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ABSTRACT

In the only successful RV144 vaccine trial to date, high levels of antibodies (Abs) against the V2 region of
the virus envelope protein gp120 correlated with reduced HIV-1 infection. The protective role of V2 Abs
has not yet been determined, and the antiviral function of V2 Abs that mediate protection against HIV-1 in
humans or SHIV infection in rhesus macaques remains unclear. V2 Abs do not neutralize resistant tier 2
viruses; their Fc-mediated activities are modest and similar to those of another anti-envelope Abs, and
inhibition of the gp120-a4f7 integrin interaction is ineffective in both animals and clinical trials.
Moreover, in protection experiments in monkeys, levels of V1V2 vaccine-induced V2 Abs do not correlate

ARTICLE HISTORY
Received 1 May 2020
Accepted 26 May 2020

KEYWORDS

HIV vaccine; V2 region; V1V2;
anti-V2 antibody; a4f7
integrin; V1V2 DNA; SHIV
challenge

with plasma viral load. Together, these observations suggest that V2 Abs may not control SHIV infection in
rhesus macaques and that V2 Abs may instead be a surrogate marker of other protective immune

responses.

Introduction

The resistance of HIV-1 to neutralization is the primary reason
that several HIV vaccines have yielded disappointing results.
To date, only one clinical trial of an HIV vaccine, RV144 in
Thailand, has been modestly successful, with protective efficacy
of 31.2%." In that study, there were two independent immune
correlates: a high level of antibodies (Abs) against the V1V2
region of the HIV gp120 envelope (Env) glycoprotein, which
correlated with reduced infection rates; and the binding of IgA
Abs to HIV gp120s, which was associated with an elevated rate
of HIV infection.”

Among V1V2 Abs, V2 Abs are most relevant for vaccinees
because anti-V1 Abs are sequence-specific and do not recog-
nize heterologous viruses.” Two types of V2 Abs were
detected in plasma samples of RV144 vaccinees: V2 conforma-
tional Abs, which are dependent on glycosylation (V2i) and
bind to V1V2 proteins but not V2 peptides, and Abs against
linear epitopes represented by V2 peptides (V2p). The levels of
both types of Abs correlated with reduced risk of HIV-1
infection.”® The V2 region also contains trimer-dependent
and trimer-specific epitopes (formed by two and three gp120
monomers, respectively), known as V2/apex, which are recog-
nized by broadly neutralizing antibodies (bnAbs). However,
these and other bnAbs were not detected in plasma samples
from RV 144 vaccinees.” Many bnAbs have been isolated from
chronically HIV-infected individuals, but due to their unusual
characteristics, they have not yet been elicited by any HIV
vaccine in humans or animal models.

The V2 Abs correlate was both intriguing and surprising
because these Abs have functions that may not effectively protect
against transmitted/founder tier 2 viruses. These V2 Abs do not
neutralize HIV-1, and as monoclonal Abs (mAbs) have only

weak neutralization activity, and mediate Fc-activities similarly
to other anti-Env Abs. The unique function of V2 Abs in vitro is
inhibition of binding of gp120 or V2 peptides to a4p7 integrin,
which was initially thought to prevent infection of Th17 T cells
expressing CD4, CCR5, and o4f7 integrin. However, anti-a4p7
mAb was inactive in three protection experiments in rhesus
macaques and one clinical trial.”~"

This discrepancy between the V2 Abs immune correlate in
RV144 and the modest or lack of anti-viral functions of V2 Abs
prompted us to test the role of V1V2 vaccine-induced anti-V2
Abs in a protection experiment in rhesus macaques challenged
with SHIV virus. The results of the two experiments suggest
that V2 Abs alone may not be involved in the prevention or
control of virus infection (manuscript in preparation).

