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Neutralizing antibodies (NAbs) typically play a key role in controlling viral infections and
contribute to the protective effect of many successful vaccines. In the case of HIV-1 infection,
there is compelling data in experimental animal models that NAbs can prevent HIV-1 acqui-
sition, although there is no similar data in humans and their role in controlling established
infection in humans is also limited. It is clear HIV-specific NAbs drive the evolution of the
HIV-1 envelope glycoprotein within an infected individual. The virus’s ability to evade
immune selection may be the main reason HIV-1 NAbs exert limited control during infec-
tion. The extraordinary antigenic diversity of HIV-1 also presents formidable challenges to
defining NAbs that could provide broad protection against diverse circulating HIV-1
strains. Several new potent monoclonal antibodies (MAbs) have been identified, and are
beginning to yield important clues into the epitopes common to diverse HIV-1 strains. In
addition, antibodies can also act in concert with effector cells to kill HIV-infected cells;
this could provide another mechanism for antibody-mediated control of HIV-1 replication.
Understanding the impact of antibodies on HIV-1 transmission and pathogenesis is critical

to helping move forward with rational HIV-1 vaccine design.

ntibodies have the potential to block HIV-1
Areplication through multiple pathways,
and they exert immune pressure on the virus
that leads to escape. Neutralizing antibodies
(NAbs) bind cell-free virus and prevent the
virion from infecting the host target cells,
thereby disrupting subsequent rounds of repli-
cation (Fig. 1A). HIV-1 specific antibodies can
also complex with the Fcry receptor to counter
HIV-1 through effector cell mechanisms—a
process that has the potential to contain cell-
cell HIV-1 spread (Fig. 1B,C). It is not possible
to predict which of these antibody mechanisms
will be most effective in containing HIV-1

because the relative contribution of cell-free
versus cell—cell spread in HIV-1 transmission
and pathogenesis is not well defined. Thus,
the ability of antibodies to block HIV-1 infec-
tion by each of these pathways is the topic of
intense study.

Current efforts to identify protective HIV-1
vaccine immunogens are focused primarily on
those that elicit broadly NAb responses (Fauci
et al. 2008), inspired by the results of experi-
mental studies in macaques showing that pas-
sively transferred NAbs can protect against
viruses related to HIV-1 (see Lifson and Haig-
wood 2011). However, as discussed below, the
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Figure 1. Schematic representation of the mechanism of action of NAbs and antibodies that act through ADCC
and ADCVI. (A) Antibody neutralization of cell-free virus. Neutralizing antibodies bind to HIV-1 envelope gly-
coproteins and block the interaction of viral particles with CD4 and CCRS5, essential receptors on target cells
required for infection. (B) Antibody-dependent cellular cytotoxicity leads to the killing of infected cells. In
the case of ADCC, a complex between the IgG Fab portion of antibody bound to envelope protein on the
cell surface and the Fc portion to the Fc receptors on effector cells leads to lysis of the infected cell. (C) Antibody-
dependent cell-mediated virus inhibition. ADCVI measures the effects of ADCC-mediated cell killing, which
lead to reduced virus production, as well as virus inhibition by antiviral cytokines and other secondary effects

of FcR-virus interactions such as phagocytosis.

ability of NAb to provide protection from
HIV-1 infection and/or disease progression in
humans still remains poorly defined.

Here we review what is known about the
role of antibodies in driving virus escape, in
controlling an established infection, and in
preventing new infections. Much of the article
focuses on the neutralizing function of anti-
bodies, including recently discovered HIV-specific
broadly neutralizing monoclonal antibodies
(MADs), because antibodies capable of neutral-
izing cell-free virus infections have garnered
the most attention in the HIV-1 field. However,
there is increasing interest in antibodies that act
through effector mechanisms, and a summary
of this topic is included. This article will focus

on studies of HIV-1 in humans but seminal
studies in the nonhuman primate model that
clarify important issues will be noted where rel-
evant. A more complete review of the related
studies in the nonhuman primate model can
be found in Lifson and Haigwood (2011).

