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ABSTRACT Immunotherapy with passive administration of broadly neutralizing HIV-1
envelope-specific antibodies (bnAbs) in the setting of established infection in vivo
has yielded mixed results. The contribution of different antibodies toward the direct
elimination of infected cells is poorly understood. In this study, we determined the
ability of 12 well-characterized anti-HIV-1 neutralizing antibodies to recognize and
eliminate primary CD4 T cells infected with HIV-1 belonging to clades A, B, C, and D,
via antibody-dependent complement-mediated lysis (ADCML) and antibody-dependent
cell-mediated cytotoxicity (ADCC), in vitro. We further tested unique combinations of
these antibodies to determine the optimal antibody cocktails to be tested in future
clinical trials. We report that antibody binding to infected CD4 T cells is highly vari-
able and correlates with ADCML and ADCC processes. Particularly, antibodies target-
ing the envelope glycan shield (2G12) and V1/V2 site (PG9, PG16, and PGT145) are
best at recognizing HIV-1-infected CD4 T cells. However, only PG9 and PG16 and
their combinations with other bnAbs sufficiently induced the elimination of HIV-1-
infected CD4 T cells by ADCML, ADCC, or both. Notably, CD4 binding site antibodies
VRC01, 3BNC117, and NIH45-46 G54W did not exhibit recognition of infected cells
and were unable to induce their killing. Future trials geared toward the develop-
ment of a cure for HIV/AIDS should incorporate V1/V2 antibodies for maximal clear-
ance of infected cells. With the use of only primary immune cells, we conducted a
comprehensive cross-clade physiological analysis to aid the direction of antibodies
as therapeutics toward the development of a cure for HIV/AIDS.

IMPORTANCE Several antibodies capable of neutralizing the majority of circulating
HIV-1 strains have been identified to date and have been shown to prevent infec-
tion in animal models. However, the use of combinations of such broadly neutraliz-
ing antibodies (bnAbs) for the treatment and eradication of HIV-1 in infected hu-
mans remains uncertain. In this study, we tested the ability of bnAbs to directly
recognize and eliminate primary human CD4 T cells infected with diverse HIV-1
strains representative of the global epidemic by antibody-dependent pathways. We
also tested several combinations of bnAbs in our assays in order to maximize the
clearance of infected cells. We show that the ability of bnAbs to identify and kill in-
fected cells is highly variable and that only a few of them are able to exert this
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function. Our data will help guide the formulation of bnAbs to test in future human
trials aimed at the development of a cure.

KEYWORDS ADCC, ADCML, AIDS, antibody function, complement-mediated lysis,
human immunodeficiency virus, monoclonal antibodies, neutralizing antibodies

The past decade of human immunodeficiency virus type 1 (HIV-1) research has
witnessed a surge in the identification and characterization of several HIV envelope-

specific antibodies that exhibit high potency and remarkable neutralization breadth
across the global clades of HIV-1 (1–4). Aptly named, such broadly neutralizing anti-
bodies (bnAbs) have rekindled optimism regarding the generation of new preventative
and therapeutic strategies to end the global HIV-1 epidemic. Several bnAbs character-
ized to date exhibit specificity toward unique sites on the viral envelope, such as the
CD4 binding site, the membrane-proximal external region (MPER), the viral glycan
shield, and the V1/V2 and V3 loops. Many of these antibodies have been demonstrated
to prevent acquisition of infection if administered prior to viral challenge (5–9) or by
vectored prophylaxis in animal models (10). Less is known, however, about the use of
these antibodies, particularly their combinations, as therapeutics to cure established
HIV-1 infection.

Antibodies employ diverse mechanisms, such as Fc receptor (FcR)-mediated antibody-
dependent cell-mediated cytotoxicity (ADCC) or antibody-mediated complement-mediated
lysis (ADCML), to eliminate infected targets. In order to develop a cure, it is imperative
that any therapy substantially eliminate or entirely eradicate all cells of the HIV-1
reservoir to achieve a functional or sterilizing cure, respectively. To this end, antibody
based therapies may be superior to current highly active antiretroviral therapy (HAART)
regimens in that along with viral suppression they may directly induce the clearance of
infected cells by the above-mentioned mechanisms (11). Recently it was demonstrated
that passive administration of the potent CD4 binding site-specific antibodies VRC01
(12) and 3BNC117 (13) as well as the V3-specific monoclonal antibody 10-1074 (14) was
safe and when given to viremic HIV-infected individuals off treatment resulted in a 0.8-
to 2.5-log10 reduction in plasma viremia. Notably, administration to HIV-1-infected
volunteers on suppressive HAART antibody therapy resulted in a delayed rebound of
viremia following treatment interruption (15, 16). Administration of these antibodies,
and of the V3-specific monoclonal antibody PGT121 into simian immunodeficiency
virus (SIV)-infected macaques, also improved host adaptive immune responses, which
contributed to the beneficial effects of antibody therapy (17, 18). These data indicate
that the use of broadly neutralizing antibodies as an immunotherapy toward the
eradication of the viral reservoir must be explored.

Since the antibodies were delivered as monotherapies in these clinical trials, resis-
tance mutations developed commonly. Hence, similar to the premise of triple HAART
for exerting maximal fitness cost to develop resistance, combinations of antibodies
should be tested clinically to not only maintain durable suppression of viremia but also
explore potential antibody-mediated eradication of the HIV reservoir. In support of this
argument, it was recently demonstrated that a combination of 3BNC117 and 10-1074
in a simian-human immunodeficiency virus (SHIV) model allowed for enhanced long-
term control of viremia in a CD8 T cell-dependent manner (19). Additionally, a combi-
nation of 3BNC117, 10-1074, and PG16 monoclonal antibodies in HAART-treated hu-
manized mice reduced the size of the viral reservoir as measured by cell-associated
DNA (20). Additionally, the coexistence of autologous broadly neutralizing antibodies in
an HIV-infected individual was associated with long-term viremic control (21). In the
moderate and only successful HIV-1 vaccine trial, RV 144, high levels of V1/V2-specific
antibodies and ADCC responses conferred protection from HIV-1 acquisition (22). ADCC
responses have also been demonstrated to correlate inversely with disease progression
(23). Finally, antibodies have longer half-lives in vivo than HAART (24, 25) and could
therefore serve as long-lasting therapeutics to not only prevent new infections by
neutralization but also directly induce the eradication of HIV-infected cells by antibody-
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mediated effector functions. Collectively, these lines of evidence demonstrate the in
vivo efficacy of broadly neutralizing antibodies toward the elimination of the HIV-1 viral
reservoir and suggest that combinations of broadly neutralizing antibodies may be
utilized toward the development of a functional cure of HIV/AIDS.

