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Abstract

It is widely accepted that an effective HIV-1 preventative vaccine must elicit antibodies that can
block virus acquisition. Although, anti-HIV-1 broadly neutralizing antibodies (bnAbs) have been
isolated, unfortunately, no vaccine immunogens have been designed that can elicit these bnAbs in
uninfected at-risk individuals. Some studies have suggested that other antibody functionalities,
besides neutralization, such as antibody-dependent cellular cytotoxicity (ADCC), may prevent
HIV-1 acquisition. In contrast to bnAbs, ADCC-inducing antibodies may be more amenable to
elicitation by current vaccine technologies. This review will provide clarity about the role of nAbs
and ADCC-inducing antibodies in preventing transmission, highlight mechanisms that potentially
explain how ADCC-mediating antibodies may work, and speculate about the generation of these
novel protective antibodies. Anti-HIV-1 ADCC-inducing antibodies may provide a new avenue for
developing an effective HIV-1 vaccine.
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INTRODUCTION

Developing an HIV-1 vaccine remains a major public health priority despite the availability
of highly effective ways to prevent acquisition. For instance, antiretrovirals for either an
infectious individual or a person at high risk due to repeated exposure, circumcision, barrier
protection, and needle exchange programs reduce HIV-1 transmission [1, 2]. These
protective modalities, however, may be cost prohibitive, require stable medical
infrastructure, and can fail in the absence of adherence. Thus, developing an HIV-1 vaccine
is likely going to be the most effective way to halt the ongoing epidemic. HIV-1 vaccine
development will require the identification of immune factors that protect against HIV-1
acquisition. In general, all effective vaccines against infectious diseases elicit antibodies [3,
4]. Antibodies against infectious organisms are either of a neutralizing or of a non-
neutralizing variety. Neutralizing antibodies (nAbs) bind to the invading organism,
presumably blocking the early steps required to establish infection [5, 6]. Non-neutralizing
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antibodies likely do not block events such as receptor attachment and fusion necessary for
cell-host entry. Thus, it is generally believed that nAbs are the humoral component
responsible for a vaccine’s ability to provide sterilizing protection [7, 8]. As a result,
extensive effort has been devoted to elicit nAbs against HIV-1 with limited success.

Broadly neutralizing antibodies (bnAbs) have provided a tangible goal for vaccinology

All HIV-1-infected individuals develop antibodies early after virus acquisition, but it is
generally believed that the earliest antibodies cannot inhibit virus replication [9]. Inhibitory
nAbs generally develop more than six weeks after acquisition, and because HIV-1 evolves at
a rapid rate, nAbs primarily block cell entry of previously circulating viruses but not
contemporaneous strains [10-12]. Furthermore, most HIV-1-infected individuals develop
nAbs that are able to block the virus circulating in their own body (termed autologous
variants), but in general, these strain-specific nAbs cannot block viruses isolated from other
individuals (classified as heterologous variants). While the strain-specific antibodies
conclusively demonstrate that HIV-1 can be neutralized, they are of limited value for a
vaccine. Ultimately, vaccine-elicited antibodies will need to block a wide variety of viruses,
not just a small number of specific strains, in the hope of providing sterilizing protection. In
this respect, HIV-1 extensive genetic diversity presents a formidable challenge for any
vaccine that aims to elicit nAbs.

Over the past 5-10 years, numerous bnAbs have been identified which can potently block a
large number of diverse HIV-1 variants [13-19]. BnAbs attach to various HIV-1 envelope
(Env) domains, such as the apex, high mannose patch, CD4 binding site (bs), surface unit
(gp120) — transmembrane (gp41) interface, and gp41 membrane proximal external region
(MPER). Importantly, these Env structures are highly conserved, and thus antibody binding
to these domains confers neutralization breadth against a diverse range of HIV-1 strains.
Unfortunately, to date, no designed immunogens can elicit these bnAbs, and thus innovative
technologies, such as antibody producing virus vectors, are being designed and imagined to
generate these antibodies prior to HIV-1 exposure [20-22].