EARLY ANTIBODIES AND VIRAL ESCAPE

B cell responses to HIV-1 infection first develop
within ~1 week of detectable viremia, and
initially are detected as antigen-antibody com-
plexes (Tomaras et al. 2008). This phase is fol-
lowed by circulating anti-gp41 antibodies a
few days later, with anti-gp120 antibodies
delayed a further few weeks and primarily
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targeting the V3 loop. However, these binding
antibodies have no detectable effect on viremia
(Tomaras et al. 2008) and apparently do not
exert any selective immune pressure on the
envelope (Keele et al. 2008). NAbs against the
infecting strain (autologous virus) appear
months later but are not able to neutralize
more divergent viruses isolated from other
individuals (heterologous viruses) (Moore
et al. 1994; Legrand et al. 1997; Moog et al.
1997; Pilgrim et al. 1997; Richman et al. 2003;
Wei et al. 2003; Frost et al. 2005; Deeks et al.
2006; Gray et al. 2007). These autologous
NADs drive neutralization escape as evidenced
by the fact that contemporaneous viruses
are less sensitive to autologous neutralization
than earlier viruses, although later viruses
remain sensitive to new NAb responses. Escape
occurs through single amino acid substitu-
tions, insertions and deletions, and through
an “evolving glycan shield,” in which shifting
glycans prevent access of NAbs to their cognate
epitopes (Overbaugh and Rudensey 1992;
Chackerian et al. 1997; Herrera et al. 2003;
Richman et al. 2003; Wei et al. 2003; Bunnik
et al. 2008).

Recent data suggest that autologous re-
sponses in the first year of infection comprise
one or two antibody specificities targeting
variable regions of the HIV-1-envelope glyco-
protein (Moore et al. 2009a; Rong et al. 2009).
These potent but highly type-specific anti-
bodies appear sequentially and show temporal
fluctuations as escape variants emerge. It has
been proposed that an immunological hier-
archy of NAD responses exists, similar to what
is seen for binding antibodies (Moore et al.
2009a). Alternatively, stimulation of new speci-
ficities may occur as additional epitopes become
immunodominant on the escape variants. If
so, this may ultimately in some instances, result
in the exposure of more conserved regions that
will lead to the induction of broadly cross-
neutralizing antibodies in some individuals
(Moore et al. 2009a).

A major target of autologous NAbs is the
V1V2 region, which can serve both as a direct
antibody target but also, as a result of its loca-
tion and extensive glycosylation, act as a shield

The Antibody Response against HIV-1

for other vulnerable sites (Pinter et al. 2004;
Rong et al. 2007). This was first shown in the
SIV /macaque model, where the earliest genetic
changes were in V1V2 (Burns and Desrosiers
1991; Johnson et al. 1991; Overbaugh et al.
1991; Overbaugh and Rudensey 1992; Laird
et al. 2008) and biochemical studies showed
that the addition of N- and O-linked carbohy-
drates was a key pathway of NAb escape (Chack-
erian et al. 1997). In HIV-1 subtype C infection,
the C3 region and specifically the a2-helix is
also a major target of autologous NAbs that
may be related to the more amphipathic nature
of the subtype C a-2 helix in combination with
ashorter V4 loop (Gnanakaran et al. 2007; Rong
et al. 2009). The V1V2 as well as sites at the base
of the V3 loop have been shown to be targets of
autologous NADbs in HIV-1 subtype B (Fig. 2).
In particular, a glycan at the base of the V3
which contributes to the 2G12 epitope was
identified in two subtype B infected individuals
as mediating autologous NAb escape (Tang
et al. 2011). Despite the strain-specificity and
their transient effect, studies on autologous
NAbs are important because they identify vul-
nerable immunogenic regions of the HIV-1
envelope glycoprotein.

DEVELOPMENT OF BROADLY
CROSS-NEUTRALIZING ANTIBODIES

NAbs tend to increase in potency over time and
broadly cross neutralizing (BCN) responses,
capable of recognizing heterologous HIV-1 var-
iants, develop in a subset of individuals after
primary infection (Moore et al. 1996; Moog
et al. 1997; Beirnaert et al. 2000; Binley et al.
2008; Piantadosi et al. 2009; Sather et al. 2009;
Simek et al. 2009; Gray et al. 2011). The reasons
why some individuals develop BCN antibodies
is unclear but is related to the duration of infec-
tion and viral levels suggesting that years of per-
sistent viral stimulation are necessary for their
generation (Piantadosi et al. 2009; Sather et al.
2009; Euler et al. 2010; Gray et al. 2011). How-
ever, the finding that not all individuals develop
BCN antibodies points to the role of additional
factors that could be viral or host or most likely
an interplay between the two. There is some
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Figure 2. Targets of autologous NAbs on HIV-1 subtype B and subtype C envelopes. The figure summarizes data
from studies in which the precise targets of autologous NAbs on gp120 have been defined. This includes two
studies in HIV-1 subtype B infection (KJ Bar, unpubl.; Tang et al. 2011) and two in HIV-1 subtype C infection
(Moore et al. 2009; Rong et al. 2009). The sites targeted are listed in color with the corresponding regions on the
gp120 structures in the same color. Sites are highlighted on the crystal structure of HIV-1 JR-FL gp120 core pro-
tein containing the third variable region (V3) complexed with CD4 and the X5 antibody (PDB 2B4C) (Huang

and Tang 2005).

evidence that viral genetic subtype may also be
important as the breadth and potency of
humoral responses is reported to be higher in
subtype C and A than in subtype B infections
(Bures et al. 2002; Li et al. 2006; Brown et al.
2008; Dreja et al. 2010).

