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Abstract
Neutralizing antibody induction is a key feature of many effective vaccines and is the only
immune response that has proven to be capable of completely blocking AIDS virus infection in
animal models. Unfortunately, the extensive genetic variability and complex immune-evasion
strategies of HIV-1 have thwarted all attempts to date at eliciting an effective neutralizing
antibody response with candidate HIV-1 vaccine immunogens. Recent advances in our
understanding of how these evasion strategies operate, coupled with growing progress in
unravelling the structure and immunobiology of the viral envelope glycoproteins, are contributing
to novel immunogen designs to overcome the many barriers to inducing protective antibodies
against HIV-1.
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Development of a safe, practical and effective HIV-1 vaccine is one of the highest priorities
of the global scientific community [1,2]. Although antiretroviral therapy (ART) has
dramatically prolonged the lives of HIV-1 infected patients, ART is not yet routinely
available in developing countries, and the global rate of spread of HIV-1 continues
unabated. If no effective AIDS vaccine is developed by 2010, the number of people infected
world-wide with HIV-1 could exceed 60 million [3].

In spite of more than 20 years of research, the types of immune responses needed to protect
an immunized individual from HIV-1 infection are not known. Its is known that CD8+

cytotoxic T-cell responses can control HIV-1 replication to varying degrees in acute HIV-1
infection (AHI) [4,5], and when induced by immunogens, can control viral set point after
simian immunodeficiancy virus (SIV) or simian HIV (SHIV) challenges in non-human
primates [4]. Strong proliferative CD4+ T-cell responses to HIV-1 proteins have been
demonstrated to correlate well with immune control of HIV-1 viral load [5]. Therefore, it is
highly desirable for an HIV-1 vaccine co induce robust CD4+ and CD8+ T-cell responses in
order to control virus replication and reduce the likelihood of subsequent transmission [4–7].
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The potential for complete (‘sterilizing’) immunity from HIV-1 infection may depend on the
presence of pre-existing neutralizing antibodies. We know that neutralizing antibodies can
prevent the acquisition of AIDS virus infection after intravenous, vaginal, rectal and oral
virus challenge in nonhuman primates [8–12]. This level of protection is highly attractive for
a vaccine against a virus, such as HIV-1, which integrates genetically and forms latent viral
reservoirs soon after infection. However, the diversity of transmitted HIV-1 genetic variants
and the relative resistance of the majority of HIV-1 primary isolates to most types of
inducible neutralizing antibodies have posed major hurdles to current vaccine efforts.
Furthermore, the few rare broadly reactive neutralizing monoclonal antibodies (mAbs) that
have been isolated from HIV-1 infected patients represent species of antibodies that are not
able to be routinely induced in animals or uninfected humans by HIV-1 Env immunogens
[13,14].

The strategies for induction of neutralizing antibodies that have been successful for other
infectious agent vaccines have thus far failed for HIV-1 vaccine development, including
immunization with an outer envelope protein (glycoprotein [gp]120) [15,16], and
immunization with a killed or inactivated virus [17,18]. Live attenuated SIVs have indeed
induced substantial protection to SIV challenge, but attenuated SIV strains have reverted to
wild type in vivo, and have proven to be unsafe in neonatal monkeys [19,20].

Important areas of vaccine research include understanding the host immune response to
HIV-1 virions and HIV-1 infected cells at sites of mucosal transmission, and work on
characterizing the transmitted virus. For example, recent work suggests that the variable
loops of transmitted HIV-1 of certain Clades (A and C), but not others (B), may be shorter
and the transmitted viruses more neutralization-sensitive than chronic HIV-1 strains [21–
23]. Another example is the observation that broadly neutralizing immunoglobulin (Ig)A
antibodies have been reported in the genitourinary tracts of seropositive [24], and highly
exposed and uninfected subjects [25]. If these observations can be shown to be a correlate of
protective immunity for mucosal transmission of HIV-1, it will be critical to translate these
findings to strategies of how to induce protective IgA mucosal antibodies in humans.
Furthermore, although IgG is the most common antibody type in cervicovaginal secretions,
little attention has been paid to the specificity and regulation of mucosal IgG anti-HIV-1
immune responses.

A major conundrum for developers of HIV-1 vaccines has been that, in spite of the presence
of epitopes on the HIV-1 envelope that are targets for broadly neutralizing HIV-1 human
mAbs, these species of antibodies are not made following immunization with antigenic Env
proteins, nor are they routinely produced after infection with HIV-1 [13,14]. This review
discusses what may be two major reasons for the this failure: the lack of current
immunogens that mirror the native envelope structures needed to induce neutralizing
antibodies, and the likely tolerant state of the host to some conserved HIV-1 envelope
epitopes.

Yang and colleagues have demonstrated that only one trimer per virion is needed to bind to
host cells to mediate infection [26]. Therefore, to prevent virion infection of CD4+, CCR5+

host cells, all trimers on each virion must be bound by at least one neutralizing antibody
molecule. For induction of antibody that will neutralize HIV-1, it is critical to learn how to
induce high affinity, durable and broadly reactive, neutralizing antibodies that are present
both systemically and at mucosal surfaces.

Finally, that there are rare human broadly neutralizing mAbs [13], that HIV-1 cellular
responses can transiently and in some cases persistently control HIV-1 [4,5], and that high
levels of passively administered mAbs can protect against chimeric SHIV challenges [8–
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11,27,28], all give hope that a successful AIDS vaccine can be made. Similarly, that a
successful vaccine has been made against feline immunodeficiency virus (FIV) also
provides some measure of hope for a successful HIV-1 vaccine [29]. However, for reasons
that are poorly understood and require more study, the strategies that have been successful
for protecting against FIV have not been successful for protecting against SIV or SHIVs in
nonhuman primates.