In this study, we aimed to determine ideal antibodies, and their combinations, from
a panel of 12 well-characterized antibodies specific to various regions of the HIV-1
envelope to eliminate primary HIV-1 CD4 T cells by two antibody-mediated effector
functions, ADCML and ADCC. Importantly, we conducted all experiments on primary
human CD4 T cells, natural targets of HIV-1, infected with 10 primary isolates and one
lab-adapted strain of HIV-1 representative of four global HIV-1 clades as well as primary
natural killer (NK) cells as effector cells for ADCC-mediated elimination of targets. The
use of primary CD4 T cells was a critical determinant for our assays, as these cells
express HIV-1 envelope on their surface in its native conformation having undergone
glycosylation representative of the complex’s native form in vivo available for antibody
binding. Similarly, primary NK cells recapitulate the true, physiological immune effec-
tors required to mediate ADCC in vivo. Importantly, we tested each antibody at a final
concentration of 2 �g/ml, on par with the average neutralization potency of the
antibodies tested in our assays. Thus, our findings form a comprehensive physiological
analysis of several broadly neutralizing antibodies and their combinations to be tested
in future clinical trials.

RESULTS
Rationale and experimental design. To determine the optimal bnAbs and their

combinations to eliminate primary CD4 T cells infected with diverse clades (A, B, C,
and D) of HIV-1 (Table 1) from a panel of 12 well-characterized anti-HIV-1 envelope
antibodies (Table 2), we first performed an antibody binding assay as illustrated in

TABLE 1 Panel of diverse HIV-1 strains tested in the study

HIV-1 strain Clade Coreceptor used

KNH1088 A CCR5
KER2008 A CCR5/CXCR4
NL4-3 B CXCR4
90THBK132 B CXCR4
YU-2 B CCR5
BaL B CCR5
GS007 B CCR5
SM206354 C CCR5
MSC5016 C CCR5
J32228M4 D CCR5
98UG57128 D CCR5

TABLE 2 Characteristics of all anti-HIV-1 envelope antibodies used in the study

Antibody Target site on viral envelope

Neutralization breadtha

at IC50 of <50 �g/ml
(%)

Neutralization
potencya

(�g/ml)

VRC01 CD4 binding site 84 0.41
17b CD4-induced epitope 8 2.23
4E10 gp41 MPER 91 2.82
PG9 V1/V2 74 0.18
2F5 gp41 MPER 47 2.35
PGT145 V1/V2 69 0.18
F105 CD4 binding site 9 1.54
PG16 V1/V2 72 0.11
PGT121 V3 64 0.07
2G12 Glycan shield 20 3.10
3BNC117 CD4 binding site 78 0.16
NIH45-46 G54W CD4 binding site 84 0.02
aData obtained from CATNAP, an online database hosted by the Los Alamos National Laboratory, USA
(http://hiv.lanl.gov/catnap).
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Fig. 1A. The neutralization breadth and potency of these antibodies against several
viruses tested (range: 176 to 787) have been obtained from the CATNAP (Compile,
Analyze and Tally NAb Panels [http://hiv.lanl.gov/catnap]) database (26), which has
compiled these data from numerous publications (range: 4 to 45) and is hosted online
by the Los Alamos National Laboratory. The neutralization breadth ranges from 8 to
91% (median: 70.5%) at a 50% inhibitory concentration (IC50) of �50 �g/ml, with a
potency range of 0.02 to 3.10 �g/ml (median: 1.16 �g/ml), as shown in Table 2. As a
control, we used the CD4 binding site-specific monoclonal antibody F105, which is not
a bnAb.

We next tested the ability of these antibodies to eliminate HIV-1-infected CD4 T cells
via two effector functions, antibody-dependent complement-mediated lysis (ADCML)
and antibody-dependent cell-mediated cytotoxicity (ADCC), or both, as illustrated in
Fig. 1B, C, and D, respectively.

Given the recent evidence that monotherapy with the broadly neutralizing antibod-
ies VRC01 (12, 16) and 3BNC117 (13) resulted in a failure to impart long-term control of
viremia due to the emergence of resistance mutations, we further postulated that
combinatorial treatment with antibodies could result in enhanced clearance of HIV-1-
infected CD4 T cells via ADCML, ADCC, or both. Therefore, based on the results
obtained from the antibody recognition of HIV-1-infected CD4 T cells and given the
safety profile of CD4 binding site-specific antibodies, we also tested multiple combi-
nations of antibodies to investigate their ability to eliminate infected CD4 T cells in vitro.

FIG 1 Schematic illustrations of assays. HIV-1 envelope-specific antibodies were employed at 2 �g/ml in each assay. (A) Binding assays of HIV-1-infected CD4
T cells. HIV-1-infected cells were stained with HIV-1 envelope-specific antibodies for 30 min, followed by PE-labeled anti-human IgG Fc-specific antibody. Cells
were permeabilized and stained for intracellular HIV-1 Gag. Data were analyzed via flow cytometry. (B) Antibody-dependent complement-mediated lysis
(ADCML) assays. HIV-1-infected CD4 T cells were cultured overnight in undiluted pooled plasma from four healthy HIV-1-negative donors with the antibodies
being tested. Cells were stained for intracellular HIV-1 Gag and analyzed by flow cytometry. (C) Antibody-dependent cell-mediated cytotoxicity (ADCC) assays.
Isolated natural killer (NK) cells from an uninfected donor were cocultured with HIV-1-infected CD4 T cells in a 1:1 coculture in R-10 medium, and cells were
incubated for 4 h. Cells were then stained for intracellular HIV-1 Gag and analyzed via flow cytometry. (D) In some experiments, the ADCC and ADCML assays
were combined. HIV-1-infected CD4 T cells were cocultured in undiluted pooled human plasma with NK cells at a 1:1 ratio and cultured overnight. The frequency
of HIV-1 Gag-expressing cells was determined by flow cytometry.
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Cross-clade antibody recognition of primary HIV-1-infected CD4 T cells is
highly variable. Primary CD4 T cells were isolated from peripheral blood mononuclear
cells (PBMCs) of healthy HIV-1-seronegative donors and infected with HIV-1 strains. The
frequency of infected cells was monitored by staining for intracellular HIV-1 Gag protein
and was typically �15 to 40% 4 days following infection. Mock- and HIV-1-infected CD4
T cells were washed extensively and coincubated with HIV-1 envelope-specific mono-
clonal antibodies at a final concentration of 2 �g/ml for 30 min, followed by 30 min of
staining with a phycoerythrin (PE)-labeled mouse-anti-human IgG Fc secondary anti-
body. CD4 T cells were subsequently stained for intracellular HIV-1 Gag protein expres-
sion. Representative flow cytometry plots obtained for one such experiment with clade
B HIV-1 90THBK132 virus along with controls are shown in Fig. 2A. In this particular
experiment, the human IgG isotype control staining revealed binding of only 4.42% of
total infected CD4 T cells [1.59/(1.59 � 34.4) � 100], whereas the HIV-1 V1/V2/glycan-
specific antibody PG9 (27) bound to 30.4% of total HIV-1-infected CD4 T cells.

