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ABSTRACT The HIV vaccine field now recognizes the potential importance of generat-
ing polyfunctional antibodies (Abs). The only clinical HIV vaccine trial to date to show
significant efficacy (RV144) found that reduced infection rates correlated with the level
of nonneutralizing Abs specific for the V2 region of the envelope glycoprotein. We have
conducted a comprehensive preclinical reverse vaccinology-based vaccine program that
has included the design and production and testing of numerous scaffolded V2 region
immunogens. The most immunogenic vaccine regimen in nonhuman primates among
those studied as part of this program consisted of a cocktail of three immunogens pre-
senting V2 from different viruses and clades in the context of different scaffolds. Pres-
ently we demonstrate that the V2-specific Ab response from this regimen was highly
durable and functionally diverse for the duration of the study (25 weeks after the final
immunization). The total IgG binding response at this late time point exhibited only an
�5� reduction in potency. Three immunizations appeared essential for the elicitation of
a strong Ab-dependent cellular cytotoxicity (ADCC) response for all animals, as opposed
to the Ab-dependent cellular phagocytosis (ADCP) and virus capture responses, which
were comparably potent after only 2 immunizations. All functionalities measured were
highly durable through the study period. Therefore, testing this vaccine candidate for its
protective capacity is warranted.

IMPORTANCE The only HIV vaccine trial for which protective efficacy was detected
correlated this efficacy with V2-specific Abs that were effectively nonneutralizing.
This result has fueled a decade of HIV vaccine research focused on designing an HIV
vaccine capable of eliciting V2-focused, polyfunctional Abs that effectively bind HIV
and trigger various leukocytes to kill the virus and restrict viral spread. From the nu-
merous vaccine candidates designed and tested as part of our V2-focused preclinical
vaccine program, we have identified immunogens and a vaccine regimen that in-
duces a highly durable and polyfunctional V2-focused Ab response in rhesus ma-
caques, described herein.
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envelope (Env) glycoprotein, and this finding was extended to show a correlate with
V2-reactive IgG3 Abs (1–4). Many Abs that are capable of binding to the surfaces of
viruses or virus-infected cells can facilitate a variety of activities that contribute to viral
clearance, mediated by the “constant” region of the immunoglobulin molecule—the
crystallizable fragment (Fc)—via interactions with Fc receptors (FcRs) found on virtually
all innate immune cells, linking the Abs elicited by the adaptive immune response with
innate immune functions (5). The HIV vaccine field now recognizes the potential
importance of generating Fc-functional Abs, realizing that “both ends” of an Ab are
critical components of the biologic functions they mediate, and consequently, there is
now an appreciation of the need to design vaccines capable of eliciting Abs that can
trigger relevant leukocytes via FcRs to destroy virus, kill infected cells, and restrict viral
spread. Follow-up analyses of the RV144 data found that Fc-mediated activities, includ-
ing Ab-dependent cellular cytotoxicity (ADCC) and Ab-dependent cellular phagocytosis
(ADCP), correlated with the level of serum V2 Abs (6–10), consistent with previous
studies implicating Fc-mediated Ab activities in the response to various pathogens
(11–16). Data from various nonhuman primate (NHP) studies strongly support the idea
that vaccine-induced Abs specific for the V2 domain control viremia and/or reduce the
risk of infection (17–22).

The V2 Env domain is characterized by four epitope families—V2p, V2i, V2q, and
V2qt— defined by numerous human monoclonal Abs (MAbs) isolated over the past 3
decades. V2p epitopes are defined by human MAbs that bind strongly to linear
peptides and are nonneutralizing (23, 24). V2i epitopes are discontinuous and overlay
the �4�7 integrin binding site, and V2i MAbs are only weakly neutralizing but can
effectively elicit Fc-mediated functions (9, 25–29). V2q epitopes prefer native/native-like
trimeric Env structures and are defined by a group of broadly neutralizing Abs (bNAbs),
such as PG9 and PG16 (30, 31). V2qt epitope family MAbs are trimer dependent, binding
at the Env trimer’s axial center, and characterized by broad and potent neutralizing
activity; this family includes PGT145 and PGDM1400 (32, 33).