It has been difficult to elicit bnAbs using standard vaccine approaches. Natural history
studies and investigations that have tracked the generation of nAbs and virus evolution
suggest that bnAbs develop after repeated exposure to a continuously evolving antigen [23—
29]. Indeed, it is generally believed that bnAbs only develop among a small number of
individuals that have high plasma virus level and prolonged duration of infection. A few
infants, however, have developed HIV-1 bnAbs relatively early after virus acquisition,
suggesting that these type of antibodies can develop in some special cases without prolonged
HIV-1 antigen exposure [30]. Repeated exposure to continuously changing strains within an
infected host forces antibody evolution [31, 32]. Some of the highly evolved antibodies
eventually display neutralization breath and potency and are deemed as bnAbs. With this
prolonged evolution, bnAbs have extensive sequence changes compared to the unmutated
ancestor germline sequence [33-35]. This somatic hypermutation is one of the greatest
barriers to eliciting bnAbs through standard vaccine approaches. Current vaccine efforts are
contemplating using multiple sequential exposures to different HIV envelope antigens over
time to elicit antibodies that harbor extensive somatic hypermutation [36, 37]. It remains
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uncertain if this vaccine strategy or the use of highly specific envelope antigens will yield
broadly potent antibodies.

antibodies may not provide protection against HIV-1 acquisition

Animal models have clearly demonstrated that passive infusion of nAbs, especially bnAbs,
prior to virus exposure prevent infection against cell-free virus challenge [38-53]. These
highly conclusive results from various different animal models using high and low dose
parenteral, vaginal, rectal and/or oral challenge, however, do not automatically imply that
even if bnAbs could be successfully elicited in individuals at risk for acquiring HIV-1, the
nAbs would impart sterilizing protection. There are a number of differences among animal
models and human HIV-1 acquisition that, at a minimum, suggest animal model results may
not be perfectly predictive for human modes of HIV-1 acquisition.

Laboratory-based challenge models mostly utilize cell-free virus but human infectious
material, such as genital secretions, breast milk, and blood, contain infected cells with
infectious virus [54-58]. Studies from our group and others suggest that nAbs, even bnAbs,
are relatively inefficient in preventing virus transfer from infected cells to naive targets [59-
62]. For instance, the CD4bs bnAb, VRCO01 demonstrates excellent efficacy in preventing
virus acquisition in animal models, but it is relatively poor at preventing virus transfer from
a virus-bearing cell to a naive target (Figure 1). On the other hand, PGT121 demonstrates
equivalent inhibition efficacy against all modes of virus transfer (Figure 1). Interestingly,
passive infusion of a potent bnAb (PGT121) only showed partial efficacy in protecting
animals from challenge with cell-associated infectious virus even though it is highly
efficacious against cell-free virus [58]. Animal-based transmission studies also, invariably,
use challenge strains that are sensitive to the passively infused antibody under investigation.
In humans, however, it is quite possible that individuals may be exposed to viruses that are
resistant to the antibodies present during exposure. Furthermore, antibodies are often present
at supraphysiologic levels, especially at the time of virus challenge, in pre-exposure passive
infusion animal models. Among at risk individuals, nAbs titers may be inadequate to
neutralize incoming virus inoculum. These important caveats raise the possibility that HIV-1
transmission, as opposed to virus acquisition in animal challenge models, may occur even in
the presence of bnAbs.

As stated, to date no vaccine immunogen has elicited bnAbs, and thus, it has not been
possible to test the ability of bnAbs to prevent human HIV-1 acquisition. Clinical trials are
underway examining the safety and efficacy of a passively infused bnAb (VRCO01) in
reducing HIV-1 acquisition among at-risk individuals (National Clinical Trial (NCT)
02568215 and NCT02716675). In the absence of these results, mother to child transmission
(MTCT) cohorts present an ideal way to examine the role of nAbs in preventing HIV-1
transmission (Figure 2). Infected mothers harbor antibodies against their autologous virus,
and they can pass these antibodies to their infant during both gestation and breast feeding.
Even though infants are consistently exposed to their mother’s virus during gestation and
breast feeding, in the absence of antiretroviral therapy, only around 30% of babies eventually
become infected [63-67]. Although, diverse factors, such as maternal virus levels, human
leukocyte antigen concordance, and localized mammary gland inflammation, influence the
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likelihood of virus transmission, maternal antibodies circulating in the mother and infant
may also protect against HIV-1 transmission [55, 67—76]. Thus, MTCT cohorts may be ideal
to examine the role of antibodies during HIV-1 acquisition because the exposed infants
harbor maternal antibodies prior to infection, infants are definitively exposed to their
mother’s virus, infant samples are available around the time of transmission, and there are
relatively high transmission rates in the absence of antiretroviral therapy [77].