A large number of studies published in
the last few years have described the presence
of BCN antibodies in different cohorts. These
have been important studies as they indicate
that such sera and antibodies are not rare (Sta-
matatos et al. 2009). Although there is no stan-
dard definition of breadth, all studies identified
a proportion (~30%) of individuals with BCN
antibodies based on their ability to neutralize
a significant number of heterologous viruses
usually of multiple genetic subtypes. In some
cases, the specificities of the antibodies confer-
ring breadth have been mapped and are reactive
with conserved envelope regions, as exem-
plified by well-characterized neutralizing MAbs
IgG1b12 (anti-CD4bs), 4E10 (carboxy-termi-
nal MPER), 2F5 (amino-terminal MPER), and

2GI12 (glycan array on gpl20 outer domain).
The ability of recombinant proteins and pep-
tides to deplete neutralizing activity was a major
step toward unraveling the components of these
complex plasma/sera and the use of mutant
proteins allowed for mapping to the CD4bs
(Dhillon et al. 2007; Binley et al. 2008; Gray
et al. 2009b; Li et al. 2009; Sather et al. 2009)
or to CD4 induced epitopes (CD4i) (Gray
et al. 2009b; Li et al. 2009). In other cases,
neutralizing activity could be mapped to linear
epitopes within the membrane proximal region
(MPER) of gp4l (Binley 2009; Gray et al.
2009a,b; Li et al. 2009; Sather et al. 2009). As
new NADb epitopes are discovered, mapping
tools are expanding to detect these specificities.
Thus, PG9/16-like antibodies are frequently
being identified in BCN sera (Fig. 3). However,
not all the BCN activities have been accounted
for, suggesting that additional important neu-
tralizing epitopes on the HIV-1 envelope glyco-
protein are yet to be discovered. Collectively,
these studies provide evidence that the human
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Figure 3. Specificity of antibodies in cross-neutralizing samples. Summary of the three most comprehensive
mapping studies to date examining the specificities of antibodies mediating neutralization breadth. This
includes (A) 19 samples from Walker et al. (2009), (B) seven samples from Gray et al. (2011), and (C) nine sam-
ples from Tomaras et al. (2010). PG9/16-like NAbs and an undefined epitope that involves a glycan at position
332 in the outer domain of gp120 were the most common targets in all three studies. Antibodies found to be
responsible for breadth in fewer samples included those targeting the MPER (B,C) or CD4bs/CoRbs (A). In
all three studies the antibody specificities in some of the broadly cross-neutralizing sera/plasma could not be

identified.

immune system can generate BC NAbs against
HIV-1. Intensive efforts are underway by
many laboratories to isolate MAbs from these
individuals (see section on MAbs later) as this
may lead to the identification of new sites on
the HIV envelope that could serve as targets
for vaccine induced immune responses.

The question of whether breadth is con-
ferred by single or multiple specificities has in
part been addressed by some of these studies.
Certainly, cases of multiple specificities have
been documented, but there is also evidence
that single MAbs can account for the breadth
displayed by BCN plasma, most recently
through the isolation of VRCO1, a highly potent
and broad anti-CD4bs mAbD from an individual
whose plasma neutralizing activity was shown
to have anti-CD4bs activity (Wu et al. 2010).
On the other hand, a study by Nussensweig
and colleagues suggested that neutralization
breadth is the result of multiple antibody spec-
ificities, each one targeting a few viral variants
(Scheid et al. 2009). For vaccine design, it would
likely be considerably more challenging to
induce multiple rather than single specificities
because different antigens and thus a more
complex vaccine would be required to stimulate
a polyclonal response.

