. The antibodies targeted multiple binding
epitopes (Figure 1C, D) in the mid-region of the V2 loop (amino acid positions 163-178).
This included the highly conserved amino acids, the integrin-binding motif LDI/V, and also
the less conserved regions. The V2 antibodies were cross-reactive with V2 peptides derived
from several subtypes and the dominant linear V2 epitope was located in the C B-strand
(Figure 1C) of the V1V2 complex [111, 112].

The cellular responses in the RV144 vaccinees were predominantly CD4* T cell-mediated,
preferentially directed to gp120 V2 epitopes, which included the a4p7 integrin binding
region, and were of the effector memory phenotype, with majority of the responders
producing both IL-2 and IFNy [113]. The CD8* T cell responses were barely measurable in
the ICS assay and the frequency of the responses was equivalent to the frequency of
responses seen in the placebo recipients.

Based on the results of the pilot studies and several criteria, 17 assay types were selected for
the case-control study that included plasma and PBMCs from 41 HIV-1 infected vaccinees
and 205 frequency-matched uninfected vaccinees (controls). These assays generated results
for 158 variables, and from these 6 were selected as primary variables for assessment of
infection risk. Two of the six primary variables showed significant correlation with infection
among vaccine recipients. The level of plasma 1gG antibody binding to gp70-V1V2 (a
recombinant fusion protein containing the first and second variable regions of gp120 from
subtype B strain, Case A2 fused to murine leukemia virus gp70) 15] correlated inversely
with the risk of infection and the level of plasma IgA antibody binding to a panel of 14 Env
glycoproteins correlated directly with risk of infection [16, 51].

The vaccine-induced responses were associated with two signatures in the V2 loop that were
sites of immune pressure. Amino acids K (lysine) 169 and I (isoleucine) 181 (numbering
based on HXB2 sequence; see Figure 1C) were critical for antibody binding and sieve
analysis demonstrated that viruses in vaccine breakthrough infections were mismatched at
residue K169 and matched at residue 1181. The vaccine efficacy against viruses matching
the vaccine at position 169 and mismatching the vaccine at position 181 were 48% (p =
0.0036) and 78% (p = 0.0028), respectively when the sequences of breakthrough infections
in vaccinees and placebo recipients were compared [114]. Furthermore, four monoclonal
antibodies specific to epitopes within the V2 region were isolated from RV144 vaccine
recipients. The epitopes for two of the monoclonal antibodies contained the amino acid
K169 [51]. In addition to functional binding antibodies, weak Tier 1 virus neutralizing
antibody responses mediated by antibodies specific to the V3 loop of gp120 were also
present in the sera of vaccinated individuals. Although, the titers waned over a period of
time, low titers of neutralizing antibodies persisted in a subset of RV144 vaccinees for at
least 3 years [115]. The presence of additional signature sequences associated with vaccine-
induced responses or neutralizing antibodies in variable regions other than V2 or in constant
regions of gp120 are yet to be explored.

The importance of VV2-specific binding antibodies and a critical requirement for Env protein
for blocking SIV acquisition was also demonstrated in two separate NHP studies [116, 117].
The first study assessed the protective efficacy of Ad26 and MVA containing SIVsm543
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inserts expressing Gag-Pol and Env immunogens against repetitive, heterologous, intrarectal
SIVmac2s1challenge. This study showed a strong vaccine-induced protection against a
diverse SIV challenge strain and a correlation between multiple cellular and humoral
immune responses with virological control, specifically with vaccine elicited V2-specific
antibodies [116]. In the second study by Pegu et al., [117], macaques were immunized with
a regimen intended to mimic the RV 144 trial and then challenged with SIV 50251 through
the intrarectal route. Macaques were primed with ALVAC-SIV expressing Gag, Pol, and
Env followed by subsequent injections with SIV-gp120 protein formulated in alum. Sera
from protected animals had antibodies with higher avidity to gp120 with specificity to the
V1V2 region and these antibodies reduced the infectivity of SIV 051 in cells that
expressed high levels of a4f37 integrins, suggesting a functional role for V2 antibodies [117].