The fraction of HIV-1-infected CD4 T cells (Gag�) that exhibit binding to HIV-1
envelope-specific antibodies was determined for each antibody, and summary data
obtained for infections with 11 unique HIV-1 isolates are shown in Fig. 2B. We observed
significantly elevated antibody-mediated recognition of surface HIV-1 envelope on CD4
T cells with antibodies PG9 (55.64%; P � 0.0020), PGT145 (22.52%; P � 0.0137), PG16
(23.57%, P � 0.0068), and 2G12 (57.93; P � 0.0029) relative to human IgG (isotype)
controls (16.18%), determined by paired analyses (median frequencies reported in
parentheses). Surprisingly, the CD4 binding site-specific antibodies VRC01, 3BN117, and
NIH45-46 G54W (an engineered version of the parent antibody that exhibits enhanced
neutralization breadth and potency [28]; referred to as NIH45-46 here) did not dem-
onstrate significant binding above background in these assays.

We observed highly variable antibody-mediated recognition of primary CD4 T cells
infected with various clades of HIV-1, as shown in Fig. 2C. For example, antibody 2G12,
specific for an oligomannose cluster on gp120 (29, 30), did not exhibit recognition of
CD4 T cells infected with clade C viruses or clade B YU-2, which lack the residue for
2G12 binding (31, 32). The lack of binding observed with any of the highly potent and
broad CD4 binding site-specific antibodies VRC01 (1, 2), 3BNC117 (1), and NIH45-46 (1)
suggests that the conformation of the HIV-1 envelope on the surface of primary
infected CD4 T cells differs from that on cell-free viruses that these antibodies have
been demonstrated to neutralize efficiently. The V1/V2-specific monoclonal antibody
PG9 displayed the broadest recognition of HIV-1-infected CD4 T cell targets by binding
to 10 of 11 viruses tested relative to the human IgG isotype control. PG16 and PGT145,
both targeting the V1/V2 domain (27, 33), also displayed enhanced recognition of
infected cells. These experiments highlight the V1/V2 loop of the HIV-1 envelope to be
interest for future trials, since all three antibodies targeting this domain displayed
enhanced recognition of primary HIV-1-infected CD4 T cells.

HIV-1 envelope-specific antibodies induce limited ADCML of primary infected
targets. Antibody binding to an HIV-infected cell can trigger complement-mediated
lysis (reviewed in reference 34). We next examined the ability of the panel of antibodies
to directly eliminate CD4 T cells infected with seven HIV-1 isolates representing clades
A, B, C, and D in cultures via complement-mediated lysis. CD4 T cells infected with the
viruses were cultured in fresh, undiluted pooled plasma from four healthy human
volunteers in the presence of each antibody at 2 �g/ml in an overnight assay. The
percent elimination relative to the frequency of infected cells in cultures without any
antibody was determined. Results from a representative experiment with controls are
depicted in Fig. 3A; the percent elimination of 90THBK132-infected cells with mono-
clonal antibody PG9 was determined to be �9% [(38.2 � 34.8)/38.2 � 100]. Summary
data for these experiments with each of the antibodies alone are illustrated in Fig. 3B.
Relative to the median ADCML with isotype antibody (0%), we observed significantly
enhanced elimination of HIV-1-infected CD4 T cells by antibodies PG9 (10.3%; P �

0.0469) and PG16 (3.8%; P � 0.0156). Surprisingly, despite exhibiting maximal potency
in the HIV-1 envelope binding experiments, 2G12 treatment did not induce killing of
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FIG 2 Binding of anti-HIV-1 envelope antibodies to CD4 T cells infected with diverse clades of HIV-1 is highly variable. CD4 T cells from healthy uninfected
donors were infected with 11 unique strains of HIV-1, including 2 clade A, 5 clade B, 2 clade C, and 2 clade D strains. Infected cells were stained with 2 �g/ml

(Continued on next page)
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infected cells (median: 0%; P � 0.2500), suggesting that with this particular antibody,
binding did not equate to killing. In contrast to the case with 2G12, we observed a trend
toward improved ADCML in the presence of the CD4 binding site antibody VRC01
(8.3%; P � 0.0625) despite the absence of recognition of infected cells in the previous
assays.

We then combined the 3 best bnAbs, PG9, PG16, and VRC01, and tested ADCML
mediated by this combination. We also tested combinations of PG9 and PG16 with the
two other CD4 binding site antibodies, 3BNC117 and NIH45-46, that were shown to be
more potent and broader than VRC01 for neutralization. The results of a representative
experiment are depicted in Fig. 3C; in this experiment, HIV-1 J32228M4-infected cells
were coincubated with an antibody cocktail comprising 2 �g/ml each of monoclonal
antibodies PG9, PG16, and NIH45-46. The percent ADCML was determined as previously
described, and in this particular experiment the degree of elimination relative to
no-antibody paired wells was �16%. Summary data for percent ADCML are shown in
Fig. 3D. In these experiments, the PG9-PG16 combination yielded statistically enhanced
elimination of primary HIV-1-infected CD4 T cells (median: 9.75%; P � 0.0312) com-
pared to the human IgG isotype control (median: 4.35%). All other combinations of
PG9-PG16 with a CD4 binding site-specific antibody resulted in even greater elimina-
tion of targets, including the antibodies VRC01 (12.6%; P � 0.0312), 3BNC117 (13%; P �

0.0312), and NIH45-46 (16%; P � 0.0312). A triple combination of VRC01, 3BNC117, and
NIH45-46, however, did not significantly enhance elimination of targets (13.6%; P �

0.0625), indicating that antibodies PG9 and PG16 were responsible for the effects
observed. Another triple combination targeting three unique epitopes on HIV-1 enve-
lope comprising PG9, the gp41 membrane-proximal external region (MPER)-specific
monoclonal antibody 2F5 (35), and the V3 loop-specific monoclonal antibody PGT121
(4) also significantly enhanced clearance of HIV-1-infected CD4 T cells (8.35%; P �

0.0312), suggesting that immunotherapy targeting varied sites on the HIV-1 envelope
could be a productive strategy. We also tested PG9 combinations with each of the CD4
binding site antibodies. Although these combinations resulted in elevated median
elimination of HIV-1-infected targets, the results were inconsistent. Furthermore, given
the enhanced 2G12-mediated recognition of surface envelope on infected CD4 T cells,
we tested triple combinations of PG16, 2G12, and either VRC01, 3BNC117, or NIH45-46.
Of these, only the combination of PG16, 2G12, and VRC01 induced significantly
enhanced clearance of HIV-1-infected targets via ADCML (8.95%; P � 0.0312).