This review summarizes the current status of efforts to understand why broadly neutralizing
antibodies are so difficult to induce, discusses HIV-1 mechanisms of evasion of HIV-1 Env
from protective anti-HIV-1 antibodies and outlines some novel vaccine design strategies that
are currently being studied.

Status of neutralizing antibody responses that are induced with current
HIV-1 immunogens

Current efforts to elicit effective antibody responses against HIV-1 are focused on the need
to generate broadly neutralizing antibodies against a wide spectrum of primary isolates. This
is an ambitious goal that has proven to be an enormous scientific challenge. Despite two
decades of research and a wide range of immunogens tested in animal models and human
clinical trials, little progress has been made. Many candidate Env immunogens have in fact
generated high titers of neutralizing antibodies; however, with rare exceptions these
antibodies neutralize a very small subset of viruses that are either matched to the vaccine
strain or are unusually sensitive to neutralization [30,31]. Even after repeated boosting,
desirable breadth of neutralization has not been achieved.

Most information on the immunogenicity of candidate HIV-1 Env vaccines in human
clinical trials is based on monomeric, monovalent gp120 and gp160 from three T-cell line
adapted (TCLA) strains of virus that were among the first strains isolated in the epidemic
(e.g., IIIB, MN, SF2). These various TCLA Env immunogens have been delivered as either
recombinant pox-viruses (e.g., vaccinia, canarypox), adjuvanted recombinant glycoprotein
or a combination of the two. Subunit proteins alone have elicited high titers of neutralizing
antibodies against TCLA strains, where a minimum of three to four inoculations generally
achieves peak titers [32–36]. Peak responses with recombinant pox-virus vectors have been
lower, but can increase dramatically after one or two subunit protein boosts [37–42],
suggesting effective B-cell priming by the vectored immunogen. Similar secondary
neutralizing antibody responses are observed post-AIDS virus infection in macaques that are
previously immunized with recombinant Env-containing DNA and viral vectors [43–49].
Furthermore, a recent study in rabbits showed that priming with a recombinant vector
followed by boosting with subunit Env protein can be superior to multiple inoculations with
Env protein alone [50]. Another recent study found that priming with recombinant DNA and
boosting with a recombinant adenovirus vector can generate neutralizing antibody responses
that rival subunit protein boosting [51].

Vaccine-elicited serum neutralizing antibody responses against HIV-1 wane rapidly (~8-
week half-life) and may be extremely difficult to maintain at adequate titers to achieve
sterilizing immunity over extended periods of time without frequent boosting. Little is
known regarding the half-life of induced mucosal anti-HIV-1 antibody responses. Memory
B cells capable of rapid recall serum neutralizing antibody responses have persisted for at
least 4 years in recipients of candidate HIV-1 Env-containing vaccines [52]. Few studies
have addressed the fundamental role of B cell memory and antibody recall in the absence of
sterilizing immunity [53,54]. Given the limited duration of serum neutralizing antibody
titers, the high cost of Env protein production and the many logistic barriers associated with
frequent boosting, especially in the developing world, effective priming with recombinant
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vectors may be the most practical and affordable means to deliver an appropriate
immunogen for broadly neutralizing antibody induction. Furthermore, unlike subunit
proteins, recombinant vectors offer the added advantage of eliciting virus-specific T-cell
responses. Studies are needed to determine whether a rapid-recall neutralizing antibody
response during acute infection can lead to better viremia control, improved CD4+ T cell
preservation and, importantly, make it less likely that an infected individual will transmit
virus. New strategies of immunization are also needed to induce protective antibody levels
of sufficient strength and duration to prevent mucosal transmission of HIV-1.

The antibodies that current Env immunogens generate, although limited in neutralizing
activity, might possess broadly cross-reactive binding activity against diverse primary
isolates. This could be especially true in the case of antibodies that bind exposed epitopes on
defective Env glycoprotein spikes [55]. Non-neutralizing antibodies have the potential to
exhibit biological functions associated with Fc receptor engagement and/or complement
activation that could influence the risk of transmission and either curb or exacerbate disease
[56–58]. Recently, the efficacy of two bivalent gp120 vaccines formulated in alum
(AIDSVAX B/B and AIDSVAX B/E) was tested in Phase III clinical trails [15,16,36].
Unfortunately, both vaccines failed to prevent the acquisition of infection, reduce plasma
virus loads and delay disease progression [15,16]. These poor outcomes occured despite
sustained high titers of neutralizing antibodies against the Clade B TCLA strain, MN, that
was part of both vaccines [36]. As expected, serum samples from trial participants possessed
little or no neutralizing activity against Clade B primary isolates as measured in a highly
sensitive luciferase reporter gene assay (MONTEFIORI ET AL. UNPUBLISHED DATA),
reinforcing the notion that neutralizing antibodies will need to target a broad spectrum of
primary isolates to be effective. The overall clinical outcome of these Phase III trials further
suggests that non-neutralizing antibodies were neither beneficial nor detrimental. One
possible exception is a specific genetic polymorphism in FcγRIIIa that was found to be
associated with an increased risk of infection in one of these trials [59]. As this was a small
subset analysis with weak statistical power, additional work will be needed to establish
whether non-neutralizing antibodies may pose a genuine risk to some vaccine recipients.