The similarity of the results obtained in both NHP studies with RV144 is encouraging but
one has to be cautious in drawing firm correlations between the human and animal model
studies. Two other studies in rhesus macaques with an ALVAC-SIV prime and recombinant
gp120 boosts showed complete protection in 25% of the animals, with good ADCVI
responses in 2 of the 3 protected animals [118, 119]. Taken together, the evidence supports
the idea that antibodies can prevent transmission of HIV-1, leading to the hypothesis that
even higher vaccine efficacy in humans and animal models could be achieved if cross-clade
neutralizing antibodies and/ or higher titers of antibodies that block the initial site of
transmission can be induced.

Although the RV144 trial allowed us to study the immune correlates and generated
hypothesis, the underlying mechanism of protection in the trial is yet to be elucidated. The
direct correlation of plasma IgA antibodies with risk of infection is perplexing. It is possible
that IgA may be blocking ADCC, ADCVI, virus aggregation, or phagocytosis and thus
interfering with protective IgG effector functions as has been shown in studies with other
pathogens [120, 121]. The role of mucosal IgA, which is primarily dimeric could not be
evaluated in the RV144 study as mucosal samples were not collected. The mechanism to
explain the functional role of V2 binding Abs and the inverse correlation with risk of
infection is not understood, although it can be speculated that the antibodies specific to
V1V2 region prevent the binding of V1V2 to the coreceptor CCRS5 or to a437 and thus
prevent viral entry [27, 73, 122, 123].

Closing Thoughts

The failure of the VAX003 and VAX004 trials and the success of the RV144 trial suggest a
priming effect by the RV144 vaccine for both binding and neutralizing antibodies. The
priming vector vCP1521 carried the env gene of CRF01_AE whose V2 region is nearly
identical to that of the V2 of A244 gp120 protein boost but vastly different from the V2
carried by the MN gp120 boost. The peak neutralizing antibody responses seen after the
final boost in the RV144 trial was stronger than the response seen after the two protein
injections of gp120 alone in VAX003 [115]. In the RV144 trial, the antibody titers
significantly decreased 1 year after the final boost. Therefore, in future trials, the aim would
be to induce high titer and long-lasting V2 specific binding and neutralizing antibodies. To
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achieve this, one would also have to consider formulating the vaccine with adjuvants other
than alum [124].

Induction of long-lasting antibodies will be addressed in three separate trials (RV305,
RV306, and RV328) being conducted by USMHRP in Thailand that are either ongoing or
are scheduled to start soon. The vaccine regimen in RV305 (n=162) consists of
administering two additional boosts of either AIDSVAX B/E CHO produced recombinant
gp120 alone, or simultaneous injections of ALVAC and AIDSVAX B/E recombinant gp120,
or two injections of ALVAC alone. Each arm will include 45 previously vaccinated RVV144
individuals and 9 placebos. A repeat of the vaccines used in the RV144 trial will be tested in
a separate 4-arm clinical trial (RV306; n=360). The volunteers will receive a total of 4 or 5
injections consisting of two injections of ALVAC followed by two (similar to the RV144
trial) or three simultaneous injections of AIDSVAX vaccine or the fifth injection will consist
of AIDSVAX in the absence of ALVAC or ALVAC in the absence of AIDSVAX. In
addition, there is yet another trial RV328 (n = 40), a repeat of VAX003 with addition boosts.
These trials will address several unanswered questions such as (i) the role of additional
protein boosts; (ii) the effect of priming with ALVAC on the immune response; and (iii) the
role of mucosal antibodies in preventing infection. In a subset of volunteers, gut and bone
marrow biopsies (these were not available in the previous trials) will also be collected in
addition to PBMCs to address the role of cellular immune responses.

Another unknown factor is the role of neutralizing antibodies and the titers required to
induce protection or reduce the risk of infection. Although several neutralizing antibodies
have been isolated from HIV-1 infected patients, only a fraction (20%) of patients
chronically infected with HIVV-1 make broadly neutralizing antibodies and only after 3-4
years of infection [125]. These antibodies are generally not elicited by immunization with
envelope proteins [126-128]. Induction of broadly neutralizing antibodies may require
precise engineering of the envelope protein or the use of certain immunization strategies or
vectors to stimulate germline B cell receptors of these specific antibodies to initiate the
maturation process [48, 128-130]. Other factors to consider are the induction of long-lived
high affinity broadly neutralizing antibodies and better assay systems to measure
neutralization that would mimic the in vivo neutralization of HIV-1 in the host.