Immunogenicity of the V2 region

The V2 region is weakly immunogenic due to its exceptional
flexibility and the number of glycosylation sites in the hyper-
variable part of the V2 loop, which may inhibit the recognition
of this domain by immune cells.*'" Stabilization of the V2
region by adding the BG505 SOSIP.664 trimer disulfide
bonds within the V2 loop and cross-linking V2 and V1 yielded
new variants that were more reactive with, and more readily
neutralized by, V2 bnAbs.'” The simian immunodeficiency
virus (SIV) V2 region contains two cysteines that stabilize
this domain. Immunization of rhesus macaques with SIV Env
induces a higher titer of anti-V2 Abs than in monkeys vacci-
nated with HIV Env immunogens, which do not have the
additional disulfide bonds."” Structurally constrained V1V2
regions fused to scaffold proteins are more immunogenic: in
rabbits, these constructs induced higher titers of anti-V2 Abs
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than unconstrained V1V2 fused to an Fc fragment, which was
intended to mimic the unconstrained V1V2 conformation.'*

The poor immunogenicity of the V2 region is reflected by
the broad range of plasma V2 Abs levels in vaccinees and HIV-
infected individuals, including some patients who completely
lack of V2 Abs against both conformational and linear V2
epitopes. Abs reactive with gp70-V1V2c,ea> protein were
detected in 67 of 80 (84%) plasma samples from RV144 vaccine
recipients, at relatively low optical density, as measured by
ELISA. In another study, reactivity with cyclic V29571025 pep-
tide was detected in 97% of vaccinees plasma samples.'>'®

In plasma samples from chronically HIV-infected and anti-
retroviral treatment (ART)-naive individuals from Cameroon,
cross-reactive Abs against four V1V2 scaffold proteins were
detected in 72% to 85% of patients, and Abs against various
biotinylated cyclic V2 peptides were detected in 40% to 61%.
Among the 79 plasma samples, six (7.6%) lacked anti-V2 Abs
against eight different V1V2 proteins and V2 peptides, tested
longitudinally for 11 to 54 months after HIV-1 diagnosis.” The
V2 region of gpl20 HIV-1 was comparable between V2-
deficient and V2-cross-reactive groups except that it was
longer in the V2-deficient panel of viruses. The most striking
difference was the significantly lower 50% titers (p < .0001) of
plasma Abs against gp120, gp41, and V3 peptide in the V2-
deficient group relative to the cross-reactive V2 Ab group.*
Considering additional data showing a strong correlation
(p < .0001) between the levels of V1V2 Abs and those of
gp120 and gp41 Abs, these results suggest that the level of V2
Abs represents a surrogate marker for the general Ab response
against HIV-1. Thus, a high level of plasma V2 Abs can indi-
cate that a given HIV" individual is mounting a strong anti-
Env immune response.*

This conclusion is supported by the association between V2
Abs and the percentage of CD40 L-expressing CD4" T cells
reactive to HIV-1 Env vaccine strain 92TH023. This observa-
tion was made during an evaluation of the RV144 regimen
tested in South Africa, sponsored by the HIV Vaccine Trials
Network (HVTN) 097."7 CD4* Env-specific T cells were
selected for analysis because they provide help to B cells,'®
and their relative abundance (i.e., as a percentage of all CD4"
cells) is associated with binding of IgG and IgG3 Abs to gp120
antigens and clade C V1V2 proteins (all four associations,
p<.01)."

Another study revealed a parallel HIV vaccine-induced Ab
response to gp120 and V1V?2 antigens. In phase 1 clinical trial
aimed at testing the immunogenicity of four variants of the
RV144 vaccine in which the viral vector was substituted for
DNA, the trends in IgG response rates and geometric mean
response magnitudes for binding of IgG, IgG3, and I1gG4 Abs
to gp120 and V1V2 antigens were very similar over time. The
global distribution of humoral immunogenicity as a function of
response rate was illustrated using radar plots; the correlation
was not analyzed. The IgG response rate was 81-100%. The
IgG3 binding response peaked at the second vaccination but
waned at the final (fourth) vaccination in month 6, and the
IgG4 response rate was at ~75%."” Vaccines rarely induce IgG4
Abs, but in that study, such response was induced by a variant
of the HIV vaccine, emphasizing the parallel Ab responses to
gp120 and V1V2 proteins.

The Ab response to Env proteins has been observed as an
immune correlate in protection experiments in rhesus maca-
ques immunized with the Env HIV immunogens and SHIV
challenge.”*"** Other protection experiments using SIV immu-
nogens and SIV challenge, which are less relevant to the HIV
vaccine but still important for understanding the mechanism
of protection, also revealed a correlation between the Env Ab
response and control of infection.”> ¢

Binding of V2 mAbs to intact viruses

The function of anti-viral Abs depends on their binding affinity
to the intact virus, but anti-V2 mAbs bind virions only weakly.
In a study using the virus capture assay, five anti-V2i mAbs
were examined for their abilities to bind to intact 26 HIV-1
isolates.”’” Binding of V2 mAbs to the HIV-1 isolates was weak
and sporadic relative to binding of mAbs against V3, C5, the
cluster I region of gp41, and mAb IgG1b12 against the CD4
binding site (CD4bs). In subsequent experiments, the virus was
captured with gp41 and C5 mAbs and incubated with PBMCs,
which became infected, revealed that mAbs do indeed bind to
intact, native, infectious virions.