The emphasis on inducing broadly cross-reactive, neutralizing antibody responses has
created a need for highly standardized and validated assays to properly evaluate these
responses. Assays are needed that can identify improved immunogens and ultimately predict
an effective vaccine as judged by the magnitude of neutralization against multiple strains of
the virus. Just how many and which strains of virus will be needed to predict vaccine
potency has been a matter of intense discussion. Paradoxically, the ability of any assay to
predict vaccine potency will not be known until a vaccine that is at least partially effective
becomes available. Furthermore, the same complex biological, immunological and genetic
properties of the virus that pose difficult challenges for vaccine design pose similar
challenges when deciding appropriate assay reference strains. Different sets of viruses have
been used by different groups to assess vaccine-elicited neutralizing antibody responses,
making it extremely difficult to compare responses and rank vaccine immunogens. Recent
initiatives by the Division of AIDS, NIH and the Global HIV/AIDS Vaccine Enterprise [1,2]
aim to change this scenario and have yielded guidelines [60] and initial standard reference
strains [61] that promise to enhance the quality of HIV/AIDS vaccine research in the future.
These guidelines and initial reference strains place a heavy emphasis on viruses from acute/
early, sexually acquired infections with the rationale that such viruses are the major
‘transmitted’ strains that a vaccine will need to counter.
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Antibody escape & evasion mechanisms of HIV-1
The outer coat protein of HIV-1 is a trimer comprised of three gp120 molecules that are
non-covalently linked to a trimeric gp41 stalk anchored in the HIV-1 viral membrane
(FIGURE 1). Upon binding of the gp120 to CD4, a dramatic set of conformation changes
occurs that exposes the CD4-induced (CD4i) coreceptor binding site, and leads to exposure
of the fusion domain of gp41 (FIGURE 1) [62]. The gp41 fusion domain inserts into the
lipid bilayer of the host cell, and the ‘prefusion’ gp41 state that is a presumed linear form of
gp41, is induced to change to a coiled-coil structure that pulls the viral and host membranes
into close approximation, leading to fusion of the host and viral membranes (FIGURE 2)
[63,64]. Therefore, a preventive vaccine must induce an immune response that can prevent
viral attachment to host receptor and coreceptor or can prevent viral fusion.

HIV-1 has adapted the gp120 portion of Env to escape immune recognition by a number of
mechanisms, including glycan shielding [65], mutation of variable regions [66–69] and
conformation masking [70].

The outer face of the gp120 envelope protein is an immunologically ‘silent face’ that is
covered by N-linked glycans (FIGURE 3); up to 50% of the weight of gp120 is carbohydrate
[62,65,71–73]. The number of glycosylation sites on gp120 remains approximately the same
(~25 sites), but the sites shift or ‘evolve’ in position over time as neutralizing antibodies are
generated - a phenomenon termed ‘evolving glycan shield’ [65]. A rare human mAb exists
(2G12) that binds to Manα 1–2Man at the termini of both the D1 and D3 arms of a variety
of oligomannose carbohydrates on the HIV-1 trimer and broadly neutralizes HIV-1 [71–73].
There are two potential reasons why HIV-1 virion carbohydrates are poorly immunogenic.
First, as HIV-1 has no glycosylation machinery of its own, the sugars to which 2G12 bind,
like other virion carbohydrates, are similar to host carbohydrates and are likely regarded as
‘self’ antigens [71]. A second reason for the poor immunogenicity of carbohydrates on
HIV-1 is microheterogencity, that is a single protein sequence would be expected to express
multiple carbohydrate forms leading to a dilution of an immune response [71].

The vulnerable exposed regions of gp120 include the five variable regions, V1–5 (FIGURES
1 & 2). A second potent mechanism of gp120 escape from antibody is both to modify the
sequence of these variable region epitopes to which neutralizing antibodies bind, as well as
altering the conformation of the variable loops to occlude neutralization epitopes [66–69,74–
81].

The third variable loop (V3) was originally thought to be the main accessible Env
neutralizing epitope and would be a successful target for a vaccine [79–84]. However, it was
subsequently recognized that anti-V3 loop antibodies were highly strain specific [79,81–84].
As the extent of diversity of HIV-1 quasi-species became more apparent in the early 1990s,
hope for a polyvalent V3 immunogen faded. Similarly, with the difference in neutralization
sensitivity between T-cell line adapted (TCLA) HIV-1 and primary isolates that was
observed with V3 antibodies [85,86], it was realized that the envelope structure of TCLA
viruses was likely quite different than the native HIV-1 trimer of primary isolates [87]. Hope
for a practical V3 immunogen has resurfaced with the work of Zolla-Pazner and colleagues
who have shown similarity of the V3 loop with chemokine receptor structure, and human
anti-V3 mAbs that can neutralize a subset of HIV-1 grown in PBMC [80,81].

With Korber, we have studied a panel of V3 peptides selected to represent a spectrum of
potential higher order V3 motifs of Clades B [88] and C (HAYNES B, KORBER B,
MONTEFIORI D, LIAO HX, UNPUBLISHED DATA). From these studies, we found that
there were no V3 peptide motifs that when used as immunogens, induced discrete
neutralization profiles for isolates in a panel of HIV-1 primary isolates [88]. Rather, there
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was only a spectrum of weak-to-strong inducers of the same Tier 1 (relatively easy to
neutralize) HIV-1 strains. Of the 35 Clade B V3 peptides studied as immunogens, five V3
sequences, all clustered around the Clade B consensus, induced the broadest neutralizing
antibodies. The optimal peptide (V3 62.19) with the sequence GPGRAFYTE at the tip of the
V3 loop, generated antibodies that neutralized 30% of the Clade B primary isolates or Env
pseudotyped viruses tested; however, many of the isolates not neutralized by ant-62.19 sera
also had V3 sequences similar to 62.19 [88]. Zolla-Pazner and colleagues have produced a
human mAb, 447–52D that was reported to neutralize approximately 40% of Clade B strains
[80], but a subsequent study reported that this antibody rarely neutralizes typical (Tier 2)
primary patient isolates [89]. Therefore, it appears that most HIV-1 Clade B strains either
are in a conformation that obscures the V3 loop neutralizing determinants [87], or that
induced antibodies do not bind the V3 loop sufficiently to neutralize Tier 2 (relatively more
difficult to neutralize) HIV-1 [90].