Another important question is whether
escape from BCN antibodies occurs as readily
as it does from autologous NAbs. There is less

data on this but one might imagine that because
BCN antibodies target more conserved sites,
escape would be more difficult to achieve.
Certainly, this is suggested in cases in which
contemporaneous neutralization is seen more
frequently among plasma with BCN activity
(Mahalanabis et al. 2009; Bosch et al. 2010;
Kirchherr et al. 2011). However, cloned viruses
from the individual who was the source of
VRCO1, the highly potent anti-CD4bs mAb
that targets one of the most conserved regions
on the envelope glycoprotein, were resistant to
this MAb (Wu and Wang 2010). Studies on
MADs and polyclonal plasma are difficult to
compare as the lack of escape from polyclonal
plasma may be the result of multiple somatic
variants of a neutralizing specificity which tar-
get different variants within the quasispecies
(Morris and Chen, submitted).

The development of neutralization breadth
may include a requirement for extensive so-
matic mutational diversification that may be
impeded by the B cell dysfunction that occurs
in HIV-1 infection (Moir and Fauci 2009). A
role for affinity maturation in the ontogeny
of anti-HIV-1 neutralizing capacity is sup-
ported by Toran and coworkers (Toran et al.
1999), who showed that all anti-gp120 NAbs
in a long-term nonprogressor were clonally
related with considerable somatic hypermuta-
tion. Furthermore, immunogenetic analysis of
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existing MADbs suggests that they have under-
gone multiple rounds of affinity maturation to
achieve BCN activity (Zhou et al. 2007; Walker
et al. 2009; Xiao et al. 2009). These MAbs are
characterized by unusual physical features
such as heavy chain domain-swapping, sul-
phated tyrosines, long and hydrophobic CDR-
H3’s, and high levels of hypermutation (Burton
et al. 2005; Kwong and Wilson 2009). Whether
these events are required for antibodies to medi-
ate cross-reactivity is not known, and longitudi-
nal studies of immunoglobulin genes among
those individuals who develop breadth are
needed to understand how the immune system
can generate such antibodies. If indeed long-
term antigenic exposure is required, vaccination
strategies will need to be revised to not only
consider the immunogen used, but to incorpo-
rate the required number of booster and/or
antigen exposures needed to reach the required
level of antibody affinity.

ANTIBODIES AND DISEASE PROGRESSION

Several studies have examined whether HIV-1-
specific NAbs contribute to viral control. The
first studies focused primarily on select popu-
lations, such as long-term nonprogressors
(LTNP) but these were conflicting, with some
providing evidence that NAb contributed to
control of infection (Cao et al. 1995; Montefiori
etal. 1996; Pilgrim et al. 1997; Zhang et al. 1997;
Carotenuto et al. 1998; Cecilia et al. 1999),
others suggesting the opposite—that NAbs
responses were low in LINPs (Pereyra et al.
2008; Doria-Rose et al. 2009; Lambotte et al.
2009), and still others not finding consistent
evidence for or against a role for NAb in control-
ling infection in LINPs (Harrer et al. 1996;
Barker et al. 1998; Loomis-Price et al. 1998;
Bailey et al. 2006).

The first studies of more typical HIV-1-
infected populations showed that individuals
with greater NAb breadth had higher contem-
poraneous viral loads, suggesting that antigenic
stimulation could be key to eliciting these NAbs
(Deeks et al. 2006; Rodriguez et al. 2007; Pereyra
et al. 2008; Doria-Rose et al. 2009; Sather et al.
2009). Recent studies, focused on populations

followed from the time of infection, showed
that the association of NAb breadth and con-
temporaneous viral load in chronic infection
was not significant after controlling for set point
viral levels, suggesting that higher viral replica-
tion was a cause, rather than a consequence of
NAD breadth (Piantadosi et al. 2009). In addi-
tion, it was found that greater envelope diversity
early in infection contributed to the breadth
of the subsequent NAD responses, further sug-
gesting that antigenic stimulation drives NAb
breadth. Importantly, these longitudinal studies
showed that the breadth of the NAb did not
impact progression to AIDS (Piantadosi et al.
2009; Euler et al. 2010; Gray et al. 2011) suggest-
ing that the presence of broad NAbs in and of
itself did not lead to viral control. This finding
was consistent with findings from studies of
passively administered, broadly neutralizing
antibodies in chronic HIV-1 infection, in which
it was estimated that antibody levels that were
10- t0100-fold higher than those already pres-
ent in chronic HIV-1 infection would be re-
quired to see clinical benefit of monoclonal
antibody therapy (Trkola et al. 2008).

Although these studies collectively suggest
that the breadth of the NAD response, as mea-
sured against heterologous virus panels, does
not correlate with viral control or pathogene-
city, it is important to note that most have not
addressed whether NAb specifically targeted to
the virus in that individual provide clinical ben-
efit. A recent case report, showing a drop in viral
load coincident with the detection of NAb that
recognizes the autologous virus, suggested the
possibility that autologous NADb have the poten-
tial to contribute to viral control, although
escape and loss of viral control is rapid (Moore
et al. 2009Db).