Another study tested the ability of plasma IgG from RV144
vaccinees to capture various strains of infectious HIV-1.%®
Fractions of plasma IgG, 64% and 78%, captured the strains
MN and CM244, respectively. The virion-capturing Abs were
directed against multiple epitopes in gp120, which were iden-
tified by testing mAbs generated from RV144/RV135 vaccinees
representing specificities for C1 conformational (CH40), V3
(CH22), and V2 epitopes (HG107). The mAbs against C1 and
V3 captured high levels of infectious virions, whereas the V2
mADb captured the virus weakly.”® These results suggested that
V2 epitopes are generally not well exposed on the surfaces of
virions, probably due to the shielding of epitopes by glycosyla-
tion and/or the inherent flexibility of the V2 region.””

Neutralization of HIV-1

Due to their weak binding for intact virions, V2 mAbs have
a weak neutralizing activity that is limited to certain neutrali-
zation-sensitive tier 1 viruses. Both the conformational V2iand
linear V2p mAbs have low neutralization activity against HIV-
1 and limited cross-neutralization.”® > In one study, seven V2i
mADbs neutralized four to eight of 41 tier 1 pseudoviruses with
a 50% neutralization (ICs,) falling in a broad range between
<0.4 and 88.7 pug/mL.*® The linear V2p mAb HGP68, derived
from an HIV-infected individual, and CH58 and CHS59,
derived from recipients of an RV144-like vaccine, weakly and
sporadically neutralized tier 1 viruses.”"*>

In a large comparative study of 66 V3, CD4bs, and V2i
mADbs, the neutralization potency and breadth of V3 mAbs
was higher than that of the V2, and CD4bs mAbs tested
(p = .009 and 0.023, respectively). Furthermore, the V3 mAbs
could neutralize most tier 1 and some tier 2 and 3 pseudotyped
viruses, whereas the V2 and CD4bs mAbs could only neutralize
tier 1 viruses.”> These three types of Abs are commonly
induced by natural HIV-1 infection and vaccines. However,
the V2 and CD4bs Abs do not neutralize tier 2 viruses com-
prising transmitted/founder viruses and are accordingly



classified as non-neutralizing, in contrast to bnAbs that med-
iate the neutralization of tier 2 and 3 viruses.

V2 Abs induced by the RV144 vaccine did not exert
neutralizing activity against tier 1 viruses as determined in
blocking experiments.’* Plasma samples from the recipients
of RV144 vaccine neutralized only tier 1 viruses and neu-
tralization was mediated by Abs against the V3 region. This
was demonstrated that the V3 peptides blocked 65% and
100% of plasma neutralizing activity against MN.3 and
THO023 viruses, respectively. Peptides from the V2, Cl1, and
C5 regions, however, had little or no blocking effect on
neutralization of tier 1 viruses by plasma samples.’* Given
that in the RV144 clinical trial, 89% of infections occurred
with neutralization-resistant tier 2 CRFO1_AE strains,>> the
neutralization did not play a role in protection against HIV-
1 in the RV144 clinical trial.

The V2 Abs induced in rabbits and rhesus macaques
upon immunization with V1V2 scaffold proteins had
minimal neutralizing activities and were tested only against
tier 1 viruses.'**® Sera from several rabbits at the lowest
dilution (1:10) could neutralize the tier 1A virus MW965
after 30 min or extended 24-h incubation of virus and
serum prior to the addition of cells. Greater than 50%
neutralization of the slightly more resistant heterologous
tier 1B virus ZM109 was achieved by 10 of 25 (40%) tested
rabbit sera only in the extended 24-h incubation assay.'*
Similar results were obtained by immunization of rhesus
macaques with V1V2 scaffold proteins, which vyielded
plasma Abs with limited neutralizing activity. At week 22,
2 weeks after the last immunization, plasma Abs induced by
three of six tested V1V2 proteins exhibited neutralizing
activity against two-tier 1A viruses, whereas 1 of 6 V1V2
immunogens induced V2 Abs neutralizing a little more
resistant tier 1B virus at low dilution.*