In contrast to Clade B, Clade C V3 is far more conserved, and the most variable region near
to the Clade C V3 are the approximate 30 aa immediately C-terminal to V3, called V3′ [91].
For Clade C isolates, none of the computer designed V3 peptide motifs induced significant
neutralizing antibodies to Clade C (HAYNES B, KORBER B, MONTEFIORI HX, LIAO,
UNPUBLISHED DATA). Interestingly, our best immunogen for induction of antibodies to
Clade C primary HIV-1 strains is the year 2001, group-M consensus Env with shortened
variable loops, termed CON-S, that generated antibodies that neutralized approximately
25% of Clade C isolates tested [92]. Most of the CON-S-induced neutralizing antibody for
Tier 1 HIV-1 strains is against the CON-S V3 loop, but only approximately 40% of the
CON-S oligomer-induced neutralizing activity for Tier 2 HIV-1 strains is against V3.

Krachmarov and colleagues have now made human mAbs against non-B V3s and found
antibodies that neutralize a subset of non-B HIV-1 strains [90]. The structure of a V3-
containing HIV-1 gp120 core has recently been published and provides evidence that the V3
loop functions as a molecular ‘hook’, not only for binding to coreceptor but also for
modulating sub-unit associations within the viral spike of the HIV-1 envelope trimer [93].

It should be pointed out that because the V3 loop is highly immunogenic in animals and
humans, it may serve as a ‘decoy’ epitope for diverting the immune system away from more
vulnerable conserved HIV-1 Env epitopes [94,95]. In this regard, Herrera and colleagues
have shown that much of the host reponse to HIV-1 is directed at shed gp120 in non-native
forms, again suggesting that most induce anti-Env antibody in immunizations and infection
is against non-native Env forms that might serve as a decoy to the immune system [96].

Taken together, the data to date suggest limitations of the V3 loop as an immunogen for
HIV-1, mostly due to V3 inaccessibility on a large proportion of primary isolate Envs.
However, one goal of vaccine development is to find antibody specificities that can bind to
native Env trimers and induce the exposure of critical epitopes on the V3 loop. V3
immunogens that reflect conserved functional regions of the V3 loop would then become
viable vaccine targets.

The V1, V2 and V4 Env variable loops can also serve as targets for neutralizing antibodies
to HIV-1 Env [97–102]. Similar to the V3 loop antibody repertoire, many of the V1, V2 and
V4 specifities of induced antibodies are strain specific. The V1 and V2 loops together are
postulated to form a shield that covers the CCR5 binding site and in some circumstances,
can cover the V3 loop (FIGURE 1A) [97,103]. Ren and colleagues inserted a foreign
epitope into the envelope V4 region; antibodies against the foreign epitope neutralized these
chimeric viruses in vitro [104]. Although crystal structures are not yet available for V1, V2
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and V4, it can be anticipated that these loops will also exhibit both conserved and variable
motifs as has been found for the more well studied V3 loop.

A third mechanism of gp120 evasion of neutralizing antibodies is conformational masking.
Gp120-CD4 and CCR5 interactions invoke considerable conformational changes in gp120
(FIGURE 2). Kwong and colleagues demonstrated a correlation of the neutralization
potency of antireceptor antibodies with thermodynamic analyses, suggesting a receptor-
binding-site ‘conformational masking’ mechanism of neutralization escape [70]. This
mechanism of escape is postulated to allow HIV-1 to maintain receptor binding and
simultaneously to resist neutralization [70]. Although most CD4 binding site mAbs do not
effectively neutralize HIV-1 primary isolates, one exception is the IgG1b12 mAb that was
derived from a phage display library and mutated for high affinity binding to gp120 [105].
IgG1b12 also has some degree of polyreactivity to self antigens, and this trait, by
predisposing these types of antibodies to B cell negative selection, may limit the production
of IgG1b12-like antibodies [14,106]. Pantophlet and colleagues have presented elegant
solutions to gp120 design that builds on the observations of conformational masking.
Structurally designed mutants of gp120 with the CD4 binding site exposed, but held in
stable forms to minimize the energy of binding were produced; however, these designs have
yet to induce broadly reactive anti-CD4 binding site antibodies [107–109].

A potential highly conserved neutralization site on primary HIV-1 isolates is the coreceptor
binding site that is induced following gp120-CD4 binding CD4i. CD4i antibodies are
commonly made in HIV-1 infected patients [110], but most primary isolate HIV-1 strains
are resistant to neutralization by CD4i antibodies due to physical occlusion at the virus—cell
interface. Labrijn and colleagues have found that the human mAbs that recognize the CCR5
binding site cannot neutralize CCR5-utilizing viruses as whole immunoglobulin molecules,
whereas they can neutralize these viruses as fab or sFv fragments [111]. Whole IgG
molecule CD4i mAbs can only neutralize primary isolates in the presence of exogenously-
added soluble CD4 [110,112]. Therefore, in order to be neutralizing, these antibodies must
bind to susceptible virus prior to virion engagement of the cell surface. Only a small number
of TCLA CXCR4 HIV-1 strains and CD4-independent strains on which the coreceptor
binding domain of gp120 is constitutively exposed are susceptible to CD4i antibodies [111–
113].