We have conducted a comprehensive reverse vaccinology-based vaccine program
in rabbits and NHPs that has included the design and production and testing of
numerous scaffolded V2 domain immunogens derived from HIV-1 isolates from clades
A, B, and C (34, 35). These have successfully focused the Ab response on V2 and induced
cross-clade reactive and biologically active V2 Abs (35). Most recently, we have reported
the ability of these scaffolded V2 immunogens, in combination with DNA gp120
immunization, to elicit V2-specifc Abs in NHPs that exhibit preferential binding to
trimer-like V2 Env antigens and mediate ADCC and ADCP (36). In a comprehensive
study of immunogenicity in NHPs, several V2-scaffolded proteins and vaccine regimens
were compared, with one vaccine group, group 7, exhibiting the strongest and most
consistent activity. This group of monkeys was immunized with three scaffolded
immunogens, including V1V2(ZM53)-2F5K (clade C) and V1V2(A244)-2J9C (clade E),
which were designed to mimic the trimeric V2 at the apex of the prefusion Env trimer
(37–40), as well as V1V2(ZM109)-TTB (clade C), developed because the typhoid toxin B
(TTB) scaffold self-assembles into pentamers, presents five copies of the V2 domain,
binds to cell surface gangliosides, induces mucosal immunity, and possesses a struc-
tural site compatible for the engraftment of a disulfide loop compatible with that at the
base of V2 in an immunologically accessible configuration (34, 41).

Plasma Abs in group 7 NHPs demonstrated the best overall immune reactivity,
including binding to various V2 antigens, neutralization of a heterologous tier 1B clade
C virus, displaying increasing avidity over the course of the immunization, and medi-
ating V2-directed ADCP as well as ADCC killing of simian-human immunodeficiency
virus (SHIV)-infected cells (36). Consequently, we aimed in the present study to examine
the Ab response of this group of NHPs more comprehensively and longitudinally over
a period that included three immunizations and a total of 45 weeks of follow-up,
measuring several parameters of immunologic activity.
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RESULTS
Luminex multiplex binding assays exhibited high V2-specific titers after 2

immunizations and good durability over the study period. Data were generated
simultaneously against six antigen-coupled bead types with plasma from each time
point. Antigens tested included a relatively constrained, monomeric V2 domain from
clade C isolate ZM109 in the context of the 1FD6 scaffold (V1V2ZM109-1FD6) (34, 36),
a relatively constrained V2 domain from clade C isolate ZM53 presented as a trimer on
the 2F5K scaffold (V1V2ZM53–2F5K), a relatively constrained V2 domain from clade C
isolate ZM109 presented as a pentamer on the TTB scaffold (V1V2ZM109-TTB), a relatively
unconstrained V2 domain from clade C isolate 1086 in the context of C-terminal His and
Avi tags (V1V21086-tags) (23), and a relatively unconstrained cyclic V2 peptide from
clade E isolate 92TH023 (cV292TH023) (42). Bovine serum albumin (BSA)-coated beads
and prebleed NHP plasma were used as negative controls. Notably, cV292TH023 and
V21086-tags are heterologous to the immunogens used for this animal group. Total IgG,
IgG1, IgG2, and IgG3 reactive to each antigen were measured at 4 plasma dilutions.
Measurements at 1/50 plasma dilution are shown in Fig. 1 and are representative of
titration curves (see Fig. S1a to d in the supplemental material). As previously reported,
total IgG in plasma from the immunized animals was highly reactive to all five V2
antigens tested at week 22, 2 weeks after the final immunization (Fig. 1, first row).
Notably, 2 weeks after the 2nd immunization (at week 10), total IgG specific for 4/5
antigens measured was already just as potent, with no significant differences in specific
titer between weeks 10 and 22 (unpaired Mann-Whitney test). Only reactivity to
cV292TH023 appeared to significantly increase after the final immunization (Fig. 1;
P � 0.026). In terms of IgG1-specific Abs, no boosting effect against any of the antigens
tested was observed after the final immunization (Fig. 1, second row). IgG2-specific Abs
were only significantly boosted against V1V21086-tags and V1V2ZM109-TTB by the final

FIG 1 Plasma IgG binding to various V2 antigens. Fluorescence was measured using a Luminex FlexMAP3D device. Means from duplicate experiments with SEM
of the relative light unit (RLU) readout at 1/50 plasma dilution are shown. Values for weeks 10 and 22 were measured 2 weeks after the 2nd and 3rd
immunizations, respectively. *, P � 0.05.
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immunization (Fig. 1, third row, P � 0.0087 and 0.0152, respectively), while this final
boost significantly improved IgG3 titers against all antigens but V1V2ZM109-1FD6 (Fig.
1, fourth row, P � 0.0042 to 0.0411).