Lastly, we determined that combinatorial administration of antibodies enhanced
ADCML of HIV-1-infected CD4 T cells compared to single-antibody treatments alone
(Fig. 3E). The median ADCML with each of the 12 antibodies was 1.75%, compared to
5.35% with antibody combinations (P � 0.0114 between groups). Overall the maximal
elimination of infected cells by ADCML was 30.6% with singular antibodies versus
36.2% with combinations tested. Hence, passive administration of these HIV-1
envelope-specific antibodies should be tested with combination treatments as an
immunotherapy toward the eradication of viral reservoirs.

Antibody cocktails induce effective ADCC of primary HIV-1-infected CD4 T
cells. We next determined how effective these HIV-1 envelope-specific antibodies were
at eliminating primary CD4 T cells infected with diverse clades of HIV-1 by ADCC. In

FIG 2 Legend (Continued)
of each HIV-1 envelope-specific antibody for 30 min at 4°C, followed by 30 min of staining with a secondary PE-labeled anti-HIV-1 IgG-Fc antibody for 30 min.
Intracellular HIV-1 Gag (Kc57-FITC) was stained after cells were permeabilized to determine the frequency of infected cells. (A) Representative flow cytometry
plots of a binding experiment depicting human IgG (isotype) control staining with mock-infected or HIV-1 90THBK132 (clade B)-infected CD4 T cells as controls
relative to PG9 monoclonal antibody (mAb) binding of HIV-1-infected cells. Binding was calculated as the percentage of cells positively stained for anti-human
IgG Fc (PE�) within total infected cells (FITC� PE�). (B) Summary data obtained from experiments testing binding of antibodies against CD4 T cells infected
with several HIV-1 clades are reported as the percent binding of each antibody within total infected cells. Each symbol represents an experiment with a unique
HIV-1 strain, and the dotted line indicates the median binding of the human IgG (isotype) control data. Medians are shown. Wilcoxon matched-pair
signed-rank tests were performed for comparison of the human IgG (isotype) data set for all statistical analyses. (C) Radar graphs depicting breadth of
antibody binding in each experiment against individual HIV-1 strains tested for panel B. Antibody binding is illustrated in blue lines, and the isotype control
is displayed within each plot with a red line. Virus clades and tropisms are indicated adjacent to the names in the key. X4, CXCR4 tropic; R5, CCR5 tropic. Eleven
viruses were tested for all antibodies except 3BNC117 and NIH45-46 G54W (n � 6). *, P � 0.05; **, P � 0.01.
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FIG 3 Combinations of antibodies elicit enhanced ADCML of HIV-1-infected CD4 T cells. HIV-1-infected CD4 T cells were cultured overnight in freshly collected
undiluted pooled plasma with HIV-1 envelope-specific antibodies alone or in combinations in a complement-mediated-lysis assay. The frequency of HIV-1
Gag-expressing cells was determined in each culture; disappearance of Gag� cells was indicative of ADCML relative to controls. (A) Representative flow
cytometry plots depicting the frequency of HIV-1 Gag� CD4 T cells within mock-infected and HIV-1-infected CD4 T cells with isotype control as well as a
no-antibody control. The percentage of infected cells in a culture with the PG9 monoclonal antibody overnight is also shown. (B) ADCML is reported as the
percentage difference in HIV-1 Gag� cells between the no-antibody and respective conditions with seven viruses tested as indicated. (C) Representative flow
cytometry plots of controls and HIV-1 J32228M4-infected CD4 T cells treated with a cocktail of three monoclonal antibodies (PG9, PG16, and NIH45-46) are

(Continued on next page)
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these assays, HIV-1-infected CD4 T cells were cocultured in a 1:1 ratio with natural killer
(NK) cells freshly enriched via negative selection from the PBMCs of a healthy, HIV-1-
negative blood donor. A 2-�g/ml concentration of each antibody was added to cultures
testing ADCC capabilities of antibodies alone or in combination for 4 h; the difference
in frequency of HIV-1-infected CD4 T cells from control cultures without antibodies was
determined, and results are reported as percent ADCC in Fig. 4.

The results of a representative experiment with KNH1088 HIV-1-infected CD4 T cells
cultured with the PG9 monoclonal antibody and NK cells along with controls are shown
in Fig. 4A. In this particular example, the PG9 antibody eliminated �22% of HIV-1-
infected cells [(15.4 � 12)/15.4 � 100]. Summary data for all 12 antibodies tested
individually against six HIV-1 isolates are reported in Fig. 4B. PG9 exhibited broad and
significant elimination of HIV-1-infected targets (median: 16.1%; P � 0.0312) relative to
cultures receiving isotype control antibody (median: 2.05%). Cultures with antibodies
4E10 (5.95%; P � 0.0625) and PG16 (7.75%; P � 0.0938) displayed a trend toward
enhanced ADCC in these experiments as well. Consistent with antibody-mediated
recognition of infected CD4 T cells and ADCML assays, the CD4 binding site-specific
antibodies VRC01 (P � 0.1875), 3BNC117 (P � 0.625), and NIH45-46 (P � 0.625) were
unable to effectively induce ADCC of infected targets. Overall, we observed a modest
ability of the majority of antibodies tested in our assays to induce elimination of
HIV-1-infected CD4 T cells.

Next, we examined whether antibody cocktails could synergistically enhance the
clearance of HIV-1-infected targets via ADCC. Figure 4C depicts a representative exam-
ple of these experiments testing the PG9-2F5-PGT121 combination against HIV-1
90THBK132-infected CD4 T cells. Relative to the no-antibody control wells, this com-
bination resulted in �23% [(22.5 � 17.4)/22.5 � 100] elimination of infected cells by
ADCC. Similar to the case with the complement-mediated-lysis assays, combination of
the antibodies PG9 and PG16 significantly increased the elimination of CD4 T cells
infected with HIV-1 strains representative of the four clades tested (median: 14.6%, P �

0.0312) compared to the paired isotype controls (median ADCC: 2.3%). The addition of
a few CD4 binding site antibodies—VRC01 (8.3%, P � 0.0938), 3BNC117 (13.55%; P �

0.0156), and NIH45-46 (13.15%; P � 0.0312)—along with PG9 and PG16 also resulted in
the greater elimination of targets than with paired isotype controls. However, given
that the triple combination comprising VRC01, 3BNC117, and NIH45-46 antibodies did
not increase killing of infected cells (4.1%; P � 0.5000), these findings indicate that the
CD4 binding site antibodies did not contribute to additional ADCC-dependent lysis of
infected targets observed with the PG9-PG16 combination. Combination of PG9 alone
with VRC01 (13.4%; P � 0.0781), 3BNC117 (11.05%; P � 0.469), and NIH45-46 (16.2%;
P � 0.0781) resulted in moderately enhanced ADCC-mediated clearance of HIV-1-
infected CD4 T cells, whereas PG16 combinations without PG9 did not exhibit this
effect. Based on the findings that largely the monoclonal antibody PG9 alone (Fig. 4B)
induced efficient ADCC of HIV-1-infected cells, it may be inferred that curative ap-
proaches involving broadly neutralizing antibodies should incorporate this bnAb in
their regimen. As with the ADCML assays, the PG9-2F5-PGT121 combination targeting
three unique sites on the HIV-1 envelope also significantly increased the elimination of
HIV-1-infected CD4 T cells (16.66%; P � 0.0312). Overall, optimal combinations of
antibodies resulted in significantly greater ADCC-mediated elimination targets than did
testing antibodies alone (Fig. 4E; P � 0.0029).

FIG 3 Legend (Continued)
shown. (D) ADCML assays were conducted with the indicated combinations of antibodies tested against CD4 T cells infected with six diverse strains of HIV-1.
For panels B and D, each symbol represents an experiment with the indicated HIV-1 strain. Dotted lines indicate the median value of cultures with the human
IgG (isotype) wells. Medians are shown. Wilcoxon matched-pair signed-rank tests were performed to compare each condition to the paired isotype controls.
(E) Combined ADCML data for experiments using antibodies alone (n � 12) or in various combinations (n � 12) are plotted. Each symbol represents the median
of an antibody alone (from panel B) or a particular antibody combination (from panel D) examined. The grand medians of groups are displayed. Nonparametric
Mann-Whitney U tests were performed to determine statistical significance. The combinatorial approach increased ADCML of HIV-1-infected CD4 T cells. A total
of 2 �g/ml of each antibody was tested per culture. For antibody combination experiments, the isotype control antibody concentration was 6 �g/ml. *, P �
0.05.
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FIG 4 Enhanced ADCC with antibody combinations rather than single-antibody treatment. NK cells from an uninfected donor were isolated and cocultured with
HIV-1-infected CD4 T cells in a 1:1 ratio for 4 h in R-10 medium with HIV-1 envelope-specific antibodies. HIV-1 Gag� cell frequencies were assessed by flow
cytometry. (A) Flow cytometry plots of a representative experiment with PG9 monoclonal antibody-treated cocultures of CD4 T cells infected with the clade
A HIV-1 strain KNH1088. Cells shown are CD3� T cells. (B) ADCC was calculated as the percent difference in HIV-1 Gag� frequencies between the wells receiving
antibodies and the control no-antibody wells. Summary data obtained for each antibody tested against HIV-1-infected CD4 T cells generated with six different
strains are shown. (C) Representative flow cytometry plots depicting the frequency of HIV-1 Gag� CD4 T cells in mock-infected and HIV-1 90THBK132-infected

(Continued on next page)
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ADCML and ADCC target similar populations and are not additive processes for
the elimination of HIV-1-infected CD4 T cells. Since antibodies in vivo could target
HIV-1-infected cells for clearance via ADCML and/or ADCC, we next sought to combine
the ADCML and ADCC assays to test whether these two distinct mechanisms could
additively enhance the elimination of HIV-1-infected CD4 T cells. Assays were per-
formed overnight with antibodies alone, or in combination, with NK cells in a 1:1 ratio
in undiluted pooled human plasma from healthy donors’ blood. Shown in Fig. 5A is a
representative example of results from an experiment with clade C HIV-1 SM206354-
infected CD4 T cells treated with monoclonal antibody PG9. In this example, relative to
the no-antibody condition, PG9 resulted in killing of 8.5% of infected cells [(28.1 �

25.7)/28.1 � 100]. Summary data for all antibodies tested individually are reported in
Fig. 5B. Although we observed increased median elimination of HIV-1-infected CD4 T
cells by PG9 (9.71%), PG16 (6.45%), F105 (6.06%), PGT145 (6.01%), 3BNC117 (3.97%), 2F5
(3.72%), and 2G12 (2.49%) antibodies relative to median isotype control (1.43%), none
of these findings were significant, likely as a consequence of testing only four HIV-1
strains in these assays: one from each of clades A, B, C, and D. Notably, in agreement
with the previous assays, PG9 and PG16 antibodies demonstrated the most elimination
of infected cells in these experiments as well.

We then tested identical cocktails of antibodies from Fig. 3D and 4D in the
combined ADCML and ADCC assay. The results of an example of one such experiment
with the antibody cocktail comprising VRC01, 3BNC117, and NIH45-46 with HIV-1
SM206354-infected CD4 T cells are displayed in Fig. 5C. The triple combination resulted
in the killing of �7% [(33.7 � 31.3)]/33.7 � 100] HIV-1-infected cells relative to the
no-antibody cultures. Summary data for these assays against CD4 T cells infected with
four unique clades of HIV-1 are shown in Fig. 5D. Compared to the human IgG isotype
control (median: 5.08%), PG9-PG16 resulted in the consistently highest elimination of
infected cells recorded in these experiments (9.24%). These effects were largely PG9
mediated, as only combinations including this antibody exhibit clearance of HIV-1-
infected CD4 T cells above the median of the control isotype cultures. A combination
of VRC01, 3BNC117, and NIH45-46 was unable to induce the killing of HIV-1-infected
cells, consistent with our previous findings in the individual ADCML and ADCC assays.
Again, these results suggest that the PG9 monoclonal antibody would be an ideal
candidate toward the development of new strategies to eliminate the HIV-1 reservoir.

We compared whether combined antibodies induced greater killing of HIV-1-
infected CD4 T cells in these assays than did antibodies tested alone, shown in Fig. 5E.
We observed that combined antibodies exhibited a marginal increase in the elimination
of targets over that with antibodies alone, with medians of 5.7% and 3.1%, respectively.
However, this difference was not statistically significant. In these assays, overall, we did
not observe greater elimination of infected targets than in the assays with ADCML or
ADCC alone. For example, the PG9-PG16 combination demonstrated medians of 9.75%,
14.6%, and 9.24% killing of infected targets via ADCML, ADCC, and ADCML-ADCC,
respectively. Thus, it may be inferred that ADCML and ADCC are not synergistic
processes and may induce the clearance of a similar population of HIV-1-infected CD4
T cells.