There are several epitopes of gp41 that are conserved targets for broadly neutralizing anti-
gp41 antibodies. These sites are located in the membrane proximal external region (MPER)
of gp41 (FIGURE 3), and are defined by the whole Ig mAbs 2F5 and 4E10 and the Fab
phage display selected molecule (Z13) [114,115]. mAbs 2F5 and 4E10 were derived from
transformed B cells from the blood of HIV-1+ patients. Both of the original 2F5 and 4E10
mAbs were IgG3 (they have now been engineered onto an IgG1 backbone), and both have
long hydrophobic CDR3 regions [114–117]. The 2F5 epitope is represented by gp41 Env aa
662–668 (ELDKWAS) and the 4E10 epitope is represented by aa 671–676 (NWFDIT)
[118–120]. Both epitopes are located just N-terminal to the insertion of gp41 into the viral
membrane (FIGURE 3). Crystal structures of the 2F5 and 4E10 mAb Fabs bound to their
nominal peptide epitopes have demonstrated that the peptides bind only to a small portion of
the mAb Fab CDR3 regions, leaving large hydrophobic portions of the CDR3s to interact
with the viral lipid membrane [119,120]. Both Ofek and colleagues [119] and Cardoso and
colleagues [120] have suggested that the viral membrane is a component of the 2F5 and
4E10 epitopes, respectively.

Although HIV-1+ patients and immunized animals have been reported to occasionally make
antibodies to both 2F5 and 4E10 peptide epitopes, 2F5 and 4E10-like neutralizing antibody
responses are difficult to induce [121,122]. Bibollet-Rusche and colleagues have made
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HIV-1/HIV-2 chimeric Env pseudoviruses in which either the 2F5 or 4E10 epitope of HIV-1
is placed in the homologous region in the HIV-2 gp41 Env [122]. When these HIV-1/HIV-2
MPER chimeric Envs were used in a pseudovirus neutralization assay, Bibollet-Rusche and
colleagues found that only 0.5% of people infected with HIV-1 of Clades A–H had 2F5-like
neutralizing antibodies, and 0.9% had 4E10-like neutralizing antibodies [122]. By contrast,
92% of subjects had anti-CD4i gp120 antibodies [122]. Interestingly, when the authors made
a chimeric HIV-2 containing a longer MPER insert that contained both the entire membrane
proximal region, they found that approximately 30% of HIV-1 patients had antibodies that
neutralized this HIV-2 chimeric strain, many with anti-MPER antibodies that reacted N-
terminal to the 2F5 epitope [122].

One plausible notion for why the 2F5 and 4E10 epitopes are poorly immunogenic for
induction of 2F5- and 4E10-like neutralizing antibodies is that immunogens containing the
MPER 2F5 and 4E10 antigens, though they bind 2F5 and 4E10 mAbs, are not in a stable and
correct conformation to induce MPER neutralizing antibodies. The observations suggest that
the viral membrane is likely a major component of the 2F5 and 4E10 epitopes in infectious
virions [119,120].

The 2F5 epitope is pan of the gp41 heptad repeat (HR)-2 sequence of the peptide fusion
inhibitor, T-20, or Fuzeon [64,123]. mAb 2F5 inhibits the binding of T20 to the gp41 HR-1
region and, therefore, inhibits T20 drug anti-fusion activity [124] (T20 binding to HR-1
inhibits HIV-1 mediated fusion and is the drug mechanism of action). Similarly, humans
treated with T20/Fuzeon make high levels of anti-T20 antibody that does not inhibit T20
efficacy as a fusion inhibitor [123]. Interestingly a mAb, D50, that binds to an epitope just
N-terminal to the 2F5 epitope, also binds to T20, but does not inhibit T20 activity as a fusion
inhibitor [124,125]. One possible explanation for the poor immunogenicity of the MPER
neutralizing epitopes is that the conformation of the gp41 MPER region in most
immunogens is not in the correct prefusion confirmation to induce 2F5 and 4E10-like
antibodies, but rather is in a non-native conformation.

There is evidence that in HIV-1 infection the prefusion native MPER epitopes are only
transiently expressed and are not presented for a sufficient length of time to host B cells to
be immunogenic [126]. By contrast 2F5 mab binds to the gp41 HR-2 peptide, T20, and
inhibits T20 activity in vitro (i.e., the 2F5 functional epitope for fusion inhibition is present
on the T20 peptide) [124]. Therefore, either the functional conformation of the 2F5 MPER
neutralizing epitope is present on the T20 peptide, or 2F5 binding to T20 prevents induction
of the functional conformation needed for fusion inhibition.

A second contributing factor resulting in nonproduction of 2F5 and perhaps 4E10-like anti-
MPER neutralizing antibodies, is that host B cells may be tolerized to the MPER
neutralizing epitopes [107]. This would either be due to homologies in the gp41 MPER with
self antigens [127], self recognition of the lipid components of the viral membrane [106], or
cross-reactivity of the MPER with, as yet unknown environmental or commensural bacterial
antigens. If tolerance proves to be a factor in limiting anti-MPER antibody production,
antibodies made in the setting of breaks in tolerance could be expected to have some degree
of polyspecificity for self antigens.

In this regard, the ability of 2F5, 4E10, IgG1b12 and 2G12 mAbs to react with a variety of
autoantigens has been tested [102]. 2F5 and 4E10 mAbs were found to bind cardiolipin and
other protein autoantigens, IgG1b12 bound dsDNA and other host proteins, although mAb
2G12 did not score positive in any of these assays [106]. The apparent affinity of 4E10 for
cardiolipin was in the nM range, and 4E10 also bound to prothrombin and
phosphatidylethanolamine, as well as had lupus anticoagulant activity (PTT prolongation)
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has been tested [106]. By contrast, the apparent affinity of mAb 2F5 for cardiolipin was in
the micromolar range, and 2F5 did not react with other phospholipids tested in enzyme-
linked immunosorbant assay (ELISA). One measure of cardiolipin auto-antibody potential
for pathogenicity is reactivity of the auto-antibody with β-2-glycoproiein-1 in complex with
cardiolipin [106]. Neither MPER mAb required fetal calf serum as a source for β-2-
glycoprotein-1 to bind to cardiolipin [106].