In all cases, the total IgG V2-reactive Ab response against all antigens measured was
durable and persisted at the latest time point measured (45 weeks after the first
immunization, which was 25 weeks after the final boost; Fig. 1, first row). Although the
reactivity at 1/50 plasma dilution was significantly reduced by week 45, the mean
decrease was �5� in all cases (P � 0.0022 to 0.026). IgG1 reactivity at week 45
significantly decreased against all antigens �10� to 100x compared to week 22
(P � 0.0022; Fig. 1, s row), while IgG2 reactivity generally decreased �5� to 10�

(P � 0.0022 to 0.0043; Fig. 1, third row). Notably, no IgG2 reactivity to cV292TH023 was
measurable above background at week 45 for 5/6 animals. IgG3 reactivity decreased
�10� for all antigens, with no IgG3 reactivity to cV292TH023 apparent for 3/6 animals
at this time point (P � 0.0022; Fig. 1, fourth row).

ADCC activity against SHIVSF162P3-infected target cells required 3 immuniza-
tions but remained highly durable over the study period. The ability of the
vaccine-induced Abs to mediate killing of SHIV-infected cells was analyzed and com-
pared using plasma from the six immunized NHPs 2 weeks after the 2nd and 3rd
immunizations (weeks 10 and 22) and 25 weeks after the last immunization (week 45).
Percent killing was determined and the area under the concentration-time curve (AUC)
of the titration curves calculated. After the 2nd immunization, there was a wide range
of responses among the 6 animals; only 2 of 6 animals exhibited ADCC activity at this
time point, with 30 –50% killing at the highest concentration of plasma tested (Fig. 2).
Two weeks after the final immunization, a significant boost in ADCC activity was
observed (P � 0.0238; unpaired Mann-Whitney test), with animals exhibiting a peak
mean killing of 64% (range: 34% to 94% [Fig. 2] [36]). These responses were highly
durable. There was no significant decline in mean ADCC activity between weeks 22 and
45 despite no further immunizations occurring. Indeed, three of the animals exhibited
increased levels of killing (Fig. 2B).

FIG 2 ADCC activity in NHP plasma. (A) Percent killing at each plasma dilution compared to the
no-plasma control wells. Means from duplicate assays with SEM are shown. (B) The AUC of each titration
curve was calculated. *, P � 0.05.
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ADCP activity against V2-coated microbeads and HIV particles was potent after
2 immunizations and durable over the study period. Plasma from each time point
was assayed for the ability to elicit ADCP of 1-�m microbeads conjugated to either
V1V2(ZM109)-1FD6, V1V2(ZM53)-2F5K, or V1V2(ZM109)-TTB. ADCP was measured using
human THP-1 cells. ADCP scores were calculated for each plasma dilution, generating
titration curves from which AUC values were determined. Activity against all three
antigens was already potent after the 2nd immunization for all animals and only 5� to
10x lower than the peak response observed at week 22 after the final immunization
(Fig. 3A to C). The final boost elicited a significant increase only in the uptake of
V1V2(ZM109)-TTB beads (Fig. 3C) (P � 0.0043; unpaired Mann-Whitney test). ADCP was
durable through the last measurement at week 45, though an �5 to 50� reduction in
activity was observed. This decrease was not significant against V1V2(ZM109)-1FD6-
coated beads (Fig. 3A). ADCP of V1V2(ZM53)-2F5K and V1(ZM109)-TTB-coated beads
did decrease significantly (P� 0.0152 and P� 0.0087, respectively; unpaired Mann-
Whitney test).