Another case report of a HIV-1-positive
individual who underwent a B cell depletion
protocol as part of clinical care unrelated to
HIV-1 also showed a temporal relationship
between changes in the autologous NAb re-
sponse and viral levels, although viral load
changes from other effects of B cell depletion
could not be ruled out (Huang et al. 2010).
These results are consistent with the results of
B cell depletion studies in the SIV/rhesus
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macaque model (Schmitz et al. 2003; Miller
et al. 2007, and see Lifson and Haigwood
2011). In addition, one cross-sectional popula-
tion study suggested that, unlike heterologous
NADb responses, autologous NAD inversely cor-
relate with viral levels; however, in this study
there was limited follow-up, and longer term
clinical outcomes measures were not available
(Deeks et al. 2006). Thus, it is possible that
NAb are exerting some control on virus replica-
tion, but detailed studies of autologous NAb
responses in relation to clinical outcome in lon-
gitudinal cohorts are needed to clarify whether
NAbs exert any control on HIV-1 infection.

ANTIBODIES AND TRANSMISSION

Because effective protection afforded by most
vaccines correlates with antibody responses
(Karlsson Hedestam et al. 2008), there is
considerable interest in determining whether
NAbs can protect against HIV-1 transmission,
and if so, in defining the NAD levels and spec-
ificities required for protection. As discussed
by Lifson and Haigwood (2011), passively
infused NAbs can block SIV and SHIV-1 infec-
tion in the nonhuman primate model (Prince
et al. 1991; Emini et al. 1992; Conley et al.
1996; Mascola et al. 1999, 2000; Shibata et al.
1999; Baba et al. 2000; Parren et al. 2001; Mc
Cann et al. 2005; Hessell et al. 2009). However,
in most of the initial, proof-of-principle passive
antibody studies, the antibody levels used to
achieve protection were high, and typically the
virus strain used for challenge was very sensitive
to neutralization by the antibody tested. In
more recent studies, lower NADb levels, closer
to those found in HIV-1 infected humans,
were shown to increase the number of exposures
required to achieve infection (Hessell et al.
2009). In this study, the viral challenge strain
was highly sensitive to the NAb, making it
hard to extrapolate from these findings to pre-
dict an effective dose in humans, who are
exposed to diverse HIV-1 strains that can differ
by several orders of magnitude in their neutral-
ization sensitivity (Blish et al. 2009; Walker et al.
2009; Seaman et al. 2010). There are limited
studies from exposed humans that can inform

The Antibody Response against HIV-1

our understanding of the potential of HIV-
specific antibodies to protect against these
diverse, circulating strains of HIV-1, and these
studies primarily have focused on exposed
infants and individuals who become superin-
fected. In both of these cases, HIV-1-specific
NADs are present at the time of virus exposure.

HIV-infected high-risk individuals often
continue to be exposed to HIV-positive part-
ners and thus are at risk of being superinfected
(reinfected) (reviewed in Chohan et al. 2010).
Cases of superinfection have provided the
chance to examine whether there are particular
deficits in HIV-1 immunity in individuals who
become superinfected versus those who do not
despite similar continued exposure. The first
study of NAbs in cases of superinfection
suggested that individuals who become super-
infected (N = 3) had relatively weak NAbs
compared to controls (Smith et al. 2006). How-
ever, this study examined responses to only
three viral strains, and at an early time after
the first infection when NAbs tend to be weak
in general. A second study focusing on six cases
of superinfection, including cases that occurred
several years after the first infection, showed that
the neutralizing antibody breadth, defined
using a panel of 16 circulating recently trans-
mitted viral variants, was similar in individuals
who became superinfected to NAb breadth in
individuals who did not become superinfected
(Blish et al. 2008). Furthermore, the antibodies
that were present near the time of superinfec-
tion could neutralize the strain that established
the second infection in most cases (Blish et al.
2008), suggesting that reinfection occurred in
the face of NAbs that recognized the incoming
variant. These studies suggest that the level of
antibody elicited during chronic HIV-1 infec-
tion may not be adequate to protect against
reinfection by diverse HIV-1 variants; however,
studies to-date have been small.

