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Abstract
Purpose of review—The humoral immune response to HIV-1 throughout infection is
comprised of complex mixtures of antibody isotypes with numerous HIV-1 specificities. However,
unlike antibody responses to most infections, protective antibody responses are delayed and do not
arise until long after HIV-1 latency is established. We review recent data on HIV-1-specific
antibody isotypes induced following HIV-1 transmission: to understand the effects of HIV-1 on B
cell and T cell effector responses, to understand the timing of the rise and fall of different anti-
HIV-1 antibodies and to understand how antibodies could contribute to protective immunity if
they were either pre-existing or elicited immediately after HIV-1 transmission.

Recent findings—Studies of the earliest events following infection by the transmitted/founder
virus have recently revealed that early destruction of B cell generative microenvironments may be
responsible for delay of potentially protective anti-HIV-1 antibody responses. Unlike the initial
CD8+ T cell response to HIV-1, the initial induced antibody response is usually ineffective in
controlling virus replication during acute HIV-1 infection.

Summary—The antibody isotypes and specificities elicited during HIV-1 infection can provide a
window into deciphering the detrimental effects of HIV-1 on B cell and T cell responses.
Additionally, further characterization of the virus inhibitory capabilities of anti-HIV-1 antibody
isotypes can define the spectrum of potential protective HIV-1 antibodies that could be readily
elicited by experimental vaccines and adjuvants.
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Introduction
HIV-1 infection elicits antibody responses of multiple isotypes to proteins encoded by HIV
env, gag and pol genes. The isotypes of free antibodies to HIV-1 can be unswitched
antibody, IgM, and class-switched antibody isotypes; IgG, IgA, and IgE. In humans, IgG has
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four subclasses: IgG1, IgG2, IgG3, and IgG4, and IgA has two subclasses: IgA1 and IgA2.
Each antibody isotype and subclass may be involved in production of a range of specificities
to HIV-1 proteins (i.e. Env, Gag, Tat, Nef, integrase, and reverse transcriptase). The Fab
portion of antibody determines the antigen-binding specificity and antibody Fc portion
mediates complement component binding and a myriad of Fc receptor-mediated anti-HIV-1
activities of natural killer (NK) cells and monocyte/macrophages (reviewed in [1]).
Consequently, antibody isotypes generated during infection determine antibody effector
function capabilities (e.g. complement fixation, Fc receptor binding) of the antibodies and
represent the specific adaptive humoral response to HIV-1. The functional antiviral
capabilities of the humoral response are for the most part limited to antibodies that target
envelope. However, levels of antibodies to structural proteins, such as anti-Gag Abs, that do
not have known direct antiviral activity, can be indicative of an active T helper cell response
[2].

Initial antibody responses to the transmitted/founder HIV-1
Recent studies using single-genome amplification of viral genes coupled with mathematical
modeling of the dynamics of HIV-1 evolution have determined that HIV-1 infection by
clade B and C viruses is caused by a single quasispecies in approximately 80% of patients
[3,4]. The earliest phases of HIV-1 infection during the time following transmission have
been defined by stages I–VI by Fiebig et al. [5]. In addition to the detection of p24 protein
and viral RNA, the antibody responses to the proteins from the env, gag, and pol genes can
mark progression through the early acute phase. The initial free antibodies to HIV-1 are anti-
gp41 IgM antibodies, followed by class switching to IgG and IgA antibodies [6]. IgG
antibodies to Gag appear at a median time of 18 days (p24, p55) and 33 days (p17)
following detectable plasma vRNA. Antibodies to p31 (integrase) are elicited at a median
time of 53 days. Antibodies directed to the HIV-1 Env appear in a sequential order (Fig. 1)
with anti-gp41 appearing first, predominantly to the immundominant epitope. The initial
binding antibody response to gp120 is delayed and appears at 28 days after detectable vRNA
compared to the median time to gp41 antibodies of 13 days. For the clade B patients studied,
the epitope to which the initial gp120 antibodies target is V3; and these first antibodies
(within 40 days from detectable viremia) are non-neutralizing [6] but are closely followed
by weakly neutralizing V3 antibodies for heterologous tier 1 HIV-1 isolates [10•].
Mathematical modeling of the early HIV-1-specific IgM and IgG antibody responses
indicated that these antibodies generally do not control virus replication in most patients and
are not responsible for the initial decline in plasma viral load [6]. Moreover, the antibodies
elicited during the first 40 days after detectable plasma viremia did not inhibit virus in
standard TZM-bl neutralization assays and did not mediate antibody-dependent cell-
mediated virus inhibition (ADCVI) [6]. Among the first neutralizing antibodies to
eventually appear during acute infection are predominately variable region-directed
antibodies that are detected at approximately 13 weeks’ postinfection in acute clade B-
infected patients and at 3–8 weeks’ post-infection for clade C-infected patients [10•]. Most
autologous neutralizing antibodies identified thus far have been against variable Env regions
[11–14].