Thus, the neutralizing activity of V2, V3, and CD4bs Abs
cannot protect humans against HIV-1, which is transmitted as
resistant tier 2 and 3 viruses.”” Tier 1 viruses are not trans-
mitted because these Abs neutralize them in each patient, and
even if they were transmitted, the HIV vaccine-induced Abs in
a healthy recipient would neutralize the tier 1 viruses while the
tier 2 and 3 viruses initiated a new infection. Therefore, devel-
opment of HIV vaccines has focused on designing immuno-
gens that can induce bnAbs with the ability to neutralize tier 2
and 3 transmitted/founder viruses. These efforts have yielded
some progress: for example, upon immunization of animals,
the immunogen RCI1 elicited Abs targeting the V3-glycan
patch on the envelope protein of HIV-1; the resultant V3-
glycan Abs neutralize tier 2 and 3 viruses and are precursors
of human bnAbs, which upon further sequential vaccination
may develop into potent bnAbs.*® Two studies took a similar
approach: in animal models, they tested the immunogens that
bind to rare bnAb B-cell precursors, which upon subsequent
immunization steps could produce bnAbs against CD4bs and
V3-glycan.’>*” In each of these studies, the design of the
immunogens was critical for induction of Abs targeting
B cells with germline immunoglobulin receptors and long
complementarity-determining region 3 of the heavy chain
(CDR H3).
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Passive immunization

Passive transfer of anti-Env HIV mAbs to rhesus macaques
challenged with SHIV virus provides evidence for the protec-
tive role of these Abs during HIV-1 infection. However, passive
transfer of a single human anti-V2i mAb, 830A, to rhesus
macaques did not confirm that the mAb can mediate protec-
tion against tier 1 SHIVg, ps challenge.*' The Ab decreased
viral load in plasma (PVL) and viral DNA levels in PBMC and
lymphoid tissues but did not significantly reduce the number of
infected animals relative to a control mAb DEN3, which targets
a surface protein of dengue virus.*' In two experiments, IgG1
and IgG3 of V2i mAb 830A protected 5 of 18 animals (27%),
whereas the control mAb DEN3 protected 1 of 12 animals
(8%). V2 mAD 830A lacks protective function due to its low
neutralizing activity against the HIVy,; virus as well as its low
antibody-dependent cell-mediated cytotoxicity (ADCC) and
antibody-dependent cellular phagocytosis (ADCP) activities.
For example, 830A mediates ADCC modestly in vitro, reaching
50% activity at 50 pg/ml against tier 2 SHIVgg;4,p3-infected
target cells, whereas two bnAbs, b12 and PGT121, had 50%
activity below 1 pg/ml (>50 times lower concentration).*' The
poor accessibility of the V2 region to V2 mAbs results in
ineffective neutralization and Fc-mediated activities against
the challenging virus.

Similar results were obtained with passively transferred
other non-neutralizing human mAbs specific to CD4bs, C1
region of gp120, and against gp41. The mAbs reduced PVL in
rhesus macaques, but no protection against SHIV virus chal-
lenge was achieved, by contrast, the bnAbs used as positive
controls effectively mediated such protection. In one study,
a combination of three bnAbs specific for gpl120 and gp41
HIV-1 protected against SHIV challenge, whereas two non-
neutralizing gp41 mAbs, 246-D and 4B3, only reduced PVL
with no impact on SHIV infection.**

Two other SHIV challenge studies in rhesus macaques tested
non-neutralizing mAbs: one used mAbs against CD4bs and
gp41 with positive control bnAb b12, and the other used two
non-neutralizing mAbs against gp41 and the CI region of gp120
compared to control mAb against V3. In both these studies,
control mAbs prevented SHIV infection, while the non-
neutralizing mAbs neither significantly reduced the number of
infected animals nor protected against SHIV infection.*>**