Simultaneously with strategies to optimize the required B cell responses, various approaches
to induce effective CD4 and CD8 T cell responses are paramount for developing a
successful vaccine. It is known that during a natural HIV-1 infection, induction of CD8+ T
cell responses results in the suppression of HIV replication [131]. Because of the immune
pressure, escape mutants in the target epitopes would be rapidly selected [132-134]. It is also
known that during acute HIV-1 infection, the viral epitopes that are targeted by T cells early
in the infection differ from those targeted later in infection and help control viral replication
[135, 136]. An efficacious vaccine should probably induce cellular responses against both
the early and late T cell epitopes. An ideal vaccine would be one that is not skewed towards
generating a particular response but would generate a combination of humoral, cellular, and
mucosal immune responses [137], which could prevent HIV-1 entry into the cell either by
binding, neutralizing, or by Killing the virus-infected cell. The immunogens should in
addition be capable of eliciting and maintaining sufficient effector memory T and B cells to
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be able to promptly mount the required immune response at the site of entry (mucosal or
humoral). Another aspect to consider while designing a vaccine is the ability of the vaccine
to enhance innate immune responses or prevent the virus from dampening this response.

The results of the three failed and one successful trial have highlighted the importance of the
vaccine platform, the adjuvants used, and the mode of HIV-1 transmission in the cohorts
tested. Several trials are in the pipeline to meaningfully address these issues as well as the
need for testing the efficacy of the vaccine in geographical areas where the HIV-1 incidence
is high. The design and development of an efficacious preventative HIV-1 vaccine is
challenging and daunting, but RVV144 has given a glimmer of hope that such a vaccine is
probable in the foreseeable future.
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Figure 1.

HIV-1 entry pathway. A. HIV-1 is captured through relatively weak interactions between
gp120 V1V2 loop and surface molecules such as a4f37 integrin. This leads to high affinity
interactions between gp120 and CD4 molecule, the primary receptor on CD4* T cell. The
engagement of CD4 receptor causes a conformational change in the envelope glycoprotein
exposing the V3 loop-binding site for the chemokine co-receptor, CCR5 or CXCR4 [19,
138]. Further conformational changes occur after co-receptor interaction leading to the
opening up of the two long helices HR1 and HR2 of gp41 and insertion of the N-terminal
fusion peptide into the host cell membrane [139, 140]. A gp41 prehairpin intermediate
[141], a three-stranded coiled coil stabilized by inter-molecular interactions between HR1
helices, is then formed, followed by the disassociation of gp120 subunits from gp41,
allowing the HR2 helices to fold back and interact with the HR1 helices. The trimeric HR1
core, the interacting HR2 helices and the intervening loops in between form a hairpin
structure of gp41 that is referred to as the six-helix bundle (6HB). This structure brings the
host and the viral membranes in close proximity, facilitating membrane fusion and release of
the nucleocapsid core into the cytosol [142-144]. B. CryoEM structure of the envelope
trimer with the crystal structure of monomeric gp120 (PDB: 3DNN) fitted into the density
map (kindly provided by Alan Merk and Sriram Subramaniam, NCI, NIH). The top and side
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views are shown; gp120 structure is shown in green. The structure lacks V1V2 domain, but
the B-strands to which the V1V2 sequence would be linked are shown in red. C. Structural
features of the V1V2 domain (PDB: 3U2S). V1 region is shown in cyan and V2 region is
shown in magenta. The four  strands are labeled A to D. Disulfide bonds (-S-S-) are shown
as sticks. The variable loop region in V1 and V2 are disordered in the structure and shown
as dashed lines. The positions of the a4f7 binding tripeptide, LDI/V, and of the signature
residue K169 in V2 loop are shown. C. Sequence alignment of V1V2 domain. Several
founder V1V2 sequences from clades B and C viruses that were obtained from the Los
Alamos National Laboratory HIV-1 database are aligned. The amino acids highlighted in
black are identical, in magenta have >75% identity, and in cyan have >=50% identity. The
positions of B strands A-D are indicated at the bottom of the aligned sequences. The colors
of the 3 strands correspond to the colors shown in the structure in (C).
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