Therefore, in addition to structural limitations of MPER immunogens, a second plausible
reason why MPER broadly reactive neutralizing antibodies are rarely made may be that the
2F5 and 4E10 MPER epitopes, for reasons that are poorly understood, may only trigger
polyreactive pools of B cells, such as B1, transitional-1 and marginal zone B cells, to make
these types of antibodies [14,106,128]. Due to the possibility that the viral lipid bilayer
comprises a component of both MPER neutralizing epitopes, 2F5 and 4E10-like antibodies
may require polyreactivity to be able to bind to the MPER epitopes that are comprised of
gp41 and the viral membrane. In this regard, we have recently found that 2F5 and 4E10
mAbs bind to their nominal gp41 epitopes anchored in liposomes in a two step
conformational change model. This model suggests that these two mAbs initially bind and
induce a conformational change in the lipid-gp41 antigen that exposes the full mAb binding
site (ALAM M, HAYNES B, UNPUBLISHED DATA).

Under normal circumstances, these polyreactive B cells may be subjected to B cell
downregulation control mechanisms such as anergy, receptor editing, and B cell deletion
[14,129,130]. A corollary hypothesis is that patients with diseases associated with B cell
tolerance defects such as systemic lupus erythematosus (SLE) may be able to make a more
salutary B cell response when infected with HIV-1. It is of interest that the diagnosis of
AIDS in SLE is rare, and the two diagnoses have been characterized as mutually exclusive,
with only 32 patients with SLE and HIV-1 infection reported since the AIDS epidemic
began [14]. Currently, a prospective study is ongoing, to determine the frequency of HIV-1
infection in patients with autoimmune disease, and when HIV-1+ SLE patients are found, to
determine the types of neutralizing antibodies made. Lopalco and colleagues suggested that
a subset of both long-term nonprogressors and exposed and uninfected subjects have
antibodies against the CCR5 coreceptor, again suggesting control of HIV-1 associated with
breaks in tolerance to self antigens [131].

Novel immunogen design strategies
Novel approaches to elicit broadly neutralizing antibodies fall into six major categories and
differ from early prototypes by placing a greater emphasis on Env structure.

One approach is to preserve the native structure of functional Env trimers. The most direct
way of accomplishing this has been with pseudovirions [132], virus-like particles [133–135]
and chemically inactivated virus [136,137]. A major technical problem with all three
approaches is that they elicit antibodies to cellular antigens that are present on the virus
surface after budding. These xenogeneic anti-cell antibodies are toxic to cells at low serum
dilutions [138], overshadow potential neutralizing antibodies by enhancing virus infectivity
at higher scrum dilutions [139] and are not practical for vaccination. Extra care must be
taken to remove anticell antibodies from serum samples in order to properly assess Env-
specific neutralizing activity — a task that is not easily accomplished [140].

An alternative, but more difficult approach, to making native Env immunogens has been to
stabilize the trimer by cross-linking both the cleaved and noncleaved forms of gp140. Two
main approaches have been to either introduce intermolecular disulfide bonds that form
stable trimers of cleaved gp120-gp41 [141] or to fuse a modified GCN4 transcription factor
motif C-terminal to the gp41 coiled coil to form stable trimers of non-cleaved gp140
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[142,143]. Both products are functional, immunogenic and appear to be superior to gp120
monomers [144,145], but neither approach has elicited broadly neutralizing antibodies. This
may be, in part, due to incomplete non-native structure of the expressed envs to date.
Nonstabilized gp140 oligomers were also recently tested, but were similarly limited in their
ability to elicit antibodies that neutralize primary isolates [146].

A second category of immunogens are those that aim to expose cryptic epitopes by either
removing N-linked glycans [147–150] or deleting one or more variable loops on gp120
[151–155]. Both approaches have been shown to increase the neutralization-sensitivity of
the virus as evidence that neutralization epitopes are indeed uncovered. However, simply
unmasking these epitopes as immunogens has not been sufficient to generate a potent
neutralizing antibody response. A plausible explanation for this poor response is that the
targeted epitopes remain hidden from antibodies on native viral particles.

A third category of immunogens are those that aim to stabilize intermediate epitopes that
form during binding and fusion. One such approach utilized a fusion competent, cell-based
immunogen that at first appeared to generate antibodies with broadly reactive neutralizing
activity in mice [156], but this activity was later deemed to be an artifact [157]. Others are
exploring gp120-CD4 complexes that trigger the formation of CD4i epitopes in and around
the coreceptor-binding domain. Indeed, CD4i antibodies exhibit enhanced binding to these
complexes compared with noncomplexed gp120 [158]. There have been reports that one of
these gp120-CD4 immunogens can generate broadly neutralizing antibody responses in
goats [159] and rhesus monkeys [160]. That these antibodies could be competed separately
with both gp120 and sCD4 suggests unique epitopes are recognized [160]. A more recent
study in guinea pigs confirmed the observation of broadly neutralizing antibody induction,
but concluded that this activity was mostly associated with anti-CD4 antibodies and that
although antibodies to CD4i epitopes were indeed generated, these latter antibodies were
non-neutralizing [161]. Additional studies are needed in order to clarify the specificity of
neutralizing antibodies generated by gp120-CD4 immunogens in small animals compared to
primates. In an effort to circumvent CD4-specific antibody production, a separate study used
mAb A32 in place of sCD4 to trigger CD4i epitope formation. A32 binds the CD4 binding
site of gp120 and is known to enhance the exposure of CD4i epitopes [162]; however, when
tested in guinea pigs, these gp120-A32 stabilized Env complexes were no better than gp120
as immunogens [163].