The timing of onset of antibody responses following transmission is delayed in HIV-1
infection compared with other infections. In experimental immunization of uninfected
volunteers with ΦX174 bacteriophage, the onset of a measurable neutralizing response is 4
days [15]. Similarly in mice, the onset of an IgM-neutralizing antibody response to vesicular
stomatitis virus (VSV) is 4 days [16]. As noted above, the autologous neutralizing antibody
response to HIV-1 does not appear until approximately 12 weeks after transmission. Thus, if
local and systemic production of autologous neutralizing antibodies could be induced before
transmission and/or primed to arise within 4–7 days following transmission, the initial
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antibody response to HIV-1 may be able to control replication of the transmitted/founder
virus. Finally, recent studies of B cells from the gut during early HIV-1 infection suggest
induction of class-switched polyclonally activated B cells soon after infection [17••].

Antibody isotypes in broadly neutralizing sera in chronic infection
Recent work has defined antibody specificities and types in plasma/sera and correlated these
with the presence of neutralizing antibodies and their breadth. A recent study [18••]
examined the distribution of Env-specific IgG1, IgG2, IgG3, IgG4, IgA, and IgM in chronic
HIV-1 patients with neutralization breadth. The HIV-1-specific antienvelope response
circulating in plasma was predominantly IgG1, supporting the notion that at the chronic
stages of HIV-1 infection, the T helper responses were skewed to Th2. IgG2, IgG3, IgG4,
and IgM were detected less often, but when IgG2 or IgG3 were detected they were not
detected together, indicating that these responses may be differentially regulated [18••]. In
addition, HIV-specific IgA responses were also prominent in these HIV-1 patients with
broadly neutralizing sera, although among all anti-HIV-1 immunoglobulin isotypes, the
IgG1 concentration was the most prevalent.

We identified one patient with broadly neutralizing antibodies targeting the gp41 envelope
membrane proximal external region (MPER) and the antibody isotype of the affinity-
purified antibody with neutralization breadth was IgG1 [19]. Immunoglobulin isotype data
of the nature of broadly neutralizing antibodies will be required to determine if the different
antienvelope IgG subclasses correlate with particular specificities of broad neutralizing
antibodies (i.e. MPER, CD4bs).

Regulation of class switching
The classical route for exogenous antigens to stimulate B cells to undergo immunoglobulin
class switching occurs in the lymph nodes. The properties of the infectious agent antigen,
such as size, ability to activate complement, ability to bind to antigen-presenting cell
receptors and/or form immune complexes can all influence B cell immunoglobulin class
switching. Epithelial cells in mucosal tissue reacting to inflammatory signals produce B-cell
activating factor, BAFF, and IL-10, which can also activate naïve B cells to undergo class
switch recombination (reviewed in [20••]). Moreover, gp120 carbohydrates can bind to C-
type mannose receptors on B cells and induce activation-induced cytidine deaminase (AID)
and immunoglobulin class switching [21]. This type of HIV-1 envelope interaction may be
responsible for a component of the polyclonal B cell activation and class switching seen in
early HIV-1 infection [17••]. Moreover, carbohydrate on Env can interact with mannose
receptors on dendritic cells resulting in immunosuppressive responses [22]. It remains to be
determined whether induction of mucosal production of locally class switched and
protective anti-HIV-1-specific IgG and IgA can be induced by various vaccine strategies.