The setting of mother-to-child transmis-
sion (MTCT) also offers a chance to explore
whether Nab, present at the time of exposure,
protects against HIV-1 infection in humans.
Very few studies have focused specifically on
the role of passively acquired antibodies in the
exposed infant in protection, although one
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recent study showed that uninfected infants of
HIV-1-positive mothers have HIV-1-specific
NAD levels at birth that are comparable to those
in an infected individual (Lynch et al. 2011).
However, there was no evidence that the breadth
or potency of infant antibodies, defined using
a heterologous virus panel, correlated with pro-
tection from infection during the breastfeeding
period (Lynch et al. 2011). Nonetheless, studies
of maternal NAb do provide some support for a
protective role for NAb in the mother, who in
this situation is the index case. These studies
have focused primarily on the study of maternal
autologous virus, which is a more direct test of
the potential of the antibodies to neutralize the
specific virus that the infant encounters than the
study of virus panels. Most of these studies sug-
gest that mothers with more potent autologous
NAbs are less likely to transmit to the infant
than mothers with low autologous NAb levels
(Scarlatti et al. 1993a,b; Kliks et al. 1994; Dick-
over et al. 2006). However, the results of studies
of the effect of maternal NAb on transmission
have reached divergent conclusions as to
whether NAbs are important during all stages
of mother-to-child transmission (in utero,
intrapartum, and breastfeeding); for example,
one study suggested a protective effect of NAb
only for intrapartum transmission (Barin
et al. 2006; Samleerat et al. 2009), whereas two
others suggest NAb protection only in utero
transmission (Dickover et al. 2006). Moreover,
some studies have reported no association of
maternal NAbs and infant infection (Husson
et al. 1995; Hengel et al. 1998). These divergent
findings could reflect methodological differ-
ences, such as the relative timing of the NAb
and viruses studied, which is critical given the
rapid evolution of both virus and antibody
responses (Burton et al. 2005), whether the
study examined autologous or heterologous
responses and the assays used, as well as the
sample size of the study, which in the earliest
studies was typically small. However, to date,
no specific study design differences have been
identified to explain these variable findings.
Although most of the larger studies do show
a positive association between maternal antibod-
ies and protection from HIV-1 infection in the

infant, this remains a critical issue to resolve
tully.

In MTCT, as in other modes of HIV-1 infec-
tion, only one or a few HIV-1 variants are trans-
mitted (reviewed in Sagar 2010 and discussed
more fully in Shaw and Hunter 2011). However,
there are interesting differences in neutraliza-
tion sensitivity among viruses transmitted sexu-
ally compared to vertically. One detailed study
of sexually transmitted viruses suggested that
they are generally more neutralization sensitive
compared to the population of viruses in the
source partner (Derdeyn et al. 2004). In sexual
transmission, immune selection pressure is
not expected to play a role because HIV-1-
specific NAD is not likely to be present in the
exposed individual, which is in contrast to the
setting of MTCT. Similar studies of individual
variants isolated from mother-infant transmis-
sion pairs showed that the transmitted variants
tended to be among the more neutralization-
resistant viruses compared to the maternal
viruses (Wu et al. 2006; Zhang et al. 2010).
Although antibodies present in some trans-
mitting mothers did neutralize the variants
transmitted to their infants, the most highly
neutralization-sensitive maternal variants were
generally not transmitted (Wu et al. 2006;
Zhang et al. 2010). Thus, the studies of MTCT
support the notion that there may be some level
of NAb protection, at least against the most
neutralization-sensitive viruses, raising the
possibility that higher levels of broadly cross-
reactive NAb than those present in natural
infection could prevent infection by more
diverse variants.

There have also been studies suggesting a
protective effect of NAbs in highly HIV-1-
exposed, uninfected individuals (Hirbod et al.
2008; Hasselrot et al. 2009). These studies,
although intriguing, remain controversial be-
cause there is limited precedent to suggest that
antibodies are elicited by exposure in the
absence of viral infection. However, the more
frequent detection of this HIV-1-neutralizing
activity from exposed uninfected population
compared to controls has now been shown in
several cohorts (Hirbod et al. 2008; Hasselrot
et al. 2009). The activity was detected in the
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IgA antibody fraction, but the nature of this
neutralizing activity remains to be defined.