The reductions of VL in plasma and viral DNA in PBMCs
observed in these studies could be related to the capturing of
SHIV virus by transmitted mAbs, particularly gp41 mAbs,
although V2 mAb 830A can also weakly bind intact virions.>”
The binding of a mAbD to infectious virus enhances its extra-
vascular clearance, which is very rapid in naive animals, with
half-lives ranging from 13 to 26 minutes; by contrast, in
the presence of neutralizing mAbs, half-lives are reduced
to 3.9-7.2 minutes.* Furthermore, the immune complex
formed upon mAb binding to virions can activate the macro-
phage system through the Fc receptor, resulting in phagocy-
tosis of the complex, but the underlying mechanisms remain
unclear. Non-neutralizing mAbs, including V2 mAb, can
bind and capture viruses, resulting in PVL reduction, but
this is not enough to protect against SHIV challenge.
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Fc-mediated effector functions

Fc-mediated activity, like neutralization, depends on the bind-
ing affinity of a mAb for intact virions or virus envelope on
infected cells. V2 mAbs and vaccine-induced V2 Abs were
tested for two Fc-mediated activities, ADCC and ADCP, and
various activity levels were observed depending on the assay
used. In a study using primary CD4" T cells infected with HIV-
1 viruses and autologous NK cells, two V2i mAbs mediated
ADCC of infected cells at the same level as one gp41 mAbD, but
were more potent than three bnAbs.*® Further experiments in
the same study tested eight V2i mAbs, all of which mediated
ADCC activity comparable to that of bnAb PG9.*° Two other
ADCC studies reported weaker activity mediated by V2i mAb,
830A, relative to two bnAbs, and two V2p mAbs, CH58 and
CH59, exhibited a low percentage of specific killing.>*' The
V2 mAb HG107 mediated ADCC against gp120-coated CD4
target cells, but not against cells infected with HIV-1 AE.
CM244.%%* These observations suggest that assays using target
cells coated with monomeric proteins, e.g., gp120, may not be
as biologically relevant as virus-infected cells, which appeared
to be more resistant to ADCC activity mediated by V2 mAb.

ADCEP is another function mediated by V2 mAbs and vac-
cine-elicited V2 Abs. This activity can be measured by flow
cytometry in THP-1 monocytic cells following uptake of fluor-
escent beads coated with Env antigens. In a comparative study
of 27 human mAbs against V2, V3, CD4bs and gp41 epitopes,
mAbs against gp4l exhibited the highest ADCP activity,
whereas V2 mAbs mediated dose-dependent activity compar-
able to those of V3 and CD4bs mAbs.*” In tests of the ADCP
activity against clade C gp120, anti-V2 mAbs were dominant
over anti-V3 and anti-CD4bs mAbs, probably due to recogni-
tion of conserved V2 epitopes.*’

V2 Abs induced in rhesus macaques by the prime-boost
vaccine, gp120 DNA and V1V2 scaffolds, and tested against
SHIV g 62p3-infected cells yielded >50% ADCC activity in sev-
eral animals in almost all tested groups.”® Each group of ani-
mals received either a different construct or were immunized
with two or three V1V2 scaffolds. The Ab responses were
focused on V1V2 epitopes with little reactivity against gp120
protein, including Abs against V3 and C5 peptides, but it was
not determined how these Abs participated in ADCP.”® These
results confirmed an earlier study using rabbits immunized
with the same regimen, gpl20 DNA and V1V2 scaffolds,
which showed modest ADCP activity of plasma Abs depending
on V1V2 construct used for immunization.*®

The role of ADCC and ADCP in protection against HIV-1
or SHIV infection in vivo is difficult to determine. In rhesus
macaque protection experiments, ADCC and ADCP correlated
with the reduced acquisition of either SHIV or SIV infection in
only two of 15 experiments analyzed.”>*>* Passive transfer of
non-neutralizing mAbs specific to V2, CD4bs, C1 region of
gp120, and gp41 HIV-1 to rhesus macaques in four different
experiments probably mediated the Fc-induced activities, both
ADCC and ADCP, due to the Abs’ binding properties, but was
not able to prevent SHIV infection.*'~**

These studies show that V2 mAbs and vaccine-induced V2
Abs can mediate ADCC and ADCP activity, but either have
activities like those of other non-neutralizing Env mAbs or are

induced by vaccine sporadically and with relatively low activ-
ity. Moreover, when V2 mAb was passively transmitted to
monkeys, it did not protect against SHIV challenge. Thus, the
ability of V2 Abs to mediate modest ADCC and ADCP activity
does not support the idea that they play a protective role
against HIV-1 infection.