HIV-1-specific IgG subclass responses
IgG1

In both acute and chronic HIV infection, anti-Env antibodies are predominantly IgG1 [23–
28] and of the IgG subclasses, IgG1 has the broadest response to Env, Gag, and Pol proteins
[29]. Importantly, HIV-1 Env-specific IgG1 antibodies can mediate antiviral functions.
HIV-1-specific IgG1 can bind to FcR and mediate antibody-dependent cellular cytotoxicity
(ADCC) of HIV-1-infected cells [30]. Additionally, a recent report using TZM-bl cells
expressing four major human Fc receptors showed that the strongest effect of gp41 MPER-
specific antibodies was in the context of the IgG1 subclass [31•].
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A recent study that characterized the IgG subclasses and IgA antibodies in HIV-2
heterosexual transmission found an inverse association between anti-Env C2C3 IgG and
CD4+ T cells [32]. They hypothesized that because the C2V3C3 region of the HIV-2
envelope has immunosuppressive properties, the antibodies that target this region decrease
its immunosuppressive properties leading to immune activation and CD4 loss. Similar to
HIV-1, the predominant IgG subclass response to HIV-2 is IgG1; however, IgG3 was also
found in significant concentrations.

IgG2
Anti-Env IgG2 can be detected at various stages throughout HIV-1 infection [33,34•];
however, the level of anti-Env IgG2 is low compared with the other subclasses [23–25].
Classically, IgG2 antibodies tend to be elicited to carbohydrate moieties. Although a rare
human broadly neutralizing antibody, 2G12 mAb, binds to high mannose residues on HIV-1
Env [35], the heavily glycosylated HIV-1 envelope fails to routinely elicit anti-carbohydrate
neutralizing antibodies [36]. Interestingly the lack of anti-gp41 Env IgG2 antibodies was
associated with progression to AIDS [37]. In addition, the presence of anti-Env IgG2
antibodies in long-term nonprogressors was concluded to be a correlate of virus control and
T cell help [38] suggesting a salutary effect of a vaccine if anti-HIV-1 Env IgG2 antibodies
could be induced.

IgG3
Although anti-Env plasma antibodies have been described to be predominantly IgG1, anti-
Env IgG3 is the second most predominant IgG subclass [39]. IgG3 can have greater in-vitro
neutralizing ability compared with IgG1 potentially due to an enhanced flexibility of the
immunoglobulin hinge region [40]. In accordance with finding different subclass
predominance for Env and Gag, differential regulation of anti-Env and anti-Gag antibodies
has been described [2]. Anti-Gag IgG3 antibodies (in particular anti-p17) are found more
frequently in early infection [23–25,30]. Furthermore, anti-Gag IgG3 appears early in acute
infection and then declines [29] (Tomaras GD, Yates NL, Haynes BF, unpublished data).
Several studies found a decrease in anti-HIV IgG3 during disease progression [24,30].
Additionally, in one study [41], more total IgG3 was found in HIV patients with high viral
loads and major B cell dysfunction, than HIV-1-negative patients, suggesting that at
different stages of HIV-1 infection, the level of antibody isotypes may reflect immune
perturbations.

IgG4
IgG4 antibody responses are typically a predominant response to chronic antigenic
stimulation, such as in the setting of chronic parasite exposure. HIV-1-specific IgG4
responses have been found in a few studies either in patients in a parasite endemic area, [42]
or in haemophiliac patients [43] and plasma donors (Tomaras GD, Haynes BF, unpublished
data) in whom repeated antigen exposure was likely. Furthermore, HIV-1-specific IgG4 was
found more readily in chronically HIV-1-infected patients [26,30].

IgA
HIV-1 is transmitted predominately through mucosal surfaces; thus understanding mucosal
antibody responses is important for the development of effective preventive strategies.
HIV-1 can cross the epithelial cell barriers through movement of virions through
intracellular junctions (Thomas Hope, personal communication). HIV-1-specific antibodies
that can bind virions may be able to prevent HIV-1 transmission via traditional
neutralization, virion aggregation, or inhibition of viral movement across epithelial barriers
[44]. Mucosal HIV-1-specific antibodies have been shown to inhibit the transcytosis route of
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HIV-1 migration through epithelial cells [45,46]. Moreover, functional antibodies that
inhibit HIV-1 via Fc receptor-mediated functions such as ADCC can be found in
cervicovaginal fluids [47], raising the notion that these binding antibodies may be a
component of a protective anti-HIV-1 antibody response.