ADCML and ADCC target early-stage-infected cells exclusively. To better under-
stand the characteristics of HIV-1-infected CD4 T cells that may be cleared by antibody-

FIG 4 Legend (Continued)
CD4 T cells as well as cultures with a triple combination of antibodies (PG9, 2F5, and PGT121). CD3� NK cells were gated out, and only CD3� CD4 T cells are
displayed. (D) Summary data of percent ADCC observed with the indicated antibody combinations tested against six unique HIV-1 strains are shown. For panels
B and D, symbols depict individual paired experiments with the indicated virus. Medians are shown; dotted lines depict the median value of the human IgG
(isotype) wells, to which all other wells were compared using Wilcoxon matched-pair signed-rank tests to determine statistical significance. (E) Combined ADCC
data for experiments using antibodies alone (n � 12) or in various combinations (n � 12) are plotted. Each symbol represents the median percent ADCC
obtained with experiments using antibodies alone or in combinations (B and D, respectively). The horizontal line signifies the grand median of groups.
Nonparametric Mann-Whitney U tests were performed to determine statistical significance between the two groups. Combination of antibodies resulted in
improved killing of HIV-1-infected cells by ADCC compared to antibodies tested alone. Each antibody was tested at 2 �g/ml either alone or in combination.
The isotype control antibody concentrations were 2 �g/ml for experiments using antibodies alone and 6 �g/ml for combinatorial experiments. *, P � 0.05; **,
P � 0.01.
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FIG 5 ADCC and ADCML responses are not synergistic. CD4 T cells infected with four unique clades of HIV-1 were cocultured with NK cells from a healthy donor
overnight in undiluted human plasma with HIV-1 envelope-specific antibodies. Frequencies of HIV-1 Gag� cells within the CD3� CD4 T cell fraction were
determined by flow cytometry. (A) Representative data obtained from cocultures with mock-infected or clade C HIV-1 SM206354-infected CD4 T cells controls
and the monoclonal antibody PG9 are shown. Data shown are gated on CD3� T cells. (B) The difference in the frequency of HIV-1 Gag� CD4 T cells and that
number in the corresponding no-antibody data is reported as the percent combined ADCML and ADCC. Summary data from experiments performed with all

(Continued on next page)
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mediated immune pathways, we probed the CD4 expression of infected cells as a
“kinetic” marker of infection progression. HIV-1 proteins Env, Nef, and Vpu downregu-
late the expression of CD4 molecules through distinct mechanisms (36–38). Hence, in
our in vitro model of productive infection of primary CD4 T cells, the CD4 expression
profile would distinguish early- from late-stage-infected cells. Indeed, we observed two
distinct populations of HIV-1 Gag-expressing early-stage (CD4 High) and late-stage
(CD4 Low) CD4 T cells (Fig. 6A). We further evaluated the percent elimination of
HIV-1-infected CD4 T cells by ADCML based on the CD4 expression profile, i.e., early- or

FIG 5 Legend (Continued)
four viruses treated with monoclonal antibodies tested individually are shown. (C) Representative flow cytometry plots of data generated with antibodies tested
in a triple combination (VRC01, 3BNC117, and NIH45-46) against clade D HIV-1 J32228M4 are shown along with relevant controls. (D) Summary data for percent
ADCML plus ADCC are displayed for all antibody combinations tested with each of the viruses. Symbols represent individual paired experiments conducted with
a unique virus. Dotted lines represent the median isotype control percent ADCML plus ADCC to which all conditions were compared to determine statistical
significance by Wilcoxon matched-pair signed-rank tests. No statistical significance was observed (n � 4). (E) Combined data from experiments using antibodies
alone (panel B; n � 12) and in various combinations (panel D; n � 12) tested in the ADCML-ADCC assays are shown. Each symbol represents the median percent
ADCML plus ADCC obtained in the respective assays. Mann-Whitney U tests were performed to determine statistical significance between groups. No statistical
significance was observed. Each antibody was tested in at a final concentration of 2 �g/ml in experiments testing antibodies alone or in combination. Isotype
control antibody was used at 2-�g/ml and 6-�g/ml final concentrations in experiments testing antibodies alone and in combination, respectively.

FIG 6 HIV-1 envelope-specific antibodies induce elimination of early-stage but not late-stage HIV-1-infected CD4 T cells. ADCML or ADCC assays were performed
with HIV-1-infected cells using PG9 and PG16 antibodies alone or in combination. Cells were stained for CD4 expression and analyzed via flow cytometry.
Early-stage-infected cells retain high CD4 expression (CD4 High), whereas late-stage-infected cells drastically downregulate CD4 expression (CD4 Low). We
assessed the degree of elimination induced by each antibody treatment based on their CD4 expression within the total infected-cell fraction relative to the
paired human IgG isotype control. (A) Representative flow cytometry plots depicting ADCML data with clade C HIV-1 SM206354 are shown. (B) Summary data
(n � 6) of ADCML induced under each listed condition are reported stratified by CD4 expression profile of infected cells. (C) Data from PG9, PG16, and PG9-PG16
conditions were combined (n � 18), and percent ADCML was determined based on the CD4 expression profile of HIV-1-infected targets. (D) Results from a
representative ADCC experiment with PG16-treated clade A HIV-1 KNH1088-infected cells and control (isotype) are shown. Gates represent the frequency of
CD4 High and CD4 Low cells within the total infected-cell population. (E) Summary data for ADCC induced on the CD4 High and CD4 Low cells within total
infected cells are reported (n � 6). (F) Data from panel E were combined (n � 18) to determine ADCC by these three treatments based on CD4 expression.
Elimination of HIV-1-infected CD4 T cells by either ADCML or ADCC was limited to early-infected (CD4 High) cells, whereas the late-stage-infected (CD4 Low)
cells were resistant to killing by these mechanisms. Medians are shown. Nonparametric Wilcoxon matched-pair signed-rank tests were performed for data
analysis. *, P � 0.05; ***, P � 0.001.

bnAbs Eliminate Primary HIV-Infected CD4 T Cells Journal of Virology

August 2017 Volume 91 Issue 16 e00634-17 jvi.asm.org 13

http://jvi.asm.org


late-stage infection. As seen in Fig. 6A, relative to the isotype control, PG9 treatment
resulted in the killing of �19% [(46.4 � 37.6)/46.4 � 100] of HIV-1 SM206354-infected
targets expressing CD4, whereas no elimination of the cells lacking CD4 expression was
observed. Summary data for ADCML experiments with antibodies PG9 and PG16 and
the PG9-PG16 combination (Fig. 3B and D) are reported in Fig. 6B. Data from Fig. 6B
were combined to determine the overall elimination by ADCML of HIV-1-infected CD4
targets by either of these three conditions stratified by CD4 expression and are shown
in Fig. 6C. Only the early-stage (CD4 High) HIV-1-infected CD4-expressing cells were
eliminated to some degree under each tested condition, whereas cells infected for a
prolonged period, devoid of CD4 expression, did not experience similar killing rates;
medians were 4.6% and 0% (P � 0.0010), respectively. Remarkably, we obtained
identical findings with these antibodies tested for the ability to eliminate HIV-1-infected
CD4 T cells via ADCC as shown in Fig. 6D and summary data in Fig. 6E. In the ADCC
assays, the contribution of these three conditions to the clearance of CD4 High
HIV-1-infected CD4 T cells was a median of 6.4%, compared to 0% (P � 0.0268) for cells
lacking CD4 expression (Fig. 6F). These observations suggest a role for HIV-1 infection
in rendering infected cells resistant to antibody-mediated complement-mediated lysis
as well as antibody-mediated cell-mediated cytotoxicity pathways in progressively
infected cells.