IDENTIFICATION AND
CHARACTERIZATION OF
MONOCLONAL ANTIBODIES

HIV-1-specific monoclonal antibodies (MADbs)
have been exceptionally useful reagents for
characterizing neutralization-sensitive targets
on the HIV-1 envelope glycoproteins and for
revealing the structural dimensions of this com-
plex heterotrimer. One of the first MAbs to be
extensively used for this purpose was IgG1b12,
which was isolated in 1994 and targets the
CD4 binding site (CD4bs). The CD4bs repre-
sents one of the most attractive targets for
vaccine-induced immune responses because it
is a highly conserved site present on all HIV-1
genetic subtypes as a result of the absolute
requirement for engaging the CD4 molecule
to gain entry into human cells. Recently,
VRCO1, which is a considerably more potent
anti-CD4bs MADb, has provided additional
insights into the nature of this epitope (for
additional information see Kwong et al. 2011).
A cluster of new antibodies have helped to
define a highly structural epitope present only
on the trimeric envelope that includes con-
served regions of both V2 and V3. The first
identified MADb directed to this target, MAb
2090, was type-specific and neutralized only
SF162 because this isolate carries an unusual
lysine at position 160 in V2 (Honnen et al.
2007). PG9/16 isolated from a subtype A
chronically infected individual with exceptional
plasma neutralization breadth binds the more
common N160 variant and are hence more
broadly cross-reactive (Walker et al. 2009).
These types of antibodies have been isolated
from other individuals with breadth (Bon-
signori et al. 2010), and additional antibodies
with different fine specificities await isolation
(Tomaras et al. 2010; Gray et al. 2011). The
2G12 MAD, which was isolated in 1996 (Trkola
et al. 1996), focused attention on glycans. The
recent discovery of new MAbs that target the
glycan at position 332 and compete with
2G12, but display more breadth and potency

The Antibody Response against HIV-1

than 2G12, suggests that interest in this poten-
tial target is likely to increase (Walker et al.
2010). MAbs against the gp41 and the MPER
have also recently been described and all define
new epitopes in this region (Corti et al. 2010;
Sabin et al. 2010; Zhu et al. 2010; L Morris
and S Chen, submitted). One of the interesting
aspects of this new era in MAb isolation is that
all studies have isolated multiple highly mutated
clonally related antibodies (Scheid et al. 2009;
Walker et al. 2009; Bonsignori et al. 2010; Wu
et al. 2010), underscoring the importance of
the affinity maturation process that takes place
in the development of antienvelope Abs.

A few studies have shown a skewed germline
gene usage among HIV-1 MAbs. Those that tar-
get CD4i frequently use the 1-69 variable heavy
chain gene family (V31-69) (Huang et al. 2004).
It has been proposed that the two hydrophobic
residues at the tip of the CDR-H2 loop in the
Vy1-69 germline genes allows the Ab to access
hydrophobic recessed pockets such as the
CD¢4i epitope and the MPER. In contrast, anti-
V3 MADs appear to preferentially use the Vi;5-
51 germline gene (Gorny et al. 2009). These
studies suggest that particular epitopes select
for certain characteristics in the antibody-
binding site that might only be provided by
certain germlines. More studies with additional
MADs are needed to determine the full extent
of this and whether vaccination strategies will
need to select for B cells bearing specific immu-
noglobulin genes.

NONNEUTRALIZING ANTIBODIES

There is renewed interest in the potential role
of nonneutralizing antibodies in control of
HIV-1 infection. An important mechanism
by which nonneutralizing antibody can clear
virus is to bind to infected cells and recruit
activated effector cells, which in turn induce
cytolysis or apoptosis of infected cells. Anti-
body-dependent cellular cytotoxicity (ADCC)
is the result of the formation of a complex
between the IgG Fab portion of the antibody
with the viral protein on the cell surface and
binding of the Fc portion to the Fc receptors
(FcyRs), on effector cells (see Fig. 1B). Potential
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effector cells include NK cells, macrophages,
dendritic cells, yd T-cells, and neutrophils. In
addition to causing cytolysis of the infected
cell (Kagi et al. 1994), binding to the Fcy recep-
tors can lead to release of antiviral cytokines
(Berke 1995; Russell and Ley 2002), depending
on the nature of the receptor. Thus, Fc receptor-
mediated antibody activities can inhibit virus
spread in multiple ways, and it can be measured
as either a cytotoxic effect on infected cells (e.g.,
ADCC) or as virus inhibition (antibody-de-
pendent cell-mediated virus inhibition, ADCVI),
which measures not only virus reduction be-
cause of cell killing, but also virus inhibition
by antiviral cytokines and other secondary
factors (Fig. 1B). ADCVI may reduce the spread
of both cell-free and cell-associated virus.
There is some evidence from vaccine studies
in both humans and nonhuman primate model
systems that nonneutralizing antibodies may
afford some protection from infection. In hu-
man vaccine studies, a correlation was observed
between both antibody binding activity and
ADCVI antibody activity and the incidence of
HIV-1 infection in vaccine recipients in the Vax-
gen Phase III efficacy trial (Gilbert et al. 2005;
Forthal et al. 2007a). One important caveat to
this finding is that there was no overall protec-
tive vaccine effect of the vaccine. However,
several vaccine challenge studies in rhesus ma-
caques have shown that ADDC/ADCVI activity
correlates with reduced viral load postchallenge
(Banks et al. 2002; Gomez-Roman et al. 2005;
Florese et al. 2009; Hidajat et al. 2009; Xiao
et al. 2010). Perhaps the most compelling evi-
dence for a protective role for antibodies that
work through ADCC/ADCVI comes from pas-
sive immunization showing that a HIV-specific
MADb engineered with decreased FcyR binding
potential provided only partial protection com-
pared to the original MAb, despite having sim-
ilar neutralizing activity against the challenge
virus (Hessell et al. 2007). These studies sug-
gested that FcyR function is important in the
protective effect of the MADb tested (IgG1b12),
perhaps by reducing cell—cell virus spread.
Studies of the role of Fc receptor-mediated
antibody activities in HIV-1 disease progression
have been relatively few compared to studies of