Evidence for the potential protective role of mucosal antibodies comes from studies in which
the presence of HIV-1-specific IgA potentially correlated with protection [48]. Neutralizing
IgA of unknown specificity has been found in genital secretions from high-risk HIV-1-
uninfected sex workers and correlated with subsequent protection from HIV-1 acquisition
[49,50•]. Another recent study examined HIV-1-specific cervical IgA in commercial sex
workers and found that these antibodies were not neutralizing but did correlate with the
number of HIV-1 exposures [51]. HIV-specific IgA can also be detected in saliva and a
recent study has found specificities for the V1/V2 region of the HIV-1 envelope that could
neutralize primary virus isolates from clades A, B, and C [52]. It remains an open question
as to whether mucosal vaccination will be required to induce protective antibody responses
at mucosal surfaces.

Binding antibodies and virus clearance
In addition to Fab binding, effector functions of antibodies can depend on the interaction of
antibodies with Fc receptors on B cells, NK cells, dendritic cells, neutrophils, and monocyte
macrophages. Part of the functional role of antibodies depends on the engagement of Fc
receptors [FcγRI (CD64), FcγRIIa/b (CD32), and FcγRIIIa (CD16)] on the surface of
effector cells [53]. ADCC occurs when HIV-1-specific antibodies, predominately IgG1 and
IgG3, bind to their antigens presented on the surface of infected cells. FcR on NK cells can
then target these antibodies and direct the cytotoxic activities of the effector NK cells.
Binding antibodies can also act directly on the HIV-1 virion through opsonization – a
classical antibody effector function. FcR on the surface of monocyte macrophages and
neutrophils can bind to the constant region of immunoglobulin molecules, and this binding
can be modulated by immunoglobulin Fc glycosylation [54]. If anti-HIV-1 immunoglobulin
molecules are bound to virions and multiple FcR are engaged, then immunoglobulin cross-
linking occurs resulting in phagocytosis of HIV-1. In addition to phagocytosis, antibody Fc-
mediated activities leading to complement deposition on the virion can lead to direct
virolysis [55], although the virion can bind complement components directly in the absence
of antibody [56]. Moreover, complement coated virions can be more efficiently transferred
to follicular dendritic cells and CD21+ B cells (reviewed in [57••]). A recent study has
demonstrated disruption of FDC networks in the generative microenvironments in early
HIV-1 infection with loss of approximately 50% of Peyer’s patch germinal centers within
the first 80 days of HIV-1 infection [17••]. Many questions remain regarding the role of
binding antibodies (i.e. opsonization, ADCC, aggregation, and inhibition of cell-to-cell
transmission) in controlling versus facilitating HIV-1 replication and infection in vivo.
However, FcR genotype was reported to predict progression perhaps due to the roles of FcR
in clearance of immune complexes [58]. An ultimate test of protective function is the
passive transfer of binding antibodies (with specific antiviral activities) to naïve animals to
determine if the animals are protected from virus challenge or SIV/SHIV-induced disease.
Antibody-dependent cell-mediated virus inhibition has already been shown to be an
important effector mechanism in a passive protection study in nonhuman primates [59].
Further analyses on potential correlations between binding antibodies with diverse antiviral
functions and protection from HIV-1 in humans are warranted.
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Clinical relevance of isotype distribution
Several studies have found correlations with particular HIV-1-specific antibody isotype
responses and control of infection or long-term nonprogressor status. The predominant
antibody types and specificities that stand out from these analyses are anti-Env IgG2 and
anti-Gag antibodies. Despite total IgG2 antibodies being an abundant isotype after IgG1 in
serum from uninfected individuals, anti-Env IgG2 antibodies are sporadically detected in
chronic HIV-1-positive patient sera at low levels [18••,23–25,33,34•]. Due to studies that
found a correlation between HIV-1-specific (Env or Gag) IgG2 antibodies with virus control
and T cell help [38,60], it is thought that elicitation of a more robust IgG2 response in HIV-1
infection might be of some benefit. However, the function of these IgG2 antibodies is not
clear as IgG2 does not bind complement well and only weakly mediates ADCC. Of note, a
potentially protective IgG2 subclass response has been demonstrated in age-related anti-
measles responses [61]. Studies like the one showing an association between IFN-γ
producing HIV-1-specific CD4 Th1 cells and HIV-1-specific IgG2 antibodies [60] suggest
that knowledge of the antibody isotypes present may provide some insight into the cellular
responses to HIV-1 as well.