Interestingly, examinations of MTCT cohorts have often failed to confirm the animal
challenge model findings. We and others have shown that exposed infants harbor HIV-1-
directed nAbs prior to infection and during exposure [78, 79]. In some instances, they often
have broad and potent humoral responses similar to those observed with passive bnAb
infusions in animal challenge models. Multiple studies, including ours, have clearly shown,
however, that this nAb breadth and potency does not correlate with protection against HIV-1
MTCT [78-84]. Indeed, we have shown that infected mothers with broad and potent nAbs
are more likely to transmit the virus to their infants (Figure 2). Surprisingly, infants born to
mothers with relatively broad and potent neutralization responses were more likely to have
serious adverse outcomes, such as death, meningitis, or pneumonia. In aggregate, human
transmission studies, using perhaps the best available methodology at this time, have failed
to conclusively confirm findings from animal or /n-vitro models that pre-existing broad and
potent neutralization response will prevent virus acquisition. The reasons for this
discrepancy between animal models and natural history human cohorts remain uncertain; the
presence of infected cells, neutralization-resistant virus, and inadequate antibody levels
during the entire exposure period are some potential explanations.

Other antibody functionalities may prevent transmission

In addition to MTCT cohorts, the one and only HIV-1 vaccine trial that demonstrated modest
efficacy also showed that protection was not correlated with the nAb titers or cytotoxic
CD8+ T cell responses [85, 86]. Surprisingly, protection was directly correlated with
envelope variable loop 1 and 2 (V1-V2)-directed binding antibodies. In addition, vaccinees
that resisted infection had lower IgA antibody levels compared to vaccinated individuals that
were eventually infected. These results led to the hypothesis that antibodies with the ability
to elicit effector functions, such as antibody-dependent cellular cytotoxicity (ADCC),
antibody-dependent cellular viral inhibition (ADCVI), or complement deposition protected
against HIV-1 acquisition. Furthermore, it was hypothesized that increased IgA antibody
levels interfered with these effector functions, which accounted for the observed inverse
correlation. Further comparisons have been done among vaccine recipients in this trial
(RV144) compared to enrollees in a vaccine study that failed to show any protection
(VAXO003) [87, 88]. These comparisons were done to examine differences in antibody
functionality that potentially correlated with protection. Importantly, these 2 clinical trials
(RV144 and VVAX003) used the same envelope immunogen boost although there were
differences in the inoculation schedule and vector used to initially prime the immune
response [86, 89]. Comparison of these studies showed that the RV144 as opposed to the
VAX003 vaccine regimen elicited higher 1gG3 antibody responses; 1gG3 as opposed to other
IgG antibody subclasses have been associated with an enhanced ability to induce effector
cell function [90, 91]. Indeed, the subsequent comparisons showed that these 1gG3
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differences correlated with ADCC differences, which potentially accounts for the difference
in vaccine efficacy among the 2 clinical trials. MTCT studies have also shown that infected
mothers with high ADCC or specific polymorphisms in the receptors that bind to the
antibody Fc segment and subsequently induce effector cell function, such as ADCC, are less
likely to transmit HIV-1 to their infants [92-95]. Surprisingly, in direct contrast to nAbs,
higher levels of ADCC responses have been associated with improved survival among
infants born to HIV-1-infected mothers [93]. Greater ADCC has also been linked to
protection from heterosexual transmission among discordant couples [96]. In aggregate,
these studies imply that antibody functionalities other than neutralization, such as 1gG3-
mediated ADCC, potentially provide protection against HI\V-1 acquisition.