NHP plasma samples from each time point were pooled and used to purify V2-
specific Abs on a V1V2(ZM109)-1FD6-agarose affinity column. Consistent with the
Luminex data (Fig. 1), the largest amount of V2-specific Ab was purified 2 weeks after
the final immunization at week 22 (data not shown). From 500 �l of plasma pooled
from animals at weeks 10, 22, and 45, 11.7, 16.7, and 5.2 �g of V2-specific Ab were
recovered from the columns, respectively. This purified protein was adjusted to the
same concentration and used to assess ADCP by THP-1 cells of clade B HIV-GFP11058

FIG 3 ADCP activity in NHP plasma. (A to C) ADCP of beads conjugated to V2(ZM109)-1FD6 (A), V2(ZM53)-2F5K (B), or
V2(ZM109)-TTB (C). ADCP was measured on an LSR Fortessa. ADCP scores at each plasma dilution were used to generate
titration curves, from which AUCs were calculated. (D and E) Virus-based ADCP elicited by V2 affinity-purified Ab from
pooled plasma. Means from triplicate assays are shown with SEM. *, P � 0.05.
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virions, which are heterologous to the immunogens. Notably, week 10 and week 22
samples exhibited very similar phagocytosis of virions which was significantly above
background levels (Fig. 3D). At week 45, ADCP activity was decreased by only �20%
compared to that at week 22 (Fig. 3E).

Capture activity of homologous HIV pseudovirus was potent after 2 immuni-
zations and extremely durable over the study period. The V2-affinity-purified material
from pooled plasma at each time point was also assayed for its ability to capture HIVZM53

pseudoviruses, which are homologous to the V1V2(ZM53)-2F5K immunogen. Captured
virions were lysed and quantified using a p24 enzyme-linked immunosorbent assay (ELISA).
As seen in Fig. 4, the capacity of the V2-affinity-purified plasma Abs for virus capture was
similar after the 2nd and 3rd immunizations (47 to 67 �g/�l of p24). Unlike other mea-
surements of Ab function, at week 45 the capacity of the V2-purified material to capture
virus was significantly higher than at week 22 (111 �g/�l p24 captured; P � 0.029, unpaired
Mann-Whitney test). The increased capture functionality at week 45 was also apparent
when comparing titration curves, with week 45 exhibiting an AUC �2-fold greater than
previous time points (P � 0.029). The amount of virus captured with V2-affinity-purified
plasma Abs from weeks 10, 22, and 45 were all similar to that captured by the positive-
control V2i-specific MAb 2158 at the same concentration.

DISCUSSION

A robust Ab response specific for the V2 region of HIV gp120, capable of eliciting
Fc-mediated antiviral function, has been shown to correlate with reduced HIV infection
risk (1–4). A similar Ab response has been shown to reduce the risk of simian immu-
nodeficiency virus (SIV) and SHIV infection and dissemination (19, 20, 22). Therefore,
there is ample evidence arguing in favor of a V2-epitope-targeted vaccine aimed at
eliciting specific Abs with antiviral functions. We have rationally designed immunogens
that focus the Ab response on V2, scaffolding the V1V2 loop such that V2 structure is
maintained in a manner highly similar to that of the Env trimer, as demonstrated by
reactivity with a panel of V2-specific MAbs (34–36). The most immunogenic vaccine
regimen in NHPs among those studied consisted of a cocktail of three V2-scaffold
immunogens presenting V2 from different viruses and clades in the context of different
scaffolds. Of those tested, this regimen was superior for induction of antiviral responses
in NHPs in terms of Ab binding, mucosal targeting, neutralization, and Fc-effector
functions, while increasing affinity with each immunization and exhibiting the highest
affinity (lowest off-rate) 2 weeks after the last immunization (36).

In the present study, we demonstrated that the V2-specific Ab response induced by
the cocktail of immunogens was highly durable and functionally diverse for the study
(25 weeks after the final immunization). When examining the total IgG response, only

FIG 4 Capture of HIVZM53 pseudoviruses by V2 affinity-purified plasma antibodies. p24 quantities of the
captured virus were interpolated from a standard p24 curve. Values shown were obtained using
0.056 �g/ml of V2 affinity-purified Ab, which yielded peak virus capture as determined from the titration
curve. Means from triplicate experiments with SEM are shown. *, P � 0.05.