Inhibition of a4B7 integrin interaction

The conserved three-amino acid LDI/V motif in the V2
region (aa 179-181), the binding site for a4p7 integrin
expressed on Thl17 cells, overlaps with the epitope of some
anti-V2 mAbs.”® In vitro binding of murine or human V2
mADbs to the a4p7 binding site in the V2 region of gp120 or V2
peptide inhibits their interactions with cells expressing a4p7
integrin.”">* These results led to the hypothesis that V2 Abs
in vivo may block HIV-1 adhesion to Thl7 cells, which are
located mainly under mucosal tissues, and block subsequent
infection of these cells, in which a4p7 integrin is co-localized
with CD4 and CCR5.°%* These data revealed a unique func-
tion of V2 Abs that could explain the correlation between the
level of V2 Abs in plasma of RV144 vaccinees and their
reduced risk of HIV-1 infection,” although expression of
a4p7 integrin is not required for infection of target cells.

This concept was supported by a study in SIV-infected
rhesus macaques that received ART and primatized mAb
against a4f7 integrin, resulting in sustained control of viremia
and protection against infection.>* However, vedolizumab,
a humanized version of the same anti-a4p7 mAb, neither
prevented nor controlled HIVgg 4, infection in vitro or in
humanized mice.”® In a repetition of the rhesus macaque
experiment, 22 animals were infected intravenously with atte-
nuated SIVmac239-nef-stop virus, followed by a 13-week
course of ART; 12 animals received primatized anti-a4{7
mAD, and 10 received isotype-matched-control mAb. Plasma
viremia decreased due to ART treatment, but during mAb
treatment, after discontinuation of ART, it rebounded to
a high level, with no differences between active and control
groups. Thus, there was no evidence for control of SIV by
treatment with an antibody against a4p7.”

Two other studies confirmed the results of that experiment.®’
In one study, rhesus macaques were infected with wild-type,
pathogenic SIVmac251, whereas the other they were infected
with attenuated SIVmac239-nef-stop. All animals began ART,
resulting in decreased viral load; however, anti-a4p7 mAb infu-
sion had no detectable effect on virologic control after ART
discontinuation, and thus had no therapeutic efficacy.*’

In the latter study,” two non-neutralizing SIV anti-V2 mAbs,
ITS09.01 and ITS12.01, were administered in two experiments
by infusion of one mAb or in a combination of two mAbs (five
animals per group) during and after ART. Both V2 mAbs
blocked the binding of the SIV Env to a4p7 integrin in vitro
experiment, but as with infusion of primatized anti-a4p7 mAb,
no post-treatment control of plasma viremia was observed with
SIV anti-V2 mAbs in both protection experiments.

Finally, an open-label phase 1 clinical trial of testing vedo-
lizumab was conducted in 20 HIV-infected individuals. After
the interruption of ART, the infusion of vedolizumab did not



prolong the suppression of plasma viremia, indicating that
blockade of a4P7 may not be an effective strategy for inducing
virologic remission in HIV-infected individuals.'"’ Together,
these results showed that in vitro inhibition of a4f7 integrin
is not relevant in vivo: V2 mAbs, like to anti-a4p7 mAb in
several studies, were unable to suppress plasma viremia in
monkeys.

Sieve analysis of HIV-1 breakthrough viruses from the
RV144 vaccine trial

The analysis revealed that vaccine-induced immune responses
were associated with two signatures in V1/V2 at two amino
acid positions: 169, which matched vaccine efficacy, and 181,
which was mismatched with efficacy. The vaccine-induced
immune responses to V2 may block infection with viruses
matching the vaccine at K169 but differing from the vaccine
at I181. The genetic signatures in V2 region support the asso-
ciation between V2 Abs and the risk of infection in the RV144
vaccine trial, supporting the hypothesis that V2 Abs can be
involved in the partial protection.>®