Antibody binding of HIV-1-infected CD4 T cells, but not neutralization breadth
or potency, correlates with effector functions. In order to better understand what
factor(s) contributed to antibody-mediated elimination of HIV-1-infected CD4 T cells,
correlation analyses were performed for the human IgG isotype-corrected median
values obtained for antibody binding of HIV-1-infected cells (Fig. 2B), ADCML (Fig. 3B),
ADCC (Fig. 4B), and historical neutralization breadth and potency of each antibody
against several viruses (listed in Table 2), as shown in Fig. 7A and B, respectively. We
observed that neither of these parameters correlated significantly, indicating that
neutralization activities and antibody-mediated clearance of infected cells are distinct
mechanisms.

Next, correlation analysis of isotype-corrected effector functions (ADCML and ADCC)
with antibody binding experiments was performed; results are illustrated in Fig. 7C.
Recognition of HIV-1-infected CD4 T cells by monoclonal antibodies displayed a strong
trend to association with ADCML (Spearman correlation [rs] � 0.553; P � 0.0531) and
correlated significantly with ADCC (rs � 0.0664; P � 0.0164). These findings indicate
that future trials aimed at the eradication of the viral reservoir with HIV-1 envelope
antibodies should test the ability of the antibody cocktails to bind directly to HIV-1-
infected CD4 T cells in order to eliminate them via immune-mediated pathways.

DISCUSSION

In this study, we obtained direct experimental data on the ability of anti-HIV-1
envelope antibodies and their combinations to eliminate primary HIV-1-infected CD4 T
cells via antibody-mediated effector functions, namely, antibody-dependent complement-
mediated lysis (ADCML) and antibody-dependent cell-mediated cytotoxicity (ADCC), in
vitro. The activities of 12 well-characterized anti-HIV-1 envelope antibodies, and their
combinations, against a broad range of epitopes on the viral envelope were tested for
the elimination of primary CD4 T cells infected with HIV-1 isolates from four main
circulating HIV-1 clades in different regions of the world. Much is known about the
ability of several of these antibodies to prevent viral infection from cell-free HIV-1
virions; however, far less is understood about their potential toward the direct binding
and subsequent elimination of HIV-1-infected cells. The ability of an antibody to
recognize and bind to an infected cell is critical to initiate clearance via antibody-
mediated effector functions through Fc-FcR (Fc receptor) interactions (reviewed in
reference 39).

We found that antibodies recognizing carbohydrate epitopes, such as 2G12 and the
V1/V2/glycan-specific antibodies PG9, PG16, and PGT145, were the best at binding to
HIV-1 envelope protein on the surface of primary HIV-1-infected cells. Except for 2G12,
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these V1/V2 bnAbs were also best at inducing ADCML and ADCC. Notably, V1/V2-
specific antibodies were also determined to be a correlate of protection in the mod-
erately protective HIV-1 vaccine trial RV 144 (22). Remarkably, another predictor of
protection in RV 144 was the degree of ADCC-mediated responses between high and
low responders to the vaccine (22). Thus, it is plausible that V1/V2-induced antibodies
in RV 144 conferred protection by superior ADCC-mediated responses. To further
corroborate our findings, a recent report (40) also identified V1/V2-directed antibodies
to be superior for binding to envelope on infected cell lines and also exhibit more
efficient ADCC than other antibodies. It is pertinent to note, however, that PG9 and
PG16 antibodies are specific for glycan epitopes on the HIV-1 trimer, and therefore,
their reactivity can be diminished by heterogeneous glycosylation of HIV-1 envelope
produced from infected cells (41). Despite this possibility, we observed these two
bnAbs to consistently impart the broadest recognition and subsequent antibody-
mediated elimination of primary CD4 T cells infected with diverse strains of HIV-1 in this
study. Collectively, these observations highlight the need to target the V1/V2 site on
the HIV-1 envelope and the incorporation of antibodies such as PG9 and PG16 into
future antibody cocktails as therapeutics for HIV-1 control or cure. We report that
antibodies in combination were moderately superior to antibodies tested individually

FIG 7 Antibody binding to HIV-1-infected CD4 T cells correlates with effector functions. Isotype-subtracted, median values obtained in this study for antibody
binding and ADCML and ADCC assays are plotted alongside historical neutralization breadth (A) and potency (B) of each neutralizing antibody tested after
corresponding human IgG (isotype) subtraction for each antibody. Neutralization breadth and potency data for several HIV-1 strains characterized by numerous
groups were obtained from CATNAP (26) and are reported in Table 2. No correlation was observed between neutralization parameters and effector functions
or antibody binding of HIV-1-infected primary CD4 T cells. Labels are provided for the data set for antibody binding of infected cells. (C) Linear regression plots
of isotype-subtracted median values of antibody binding and ADCML or ADCC are plotted. ADCC assay data are labeled. Nonparametric Spearman correlations
(rs) were determined to ascertain any statistical significance. *, P � 0.05.
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for the clearance of primary HIV-1-infected CD4 T cells. Furthermore, we demonstrate
that antibody-mediated recognition, and not neutralization breadth or potency, corre-
lated with the elimination of HIV-1-infected CD4 T cells by ADCML or ADCC mecha-
nisms.