Powell et al. Journal of Virology

September 2020 Volume 94 Issue 17 e01175-20 jvi.asm.org 6

https://jvi.asm.org


2 immunizations appeared necessary for maximum binding potency for all antigens
assayed except against the cyclic V2 peptide included in the multiplex analysis. This
antigen is reactive only with V2p-type MAbs (35). As the animals in the vaccine study
group investigated in this study were immunized with trimeric and pentameric con-
strained V2 immunogens that react with V2i-type MAbs, the slower Ab response to the
V2p-type antigen is not surprising. The final immunization appeared critical for a broad
V2 IgG2 and IgG3 response but not for the IgG1 response. The overall total IgG binding
response was quite durable by week 45, with only an �5� reduction in potency.
However, IgG1 specifically appeared to wane the most, with 10� to 100� reductions
in the binding response being observed. The IgG2 and IgG3 response decreased �5�

to 10�, with reactivity to the V2p-type antigen cV292TH023 appearing to wane most
significantly. As the total IgG response appeared to have waned much less than the
specific IgG1, 2, and 3 responses, it may be that much of the IgG at week 45 is IgG4,
which could not be measured due to a lack of specific reagents. Macaque IgG isotypes
are less diverse than those found in humans; for example, human IgG3 possesses a very
long hinge region, while no analog exists among any macaque species (43). As with
humans, IgG1 through IgG4 are numbered according to serum prevalence, but ma-
caque IgG functions, including ADCC, ADCP, and FcR binding, are relatively more
consistent across the IgG isotypes (44). It is generally not well understood what the
observed polymorphisms among the macaque IgG isotypes signify, though repetitive
vaccine boosts have been found to increase IgG4 magnitude (43). The present study in
NHPs may have no bearing in terms of the potential IgG isotypes elicited by our
immunogens in humans; however, this study does highlight that over the course of
immunization, these isotypes may change and until the clinical phase, and this cannot
be reliably predicted or well understood.

The final immunization appeared essential for the elicitation of a strong ADCC response
for all animals, as opposed to the ADCP response, which was already potent after the 2nd
immunization for all animals. Both ADCC and bead ADCP were highly durable at week 45,
with no decline in ADCC activity and only an �5� to 10� reduction in ADCP activity. As
well, using V2-affinity purified plasma Abs, highly comparable levels of virus ADCP were
observed after the 2nd and 3rd immunizations, a level of activity which was similarly
durable at week 45. This V2-affinity-purified material also captured virus comparably after
the 2nd and 3rd immunizations, and not only did this function persist over time, but also
an increased capacity for virus capture was exhibited at week 45. It appears from these data
that although all function requires binding to viruses or infected cells, not all binding will
necessarily elicit the same function. A heightened ability at week 45 to capture virus was
observed using V2-specific antibody affinity-purified plasma. This increased binding capac-
ity was not apparent in the Luminex binding data. This may have been due to the use of
plasma versus affinity-purified antibody, and/or binding differences in antigen coating
beads versus antigen displayed on the viral surface. Furthermore, there was no comparable
increase in virus ADCP activity at week 45. This may have been due to the fact that the virus
targets were not the same in these assays (the HIV-green fluorescent protein [GFP] used for
ADCP was a clade B virus found to be optimal in this assay; ZM53/clade C virus with a GFP
tag was not available for testing). As well, the target for virus capture was pseudovirus and
therefore likely expressed more surface Env, possibly increasing the effective binding
capacity; however, this would not explain the relative increase in activity at week 45 (45).

The immunogens used as a vaccine in this study, which comprise our optimal
vaccine candidate, induce a highly durable and polyfunctional V2-focused Ab response.
The data suggest that 3 immunizations were essential for eliciting a broad, robust, and
complete Ab response, though a potent response was induced even after 2 immuni-
zations. Further study as to the particular roles and importance of each NHP IgG isotype
is needed for a complete picture of this vaccine’s immunogenicity. Testing the effec-
tiveness of this vaccine’s response in protection from infection is a critical next step and
should include assessment not only immediately following the final immunization but
also at various time points months or years after the vaccine regimen is administered.
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MATERIALS AND METHODS
Immunogen preparation. Codon-optimized gp120 DNA was prepared in the pJW4303 vector with

a tissue plasminogen activator (tPA) leader sequence, as described previously (46, 47). The genes of the
following proteins were used to prepare the scaffolds of the V2-scaffold immunogens: PDB accession
numbers 4K6L (TTB) (48), 2J9C (49), and 2F5K (50). The V2 sequences of the full-length V2 regions used
as inserts into the scaffolds were previously provided (34). Genes of the V2 scaffolds were chemically
synthesized and cloned into the pVRC8400 plasmid, followed by expression in HEK293 GnTI�/�cells and
purification by affinity chromatography (51). Details of the design and construction of the immunogens
are described separately (34, 52).