Immunogens that elicit antibodies to CD4i epitopes on gp120 would seem to be particularly
attractive given recent evidence that this region is perhaps the most conserved neutralization
target on the virus [110]. However, these antibodies only neutralize when either sCD4 is
present to induce the epitope prior to virus-cell contact [164] or when Fab and scFv
fragments are used in place of whole IgG molecules [111]. These latter findings strongly
suggest that whole IgG molecules are physically occluded from their target epitopes at the
virus-cell interface. The inability of CD4i antibodies to bind most HIV-1 variants prior to
cell attachment severely limits their neutralizing capacity.

A fourth category of immunogens is based on structural analogs of conserved epitopes
recognized by broadly neutralizing mAbs. Various presentations of the MPER of gp41 have
been explored and found to generate peptide-reactive antibody responses, but these
antibodies have not possessed neutralizing activity [165–169]. A structural analog of the
1b12 epitope also was found to be a poor immunogen [170]. To date, little work has been
carried out by way of exploring structural analogs of neutralization epitopes on carbohydrate
moieties of the virus, such as the epitope recognized by 2G12. The inability of 2G12 to
neutralize most Clade C variants [171] would need to be overcome by identifying new
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carbohydrate epitopes that are targets for neutralizing a broader spectrum of genetic variants,
and as well, need to be made immunogenic in man.

A fifth category of immunogens utilizes polyvalent Env and consensus and ancestral Envs to
minimize the genetic and antigenic differences between vaccine strains and field isolates.
Polyvalent Env aims to incorporate multiple epitope specificities that would encompass a
wide and useful range of antigenic variation. Furthermore, some antibody specificities have
potential to combine for synergistic effects on neutralization [172–178]. In other cases,
focusing the B-cell response on minor variations in a single epitope has the potential to drive
somatic mutations for increased antibody affinity, greater neutralization potency and
possibly higher antibody titers [179–181]. Few studies have examined polyvalent Env as
candidate HIV-1 immunogens and, although outperforming monovalent Env, substantial
breadth has not been achieved with early formulations [182–184], Notably, these early
studies examined a limited number of strains that were not preselected on the basis of their
performance as monovalent immunogens. Efforts to improve this strategy might focus on
the selection of appropriate strains and ways to enhance the magnitude of antibody-
induction with better adjuvants [185].

Consensus and ancestral Env differs from polyvalent Env by focusing on single Env
sequences [91,186]. Initial studies have shown that these immunogens are functional,
immunogenic and generate a neutralizing antibody response; however, the limited breadth of
neutralization has been disappointing [187,188]. Notably, a second generation consensus
Env immunogen has shown greater potential for broadly neutralizing subtype B and C
primary isolates [92], but nonetheless still needs improvement. Improvements in consensus
Envs might be possible as a greater number of transmitted Env sequences become available,
thereby increasing the likelihood of selecting the most commonly shared amino acid
residues.

A sixth category of immunogens employs hyperglycosylation and other mutations to mask
non-neutralizing ‘decoy’ epitopes with the hope that this will redirect the B cell response to
key conserved elements of Env [189,190]. Early evidence suggests this approach does
indeed refocus the antibody response, but it is not clear whether it will yield an improved
response against conserved neutralization epitopes on HIV-1 Env [191,192].

The picture that is emerging from early studies of novel immunogens suggests that strategies
to uncloak neutralization epitopes by removing N-linked glycans and deleting variable loops
face the daunting challenge of targeting epitopes that remain cloaked on the real-world
virus. Furthermore, it is becoming increasingly apparant that antibodies have little
possibility of gaining access to many neutralizing epitopes at the virus-cell interface.
Therefore, antibodies need to bind the virus before it engages a target cell in order to
neutralize. Neutralization requires antibodies that are able to bind native Env trimers, but it
is not clear that stabilized trimers will work as immunogens without further modification.
Additional efforts to target conserved neutralization epitopes, such as those in the MPER of
gp41 and perhaps elsewhere on the gp140 molecule, focus on breaking tolerance and
preserving non-pathogenic autoreactive B cell clones. Other future prospects include various
combinations of these new Env design concepts, some of which are in early stages of
development [193,194].

Adjuvant design for HIV-1 vaccines
Concomitant with the field of HIV-1 vaccine development have come rapid advances in
adjuvant design for understanding on a rational basis the optimal formulation of
immunogens for induction of the right balance of effector memory and central memory T
cells, and plasma cells and memory B cells. Although review of the field of vaccine adjuvant
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development is outside the scope of this review, it is critical to note that rapid advances in
the field of dendritic cell biology, B cell immunoregulation and Toll-like receptor signaling
have provided important new insights that the HIV-1 vaccine field needs to access for
design of optimal HIV-1 vaccines [195–203].

Similarly, new knowledge of the role of CD4+, CD25+, FOX-P3+ regulatory T cells in both
controlling HIV-1 and other vaccine responses [204] and the role of adjuvants in regulation
both the production in the thymus and peripheral proliferation of regulatory T cells
[PEACOCK J, HAYNES BF, SEMPOWSKI G, MANUSCRIPT SUBMITTED], have also
enabled of design of new formulations of adjuvants and vaccines for induction and
maintenance of the desired immune responses.

In particular, it will be important to identify B-cell pools that produce broadly reactive
neutralizing antibodies [14], and to formulate Env immunogens with adjuvants that
selectively activate these B-cell pools. Research targeted at understanding the differential
signaling requirements of ‘innate’ and ‘adaptive’ B-cell triggering is critical for HIV-1
vaccine development.

Expert commentary
The field of antibody induction for HIV-1 vaccine development is at a turning point, with
the recent remarkable insights made into the structures of liganded and unliganded HIV-1
Env, and insights into structures of how broadly neutralizing antibodies bind to Env epitopes
and work to neutralize HIV-1. This elegant structural work should provide insights into how
to design the most immunogenic envelope vaccine candidates. Insights into the B cell
subsets capable of producing broadly neutralizing antibodies and their immunoregulatory
controls should provide new and enabling insights into how to safely induce desired
antibody specificities. Taken together with work on optimizing adjuvant formulation of
vaccines, optimizing systemic and mucosal memory T and B cell-induction, and
development of new vectors for systemic and mucosal immunogen delivery, we believe that
a new generation of vaccines will be developed with real promise for controlling, or even
preventing, HIV-1 infection.