The study raised several questions. The first is whether the
immune response induced by infection with HIV-1, and not
only the vaccine-induced immune response, is also involved
in selection of particular versions of the virus. Furthermore, if
V2 Abs are involved in blocking infection with viruses match-
ing the vaccine V2 sequence, they should bind and capture the
virus efficiently, whereas in vitro experiments revealed that
these Abs bind to intact virions weakly, especially in the case
of tier 2 viruses.”” Notably in this regard, the RV144 vaccine
and natural infection can induce a wide range of V2 Ab levels,
including lack of V2 Abs longitudinally, in HIV-1 chronically
infected individuals; thus, the levels or titers of V2 Abs should
be matched with each breakthrough virus.*'”> The RV144
study differs from another sieve analysis of breakthrough
HIV-1 in the HVTN505 vaccine trial, which observed that
immune pressure targeted the CD4bs and CD4-induced mAb
footprints.”” These two-sieve analyzes revealed different
genetic signatures in the Env, probably caused by the use of
different immunogens for immunization and by different
infecting viruses. These observations also indicate that vac-
cine-induced immune response that targets the V2 region is
not commonly achieved.

Protection experiments in rhesus macaques

Protection experiments have been performed in rhesus maca-
ques with two goals: first, to test HIV vaccine efficacy using Env
antigens for immunization followed by SHIV challenge;
and second, to test the mechanism by which SIV Env immu-
nization protects against SIV challenge. In addition, in the
hope of understanding the correlation reported in RV144,
these studies also investigated whether vaccine-induced V2
Ab levels correlated with plasma viremia and/or virus acquisi-
tion. In this regard, the results of the two experimental proto-
cols differed. Studies using the HIV Env/SHIV protocol did not
observe a correlation between the level of anti-V2 Abs and
reduced virus acquisition.’”>* There was one exception in
which higher V1V2-specific binding antibody titers correlated
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with viral control in one arm of an experiment using a vaccine
with replicating adenovirus (SAd7) vector, but not in a second
arm with nonreplicating Ad4.”®

By contrast, nine studies using the SIV Env/SIV challenge
protocol reported a correlation between V2 Abs and reduced
infection risk (reviewed in.*’ Five of these studies were per-
formed in one laboratory, using autologous STVmac251 immu-
nogens and virus challenge,”® ® whereas the others used
heterologous SIV immunogens and virus.”>"*® Anti-V2 Abs,
which correlated with reduced infection, were detected by
plasma Ab binding to V2 peptides, V1V2 scaffolds, or both
antigens. In addition to the correlation involving V2 Abs, eight
of the nine studies reported various other immune correlates
involving Abs against Env proteins, T-cell response, mucosal
NKp24 cells, and CD14 monocytes. By contrast, correlation
between neutralization and protection was reported in only
two experiments. In two studies, the correlation depended on
the adjuvant used or whether the V2 Abs were measured in
mucosal secretions or serum samples. Besides their ability to
bind V2 antigens, none of these studies determined which
functions of V2 Abs were responsible for their protective effect.
Several of these studies suggested that the presence of anti-V2
Abs is a surrogate for another immune response.”*>**%% This
response could be mediated either by polyclonal Abs against
various Env antigens that mediate Fc activities, including
ADCC and phagocytosis, or by trained innate immunity repre-
sented by monocytes, macrophages, and NK cells.**~*

The difference between the HIV/SHIV and SIV/SIV proto-
cols in the frequency of reported correlation between V2 levels
and protection may be due to the higher immunogenicity of
the V2 region in SIV relative to HIV-1. The V2 domain in SIV
Env contains an additional pair of V2 cysteine residues at
positions 183 and 191 that stabilize the Env trimer.®
Vaccination of nonhuman primates with SIVmac239 and
SIVsmE660 Env antigens induces much higher levels of anti-
V2 Abs than immunization with HIV-1 Env with sequences
from the A244, TH023, MN, 1086, and ZM651 viruses."’