Animals and immunizations. This study was carried out in strict accordance with the recommen-
dations described in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health, the Office of Animal Welfare, and the United States Department of Agriculture (53). All animal
work was approved by the Oregon Health & Science University (OHSU) Institutional Animal Care and Use
Committee. The facilities at the Oregon National Primate Research Center (ONPRC) are accredited by the
American Association for Accreditation of Laboratory Animal Care. Macaca mulatta (rhesus macaques)
between 2 and 5 years of age were housed at the ONPRC in Beaverton, OR. Six macaques were
coimmunized with HIV-1ZM53 gp120 gene-expressing plasmids and soluble V2-scaffold proteins at weeks
0, 8, and 20. At each coimmunization, a total of 36 �g of HIV-1ZM53 gp120 plasmid DNA was delivered
epidermally using a particle-mediated epidermal delivery (PMED) device (Gene Gun, XR-1 research
model, PowderMed, Oxford, UK), by administering 2 �g of the DNA vaccines coating 1-�m gold particles
into each of 18 sites along the shaved abdomen and upper thighs, as previously described (54).
Simultaneously with the DNA gp120 administration by Gene Gun, 100 �g each of three V2-scaffold
protein immunogens were delivered intramuscularly (i.m.): V1V2(A244)-2J9C, V1V2(ZM53)-2F5K, and
V1V2(ZM109)-TTB. Protein was formulated prior to injection with not more than 20% Adjuplex adjuvant
(Sigma) (54). Regular blood sampling was performed every 2 weeks.

All three protein immunogens had previously been shown to bind to the V2q MAb PG9, with binding
levels comparable to that of BG505 SOSIP.664 gp140 (36). V2p MAb binding was strong for V1V2(A244)-
2J9C, moderate for V1V2(ZM53)-2F5K, and absent for V1V2(ZM109)-TTB (36). V1V2(A244)-2J9C was the
most reactive with the V2i MAbs tested, while V1V2(ZM53)-2F5K and V1V2(ZM109)-TTB also exhibited
strong binding by V2i MAbs, although the binding profile suggested that the fine V2i epitopes displayed
by these immunogens are each unique.

Luminex binding assay. Assays were performed as previously described (36). For isotype-specific
measurements, 100 �l/well of either mouse anti-rhesus IgG1 (0.2 �g/ml), IgG2 (1:500), or IgG3 (2.5 �g/ml)
(NHP Reagent Resource) was incubated on the plate for 30 min at room temperature in the dark with
shaking. After being washed twice with 100 �l/well of PBS-TBN (phosphate-buffered saline [pH 7.4],
Tween 20 [0.02% vol/vol], bovine serum albumin [BSA; 0.1% wt/vol], NaN3 [0.02% wt/vol]), samples were
incubated with either 100 �l of biotinylated anti-mouse IgG (4 �g/ml; Sigma) or biotinylated anti-monkey
IgG (2 �g/ml) for total IgG (Rockland) for 30 min at room temperature in the dark with shaking. Beads
coupled with rhesus IgG1, IgG2, and IgG3 (4 �g/million beads) were run to rule out any cross-reactivity
among isotypes (data not shown). GraphPad Prism 7.03 was used to generate titration curves.

Purification of V2-specific Abs from NHP plasma. N-hydroxy-succinimide (NHS)-activated agarose
dry resin 33-mg columns (Thermo Scientific) were washed with PBS once and spun at 10,000 rpm for
1 min. One milligram of V1V2(ZM109)-1FD6 in 500 �l of PBS was added to each column, and columns
were incubated with end-over-end rotation for 1 h at room temperature. Columns were centrifuged as
described above and washed twice with 500 �l of PBS. Flowthrough was monitored for protein
concentration. Remaining active sites were blocked by adding 1 M Tris, pH 7.4, with end-over-end
rotation for 30 min at room temperature, and columns were washed again twice in PBS. Plasma samples
(84 �l) from each of the six animals were pooled for each time point and loaded onto separate
V1V2(ZM109)-1FD6 affinity columns. Columns were incubated with end-over-end rotation for 1 h at room
temperature. Columns were centrifuged as described above and washed twice with 500 �l of PBS.
V2-specifc Abs were eluted with 400 �l of elution buffer (Fisher) and neutralized immediately with 40 �l
of 1 M Tris, pH 9. Eluted Abs were concentrated with an Amicon Ultra 0.5-ml 10K filter (Millipore)
according to the manufacturer’s protocol. All protein concentrations were measured with a NanoDrop
spectrophotometer.