NAbs and CD8 T cell responses. Antibodies
capable of ADCC/ADCVI have been detected
early in infection, and a higher magnitude of
Fc-mediated NK cell responses early correlated
with lower set-point viral load (Connick et al.
1996; Forthal et al. 2001a,b); however, long-
term follow-up was not available to determine
associations with clinical outcome. Additional
indirect support for a specific role of ADCC/
ADCVI in HIV-1 pathogenesis comes from
studies of host genes that encode the Fc receptor
proteins. Mutations in FcR impact IgG subclass
binding affinity to the receptor, and thus may
modulate ADCC/ADCVI responses. FcyRIla
genotype has been associated with the rate of
CD4" cell count decline in infected adults
(Forthal et al. 2007b). FcyRIla genotype in
infants has also been linked with risk of infec-
tion, suggesting that Fc receptor interactions
with passively acquired HIV-1-specific antibod-
ies could be playing a role in infant infection
(Brouwer et al. 2004). However, to date, there
have been no studies demonstrating an associa-
tion between ADCC/ADCVI in infants and
their risk of HIV-1 acquisition.

CONCLUSION

There have been significant advances in the last
few years that have renewed enthusiasm in the
field and provided new insights into the nature
of neutralizing antibodies. The finding that
low doses of neutralizing MAbs at levels close
to those found in natural infection can pro-
tect against neutralization-sensitive challenge
strains via the mucosal route in monkeys (Hes-
sell et al. 2009) may provide clues to the amount
and specificity of antibody needed for protec-
tion. The virus targets are also becoming more
extensively characterized; many studies have
shown that transmission is mediated in most
cases by just one or a few viral particles (Mc-
Nearney et al. 1992; Wolinsky et al. 1992; Zhang
et al. 1993; Zhu et al. 1993; Poss et al. 1995;
Long et al. 2000; Sagar et al. 2003, 2004, 2006;
Derdeyn et al. 2004; Keele et al. 2008 and
many subsequent references) and transmitted
viruses tend to be less glycosylated (Derdeyn
et al. 2004; Chohan et al. 2005). In addition,
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the flurry of new MAbs isolated because of
significant improvements in cohort charac-
terization and antibody mapping methods,
high-throughput neutralization screening and
technological advances in immunoglobulin
gene rescue have identified new targets on the
HIV-1 envelope vulnerable to antibody attack
with the promise of more to come. A number
of studies on passive immunotherapy with these
new more potent MAbs are being planned to
test whether these antibodies can prevent infec-
tion in humans. Most human vaccine trials that
focused on envelope immunogens have so far
been disappointing in terms of NADb induction.
However, the modest protection observed in the
vaccine efficacy trial of ALVAC and AIDSVAX in
Thailand (Rerks-Ngarm et al. 2009, and see
O’Connell et al. 2011), using immunogens
that do not elicit strong NAbs or T cell re-
sponses, has also renewed interest in examining
other functions of antibodies. These activities
include ADCC and ADVCI, as discussed above,
as well as antibodies that prevent transcytosis
across epithelial barriers (Shen et al. 2010) or
mediate complement activation (Huber et al.
2006). The potential role of HIV-1-specific
antibodies at mucosal sites in protection is
poorly understood and is likely to be a topic
of future studies. More basic research is needed
into the full array of antibody-mediated effector
functions in both infected populations as well as
in ongoing vaccine trials in humans to deter-
mine the role of antibodies in protection.
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