Many studies have examined the correlation of anti-Gag antibodies with clinical disease and
have found that these antibodies, although they are non-neutralizing, were associated with a
more delayed disease progression and in some cases decline during AIDS defining illnesses
[62–68], likely due to their presence or affinity being associated with a strong CD4 T helper
response [2,69].

Frequency and timing of induction of IgG1 broad neutralizing antibody
responses

Broadly neutralizing antibodies are not routinely made in HIV-1 infection, and when they
are made, they arise late as highlighted by four recent studies. Scheid et al. [70••] found that
mixtures of anti-gp140 antibodies (albeit at supraphysiologic amounts of antibody
concentrations) in part reconstituted the breadth of neutralizing antibodies found in plasma.
Simek et al. [71] studied over 1200 chronically infected patients and found 1% with extreme
breadth. Shen et al. [19] screened over 300 patients for MPER-neutralizing antibody and
found one patient with a 2F5-mAb-like plasma antibody with neutralization breadth that
arose after the first year of infection. This study and that by Sather et al. [72] demonstrated
that the natural development of broad neutralizing antibodies can take several years to
develop [19,72]. Although elite neutralizers are rare (~1%), a larger proportion (~20–25%)
of HIV-1-infected patients does develop cross-reactive neutralizing antibodies (reviewed in
[73]).

Profound effects on the antibody repertoire by HIV-1 is evident by alterations of the kappa/
lambda (κ/λ) antibody light chain ratios, which were skewed to kappa in the lamina propria
of terminal ileum gut-associated lymphoid tissues (GALTs) in acute and early HIV-1
infection [17••]. This skewing toward an increased use of the kappa (κ) antibody light chain
was also founding p140-specificantibodiesfrom memory B cells in chronic HIV-1
(compared to non-gp140 antibodies and historical controls) [70••,74].

Thus, rapid maturation of an effective antibody response is probably circumvented by the
follicular damage and germinal cell loss occurring soon after HIV-1 infection [17••]. In
addition, there is a profound and rapid cytokine storm [9] in acute HIV-1 infection that
likely contributes to the immunopathology of early infection and the lack of an appropriate
maturing antibody response.
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Conclusion
HIV-1 transmission severely affects the overall B cell response, resulting in an ineffective
antibody response. Although potentially protective antibody types are elicited at much later
times throughout the course of infection, they are ineffective in controlling viral replication
at the time that they develop. Thus, for a vaccine to prevent HIV infection, it will be critical
for some level of the antibody with specificity to the transmitted/founder HIV-1 to be
present prior to transmission and, optimally, with a rapid secondary response arising soon
thereafter. An understanding of all of the potential antibody-mediated effector functions
(e.g. FcR anti-HIV-1 functions) other than classical neutralizing antibodies will probably be
critical in designing an effective HIV-1 vaccine.
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Figure 1. Sequentially elicited IgG antibodies to HIV-1 envelope epitopes
After HIV-1 transmission, antibody isotypes and specificities to the HIV-1 envelope are
elicited sequentially [gp41, gp120, CD4bs, MPER (non-neutralizing), autologous
neutralizing antibodies]. The first free HIV-1-specific antibody detected in the plasma is
anti-gp41 IgM (red line). The immunodominant epitope is one of the known regions in gp41
recognized initially. Anti-gp41 IgM undergoes class switching to IgG and IgA, making gp41
the first protein also recognized by IgG and IgA antibodies. This figure shows the initial IgG
response [6] to gp41 (green), gp120 (purple), CD4bs (dark blue), MPER (non-neutralizing)
(light blue) through the development of autologous neutralizing antibodies (orange line)
[7,8] within the first 3 months from transmission. The dotted line indicates when either
plasma viremia or HIV-1-specific antibody is detectable in plasma. T0 is the time at which
plasma viremia reaches 100 copies/ml [6,9].
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