Replication-competent, fluorescently tagged HIV-1 (HIV-GFP). Plasmids (infectious molecular
clones) for a clade B virus engineered to express GFP were obtained from Benjamin Chen (55). Virus was
produced by standard transfection of 293T cells as described previously (55). Supernatant was centri-
fuged through a 20% sucrose gradient and virus was titrated by a standard quantitative p24 ELISA
(Fisher) as described previously (56).

ADCP. The protocol for the ADCP assay was based on that by Ackerman et al. (57). For bead-based
ADCP, 5 �g of V1V2(ZM53)-2F5K, V1V2(ZM109)-1FD6, or V1V2(ZM109)-TTB was biotinylated using EZ-
Link Sulfo-NHS-LC-LC-biotin (Thermo Scientific) and then conjugated to 1-�m fluorescent neutravidin
beads (Thermo) according to the manufacturer’s instructions. Conjugated beads were washed and
resuspended in 0.1% BSA-PBS to a working dilution of 1:100. A total of 9 � 105 beads were aliquoted per
well in round-bottom 96-well plates. Plasma was titrated using 4-fold dilutions and added to beads,
incubated for 2 h at 37°C, and washed. A total of 2.5 � 104 THP-1 cells (ATCC) were added to each well
and were incubated overnight at 37°C. For virus-based ADCP, 150 ng/ml (p24 quantification) of GFP-HIV
was aliquoted in 96-well plates. V2-affinity-purified Abs from pooled plasma were incubated with virus
for 2 h at 37°C. Fifty thousand THP-1 cells were added and incubated for 2 h at 37°C. After incubation,
plates were washed three times and incubated in Accutase cell detachment solution (Innovative Cell
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Technologies) for 10 min at room temperature (to gently remove any surface-bound virus, as described
in reference 58). Plates were washed once more with Accutase. Phagocytosis for both assays was
measured by flow cytometry using an LSR Fortessa. ADCP scores were calculated as percent bead- or
virus-positive cells � mean fluorescence intensity (MFI) of bead-positive cells. AUC was calculated from
the titration curves as described above.

ADCC assay. Using the assay developed by Alpert et al. (59), ADCC measurements were made with
SHIVSF162P3-infected target cells as described previously (36). AUC was calculated from the titration curves
as described above.

Virus capture assay. Plates were coated with 1 �g/ml of anti-monkey IgG goat antibody (Rockland
Immunochemicals) in PBS (pH 7.4; Life Technologies) and incubated at 4°C overnight. Plates were washed
twice with PBS-Tween 20 (0.1%; Life Technologies), followed by blocking with 5% milk in PBS for 1 h at
37°C. Titrated plasma in 1% milk was transferred to the virus capture assay plate and incubated for 1 h
at 37°C. Plates were washed as described above and ZM53 pseudovirus, produced by a well-established
protocol (60) representing �500,000 relative light units (RLU) according to previous titration on TZM-bl
cells, was added and plates were incubated for 4 h at 37°C. Plates were kept at 4°C overnight to be used
for p24 quantification the following day.

Quantitative p24 ELISA. Immulon 4 plates (Fisher) were coated with 1 �g/ml of the p24-specific HIV
MAb 241-D and kept at 4°C overnight. p24 ELISA and virus capture plates were washed six times. The p24
ELISA plate was blocked using 3% BSA (Life Technologies) in PBS, while the virus capture plate contents
were lysed with 120 �l of 0.5% Triton X-100 in PBS for 1 h at 37°C. A p24 standard (Immune Technology)
was diluted in lysis buffer. The blocked p24 ELISA plate was washed six times, followed by addition of
the lysed captured pseudovirus and the p24 standard to the wells of the p24 ELISA plate, which was
incubated for 1 h at 37°C. The plate was washed six times, followed by addition of 1 �g/ml of biotinylated
p24-specific MAb 91-5 in 1% BSA-PBS. The plate was incubated and washed as described above, followed
by addition of streptavidin-horseradish peroxidase (HRP) (Pierce) diluted 1:1,000 in 1% BSA-PBS and
incubation as described above. Plates were washed, substrate solution was added (KPL), and plates were
read at 450 nm by an ELISA plate reader.
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