Study of the protective capability of vaccine-induced
V2 Abs in rhesus macaques

Since RV144 in 2009, no study has selectively investigated the
protective capacity of vaccine-induced V2 Abs. We sought to
study the vaccine induced V2i and V2p Abs alone, without the
interference of other anti-Env Abs to determine whether V2
Abs themselves can protect against SHIV challenge in rhesus
macaques. We performed two protection experiments in rhe-
sus macaques and presented the results at four international
conferences focused on vaccines, including the International
Society for Vaccines Annual Congress, October 27-29, 2019,
Ghent, Belgium.”’~”° The results are shown as described in the
abstract for the ISV conference, whereas all data, including
a third experiment involving mucosal immunization of mon-
keys, are being further analyzed (manuscript in preparation).
Vaccine-induced anti-V2 Abs were tested in two vaccine
experiments in rhesus macaques to determine whether these
Abs protect against SHIV challenge. The Anti-Env regimen
was designed to mimic the RV144 immunogens: nine rhesus
macaques were co-immunized with gpl60g,711923 DNA plus
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gp1204244 and gp120yy proteins. The Anti-V2 group focused
on the induction of anti-V2 Abs alone by co-immunizations
with V1V2g511023 DNA, V1V24544 and V1V2c,enr trimeric
proteins, and a cyclic V2¢usea> peptide. Immunizations were
given at 0, 4, 12 and 20 weeks, followed by repeated intrarectal
SHIVg,1.ps challenges at a dilution representing low-dose
exposures. Plasma Ab responses were evaluated by ELISA
against HIV-1 Envs, V1V2 fusion proteins, and V2 peptides,
as well as by virus capture assays, neutralization of SHIVg,; pa,
ADCC, and phagocytosis. Peak PVL was 10°~10” gag RNA
copies/mL in the six controls (three animals challenged with
each vaccine group). Five macaques (55%) in the Anti-Env
group and four (44%) in the Anti-V2 group exhibited tight
control or no viremia, with undetectable PVL and viral DNA in
PBMCs and lymph nodes. In the Anti-Env study, capture and
neutralization of Abs against SHIVg,; ps inversely correlated
with PVL supporting their role in the control of SHIV.
Conversely, in the Anti-V2 study, the plasma Abs did not
neutralize SHIVp,1 py, and their weak capture of the virus did
not correlate with PVL. Antibody levels against V1V2 fusion
proteins and V2 peptides were comparable between controllers
and non-controllers, as were ADCC activities against SHIV-
infected target cells and phagocytosis of gp120-coated beads.
These studies revealed partial control of heterologous
SHIV3g,1 p4 infection that was not correlated with ADCC, pha-
gocytosis, or V2 Abs in the plasma, suggesting that these
responses may play limited roles in the prevention or control
of tier 1 SHIVp,y,p4 challenge.

Conclusions

RV144 was the first clinical trial to demonstrate a modest
reduction in HIV-1 infection among vaccinees. The correla-
tion between the high level of V2 Abs and the reduced risk of
HIV-1 infection emphasized the potential protective role of
these Abs. We analyzed the functions of V2 mAbs and vac-
cine-induced V2 Abs reported in published data, but the
results of our search were not consistent with their protective
effect. V2 mAbs bind to intact, infectious HIV-1 virions very
weakly, suggesting that their functions are also weak. Indeed,
V2 Abs are considered as non-neutralizing because V2 mAbs
can weakly neutralize only tier 1 viruses, but not tier 2
viruses, which are generally the viruses that are transmitted.
Passive transfer of one V2 mAb to rhesus macaques decreased
plasma viral load but did not protect against SHIV challenge.
Similar effects were achieved by other non-neutralizing mAbs
against CD4bs, C1 of gp120, and gp41, which in contrast to
bnAbs, did not protect the animals. V2 Abs can mediate
ADCC, but on average, their activity is weak, and immune
sera from immunized animals have sporadic activity.
Phagocytosis is mediated by V2 mAbs, but again weakly,
and they do not dominate other non-neutralizing CD4bs
and V3 mAbs. The unusual property of V2 mAbs, inhibition
of gp120 or V2 peptide binding to a4f7 integrin-expressing
cells, was not effective in vivo and could not sustain sup-
pressed plasma viremia after ART discontinuation in rhesus
macaques or clinical trials when anti-a4p7 mAb or two SIV
V2 mAbs were tested. Protection experiments in rhesus
macaques showed a correlation between V2 Abs and the

outcome of infection in SIV models, possibly due to the
different structures of the V2 region, but in the HIV model,
this was very rarely observed. Finally, as shown in the ISV
conference abstract, our studies revealed that titer of vaccine-
induced plasma V2 Abs was comparable in controllers and
non-controllers of SHIV challenge and did not correlate with
plasma viral load. The results suggested that V2 Abs in this
model do not protect against SHIV challenge. Given that the
titer of plasma V2 Abs in chronically HIV-infected indivi-
duals is strongly correlated with the titer of Abs against
gp120, V3, and gp4l, the level and correlation of V2 Abs
could be a surrogate marker of other Ab responses, as sug-
gested in several previous papers.
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