The role of ADCC responses remains controversial primarily because lab-based models have
failed to validate that passive immunization with non-neutralizing monoclonal or polyclonal
antibodies that medicate effector functions like ADCC provide protection [97-102].
However, the data from lab-based challenge models do not imply that ADCC is not
important, as both neutralization and effector cell functions are needed for sterilizing
protection and virus clearance [38, 39, 43, 50, 103, 104]. Nabs capable of engaging specific
FcRs are significantly better at protecting against virus challenge and preventing the
establishment of a systemic infection compared to nAbs that lack this function. Interestingly,
it has been argued that the most broad and potent bnAbs may not require Fc functionality to
prevent an infection from being established in animal challenge models [105]. Collectively,
human and animal studies suggest that other antibody functions beyond neutralization,
although likely in conjunction with neutralization, are important correlates of protection.
Indeed, the most successful vaccine strategy to date, RV144, elicited antibodies that
mediated effector cell function, but not necessarily broad and potent neutralization.
Importantly, this suggests that protective antibodies may be relatively easier to elicit
compared to generating bnAbs.

ADCC-inducing antibodies may work by eliminating cells with infectious virus

Antibodies with effector cell function may prevent transmission by eliminating cells with
infectious virus from both the transmission source and the exposed individual [104, 106,
107]. Indeed, non-human primate models have suggested that some bnAbs prevent systemic
infection in challenged animals by clearing infected cells present far from the site of
inoculation [43]. Furthermore, frequency of MTCT has been positively correlated with
quantity of HIV-1 DNA in breast milk cells [55, 57], which implies that transmission
potentially occurs from infected cells. ADCC responses can recognize non-self cells
implying that pre-existing antibodies could help eliminate incoming cells with infectious
virus [108]. It should be noted, however, that the majority of infected cells in viremic
individuals contain defective genomes, and these cells are unable to generate replication-
competent transmissible virus [109, 110]. The number of cells with infectious virus cannot
be estimated merely by quantifying total HI\V-1 DNA and the association between the
number of cells with infectious virus and transmission frequency has not been studied. An
observed association may provide a mechanistic understanding for the association between
ADCC and protection.
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Novel methods are needed to adequately assess the role of ADCC during human HIV-1
transmission

ADCC as opposed to nAbs have not been adequately examined as a correlate of protection
in human natural history cohorts primarily due to assay limitations. For instance, studies
have not examined ADCC responses against variants present in the infected mother (the
exposure strain) among transmitting and non-transmitting HIV-1-infected mothers or their
HIV-1 exposed uninfected (HEU) or eventually infected infants. This investigation would
highlight if ADCC responses against autologous strains influences transmission.
Furthermore, studies have not adequately examined ADCC capacity against a diverse range
of heterologous HIV-1 variants. Documenting ADCC breadth and potency differences
among transmitting versus non-transmitting mothers and among HEU versus infected infants
would suggest that heterologous ADCC responses impact subsequent transmission. The
groups highlighted above have been compared for neutralization responses against HIV-1
primarily because of the availability of a reliable high throughput neutralization assay,
namely the TZM-bl cell method.