Five-year view
The next few years will be an exciting time of discovery and new vaccine product
development, based on the progress made by the field in the last 5 years. We anticipate
proof of concept experiments in nonhuman primates for many of the postulates and
strategies discussed in this review. The ultimate success of HIV vaccine development will
rely on our understanding why broadly neutralizing antibodies cannot be made, and in
learning how to safely induce protective anti-HIV-1 antibodies.

Key issues

• A conundrum is why broadly neutralizing antibodies are not routinely made in
acutely infected individuals and immunized subjects with current vaccines?

• HIV-1 has evolved many immune evasion mechanisms to escape HIV-1
antibody responses that need to be breached in order for antibodies to be
effective.

• Immune evasion mechanisms include structural modifications and
characteristics of HIV-1 Env, and epitopes of Env that appear to be silent due to
self tolerance mechanisms.
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• Although we know the structures of unliganded and liganded HIV-1 Env
monomers, we have yet to see a high resolution picture of a native transmitted
HIV-1 Env trimer - a key and elusive achievement that many believe will help
design an immunogen that will induce broad neutralizing antibodies.

• A number of broadly reactive human neutralizing monoclonal Abs (mAbs) have
been made that can neutralize many HIV-1 primary isolates and their structures
in complex with their epitopes have been solved.

• Novel rational immunogen designs are coming forth based on structural analysis
of Env and mAbs as well as basic science discoveries of the past 5 years.

• Little is known about the role of anti-HIV-1 antibody responses at mucosal sites
and how to measure these responses.
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Figure 1. Proposed models for gp120/gp41 trimers in unliganded and CD4-bound conformations
(A) A trimer in the unliganded conformation, viewed along the threefold axis from outside
the virion towards gp41. The polypeptide chain backbones are in ribbon representation; N-
linked glycans are stick models; deleted V1–V2 and V3 segments are transparent balloons.
The three monomers are in red, green and blue, respectively; the sugars, in grey. Gp41 is
shown as a circle in the rear. (B) The same view of a gp120/gp41 trimer as in panel A, but in
the CD4-bound conformation, generated by superposing the CD4-bound HIV gp120
structure onto the unliganded SIV gp120 subunits in panel A, assuming that the three-strand,
inner-domain-sheet remains roughly in place. Structural elements depicted as in panel A;
CD4 omitted for clarity. (C) "Side" view of the same model as in panel A. The N and C
termini of the gp120 core are labelled. Gp41 is shown as a cylinder at the bottom. Green
arrows indicate CD4-binding loops. (D) Side view of the same model as in panel B. The first
two domains of CD4 are shown in light green on only one gp120 monomer. N and C termini
of the gp120 core are labelled. Gp41 is shown as a cylinder at the bottom.
gp: Glycoprotein; SIV: Simian immunodeficiency virus.
Reproduced with permission from [62] Nature Publishing Group® (2005).
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Figure 2. Model for HIV-1 host cell fusion
Schematic representation of the ligand-triggered conformational changes in gp120/gp41 that
promote membrane fusion. (A) Encounter between virus, with gp120/gp41 on its surface,
and cell, with CD4 and coreceptor. The Env trimers are shown with gp120 (red), gp41 (blue)
and the fusion peptide at the N-terminus of gp41 (green). CD4 and coreceptor (yellow),
anchored in the cell membrane (green). Viral membrane in brown. (B) Binding of receptor
and coreceptor triggers conformational change in gp120, leading to its release from gp41.
Gp41 unfolds into an extended, intermediate conformation, so that the fusion peptides at one
end insert into the target-cell membrane. Residues 25–75 (light blue) of gp41 form a central,
three-chain coiled coil. The C-terminal part of the gp41 ectodomain (darker blue) may have
a less ordered conformation. This intermediate has a relatively long lifetime (at least several
minutes). (C) The C-terminal segment of the gp41 ectodomain (residues ~117–170) zips up
into an outer-layer helix, bringing the transmembrane anchor of gp41 toward the fusion
peptide. Two Env trimers are shown cooperating here, but a single trimer may be sufficient.
The coming together of the fusion peptide at the N-terminus of gp41 and the transmembrane
anchor toward its C-terminus draws the two membranes toward each other and ultimately
promotes hemifusion. (D) A hemifusion stalk has formed. The apposed leaflets of the two
bilayers have merged, but not the distal leaflets. If the fusion peptides insert only into the
outer leaflets (as is the case for flavivirus and alphavirus fusion loops and probably for the
influenza HA fusion peptide), then they can migrate into the hemifusion stalk, as shown
here. However, direct evidence for this arrangement is lacking. (E) Formation of a complete
fusion pore. The C-terminal residues of the gp41 ectodomain, which contain the 2F5 and
4E10 epitopes, snap into place, bringing the cytoplasmic domains of gp41 through the fusion
pore and making the fusion step irreversible.
Reproduced with permission from Stephen Harrison, Boston Children’s Hospital and
Harvard Medical School, Boston, MA, USA.
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Figure 3. Carbohydrates on gp120, and the binding sites of CD4 and mAb 17b
Molecular surface representations of gp120 core structures in liganded and unliganded
states. Residues in direct contact with CD4 (green); residues contacting human mAb 17b
(red); carbohydrate (blue). The arrow indicates the mouth of the envelope hydrophobic
cavity.
BS; Binding sites; gp: Glycoprotein; mAb: Monoclonal antibody.
Reproduced with permission from [62] Nature Publishing Group® (2005).
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