ADCC investigations have primarily examined responses against a single or small number of
heterologous unrelated Envs due to assay limitations [92, 93, 95, 111-115]. Studies have
often used gp120 monomers to coat cells and then subsequently measure ADCC [92, 93, 95,
116, 117]. This method can only be conducted with a restricted number of Envs because
gp120 monomers cannot be generated in a high throughput manner for diverse strains
especially those present in infected mothers. Newer ELISA-based assays can measure
ADCC against diverse viral variants, but the ADCC estimates from these methods are not
based on actual cell killing [118, 119]. Methods that estimate ADCC by either using Env
protein coating a target cell, a non-physiologic condition, or by not directly measuring the
killing of infected cells potentially generate skewed results because of bystander cell effects
[107, 118-121]. Indeed, assays that measure lysis of infected cells have demonstrated that a
non-neutralizing antibody (A32) has no significant ADCC activity, even though other assays
that measure surrogates of NK activity using gp120 pulsed target cells implies that A32 has
broad ADCC function [107, 120, 121]. This may be another potential reason why antibodies
that mediated ADCC but with minimal neutralization capacity were ineffective in preventing
infection in animal challenge models [97, 98]. Investigations that have examined the
relationship between ADCC and transmission have primarily used the CEM natural killer
(NK)-resistant (NKR) cell line in their assays [85, 92, 93]. Unfortunately, these cells do not
support replication of a large variety of primary CCR5-using variants rendering them
unusable for infection-based ADCC assays [115, 117, 122]. Assays that use primary cells
cannot be conducted in a high throughput manner for the required large scale investigations
of diverse HIV-1 variants and multiple plasma samples [120]. A new method is needed,
which should be somewhat analogous to the TZM-bl neutralization assay because the TZM-
bl technique was critically important for identifying neutralization breadth and potency and
the subsequent bnAb isolations [24, 25, 123-125].
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CONCLUSION

In summary, ADCC activity in conjunction with nAb responses, may be an immune
correlate of protection against HIV-1 acquisition. Animal and /n-vitro challenge studies
potentially do not support this scientific premise because of inherent problems with these
models, such as the challenge stock lacking infected cells, the consistent use of
neutralization susceptible virus, and the presence of non-physiologic high antibody levels
especially around the time of virus exposure. ADCC investigations among human cohorts,
however, suggest that this antibody functionality is important for sterilizing protection.
Further studies examining antibody-mediated cytotoxicity are needed to provide greater
clarity into this issue. The role of nAbs has been examined among exposed individuals
against potential exposure strains and by assessing pre-infection anti-HIV-1 neutralization
breadth and potency. These investigations have been made possible by the high throughput
neutralization assays, such as those that employ the TZM-bl cells. Unfortunately, similar
high throughput reliable assays are not available to examine pre-existing antibody ADCC
responses against exposure strains or the extent of ADCC breadth and potency. Development
of assays and examination of ADCC responses in samples from pre-infection but exposed
individuals, such as infants in MTCT cohorts, will provide important information about the
role of ADCC in providing protection. Furthermore, these studies will potentially highlight
the mechanisms of protection. Importantly, potentially novel antibodies can be isolated from
samples that harbor broad and potent ADCC activity. Characterization of these broadly
potent ADCC-mediating antibodies may reveal that they have unique characteristics
compared to bnAbs. Current vaccine strategies aim to elicit bnAbs, but most bnAbs contain
a high level of somatic hypermutation, which is difficult to engineer with traditional
immunogen strategies. Characterization of the broadly potent ADCC-mediating antibodies
may suggest that they are more amenable for elicitation using traditional immunogens.
While efforts to elicit bnAbs remain highly useful, future isolation of antibodies that have
relatively limited neutralization potential but extensive ability to mediate cellular
cytotoxicity may yield new more attainable goals for vaccinology to prevent HIV-1
transmission.
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Figure 1. Some broadly neutralizing antibodies (bnAbs) areless efficient in blocking cell to cell
virustransfer.
Representative examples of neutralization against cell-free (hollow squares), mature

dendritic cell (DC) associated (filled squares) and infected CD4+ T cells (diamonds).
Neutralization is against primary HIV-1 variant, Q23. The x-axis shows the amount of input
VRCO01 (A) and PGT121 (B) in log pg/ml, and the y-axis shows the percent inhibition
relative to infection without any antibody. Each point represents an average of at least three
independent experiments performed in triplicate and is the mean percent inhibition with
standard errors of mean.
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Figure 2. Mother to child transmission (MTCT) can be used to examine theimpact of pre-
infection antibodies in preventing HIV-1 acquisition.

(1) Infants are exposed to HIV-1-infected mother’s virus and acquire maternal antibodies. (2
and 3) In our studies, we showed that infants born to mothers with broad and potent
neutralizing antibodies (nAbs) were more likely to acquire HIV-1 through breast feeding and

more likely to have a severe adverse outcome (SAE) or death.
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