Since we tested the ability of several bnAbs to bind surface envelope on CD4 T cells
infected with diverse HIV-1 clades, it is probable that the limited recognition breadth
of some antibodies would prove to be a limiting factor. For example, the majority of
clade C viruses and the clade B virus YU-2 lack the glycosylated residue for 2G12
binding (31, 32). This would explain why we did not observe recognition of these
viruses by this antibody in our assays. However, the CD4 binding site-targeting anti-
bodies VRC01, 3BNC117, and NIH45-46 are among the broadest and most potent
neutralizing antibodies identified to date; surprisingly, however, these did not exhibit
recognition of primary HIV-1-infected CD4 T cells or contribute to their direct elimina-
tion in our assays. These results suggest that the conformation of the envelope protein
on the surface of physiological primary HIV-1-infected CD4 T cells, unlike cell lines (42),
is not conducive to binding by these CD4 binding site-specific antibodies. Certainly, the
HIV-1 envelope protein undergoes proteolytic cleavage (32) and several other modifi-
cations, including receptor ligation (43) and extensive glycosylation (44, 45), that may
be of an altered phenotype in comparison to that present on a cell-free virus that these
antibodies efficiently bind for neutralization (1). Thus, it is plausible that Env on the
surface of infected primary CD4 T cells occludes the epitopes for certain antibodies with
specificities for the CD4 binding site. Indeed, the removal of a glycan residue on trimeric
envelope proximal to the CD4 binding site enhanced VRC01 binding relative to the
wild-type trimer (46). Another potential mechanism at play might be that the viral
envelope on the surface of infected CD4 T cells is constitutively engaged with the CD4
receptor, excluding the CD4 binding site antibodies from their epitope. Furthermore,
while mature virions budding off from the cellular membrane of an infected cell
incorporate several host proteins, the CD4 receptor is not among these (47, 48),
indicating that the epitope for CD4 binding site antibodies, although accessible on
cell-free virions, is unavailable on the viral envelope on the surface of an infected CD4
T cells as a consequence of gp120 interaction with its ligand. Thus, CD4 binding site
antibodies, although potent at virus neutralization, did not exhibit recognition or
elimination of primary HIV-1-infected CD4 T cells in our assays. It is also important to
note that we tested the binding of 3BNC117 to primary HIV-1-infected CD4 T cells at 2
�g/ml for 30 min in a standard two-step staining protocol which differed from that of
Lu et al. (49), who demonstrated copious binding of biotinylated 3BNC117 to infected
CD4 T cells using 20 �g/ml of the antibody to stain cells for 90 min in a unique
three-step staining protocol. These modifications between the two procedures could
explain the discrepancy between our findings. Notably, Pham et al. (40) also demon-
strated far weaker staining of envelope protein by 3BNC117 on primary HIV-1-infected
CD4 T cells than by PG9. Lastly, while nonfunctional forms of the HIV-1 envelope, such
as gp120/gp41 monomers, are readily detected on virus particles, it has been demon-
strated that neutralization correlates with binding of antibody to trimeric, functional
HIV-1 envelopes (50). Since we tested only neutralizing antibodies in this study, it is
plausible that the antibody-mediated effector functions we observed were due to the
recognition of functional HIV-1 trimers on the surface of HIV-1-infected CD4 T cells.

Antibody-mediated effector functions are critical for maximal protection of ma-
caques from virus acquisition and are independent of neutralization capacity (51, 52).
Reports from human trials of passive administration of broadly neutralizing antibodies
2F5, 4E10, and 2G12 in combination (53–55) and monotherapy with CD4 binding
site-specific antibodies VRC01 (12, 16) and 3BNC117 (13, 15) as well as the V3 glycan-
specific 10-1074 (14) have been published. Each trial reported the emergence of viral
resistance mutations to the active antibody. Immunotherapy was associated with
delayed kinetics of viral rebound following analytical treatment interruption compared
to historical controls (15, 16, 53). In the more recent VRC01, 3BNC117, and 10-1074
trials, the benefits of therapy were observed primarily when antibodies were adminis-
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tered to viremic individuals off HAART. Notably, no changes in the size of the HIV-1
reservoir were observed by monotherapy with VRC01 as measured by infectious units
per million (IUPM) CD4 T cells or cell-associated DNA and RNA measurements (12).
When tested, 3BNC117 therapy did not decrease the size of the HIV-1 proviral reservoir
measured as total HIV-1 DNA (15), although this parameter is not as robust an assessor
of reservoir size as IUPM determination. These observations indicate that successful
therapy was dependent on the presence of plasma viremia with viruses that these
antibodies have been shown to bind and neutralize efficiently in vitro. It was inferred
that the presence of these bnAbs accelerated viral clearance by opsonization of viral
particles and the uptake of antibody-virus complexes by immune cells that would have
led to the enhancement of anti-HIV-1 adaptive immune responses as a consequence of
efficient antigen presentation (39). Indeed, immunological assays following 3BNC117
administration in humans (17) and in a dual combination study of 3BNC117 with
V3-specific 10-1074 monoclonal antibody in SHIV-infected macaques (19) have dem-
onstrated that passive immunotherapy with monoclonal antibodies enhanced humoral
and cellular immune responses such as autologous antibody neutralizing titers and
anti-HIV-1 CD8 T cell responses, respectively, leading to longer control of viremia
irrespective of neutralization breadth (17, 19). In relation to this, the elimination of
HIV-1-infected cells by 3BNC117 was shown to be dependent on Fc-FcR interactions
(49); further supporting these observations, Fc-FcR interactions are crucial for the
prevention of SHIV acquisition in macaque models (52). Due to a lack of reduction in
the size of the viral reservoir following administration of the bnAbs 2F5, 4E10, 2G12,
VRC01, and 3BNC117, it may be inferred that these antibodies did not directly eliminate
HIV-1-infected cells. Importantly, our assays recapitulate this inability of these specific
bnAbs, namely, 2F5, 4E10, 2G12, VRC01, and 3BNC117, to enhance clearance of
virus-infected cells by ADCML or ADCC pathways. Thus, future trials of antibody
cocktails should also include antibodies such as PG9 and PG16 along with other potent
bnAbs like VRC01, 3BNC117, and 10-1074 in order to maximize the elimination of
HIV-1-infected cells in vivo by synergistically triggering direct lysis (ADCML), ADCC, and
the generation of improved anti-HIV-1 adaptive immune responses simultaneously.

HIV-1 has evolved several strategies to evade host immune responses. Among the
orchestrators of these mechanisms are the viral proteins Nef and Vpu, which target
several host proteins, such as major histocompatibility complex class I (MHC-I), for
degradation to promote viral persistence (56, 57). Together, Nef and Vpu also directly
inhibit antibody-mediated effector functions to interfere with the clearance of infected
cells by unique mechanisms such as downregulating CD4 receptor from the surface of
HIV-1-infected cells, which retains the envelope in its “closed” unligated trimeric state
(58, 59). Several anti-HIV-1 envelope antibodies, such as 17b (60), interact with epitopes
exposed upon CD4 ligation with the HIV-1 trimer; thus, by downmodulation of CD4
receptors, the viral epitopes for antibody interaction are masked (43, 61). Nef proteins
from elite controllers of HIV-1 are unable to efficiently downmodulate CD4 (62). Thus,
CD4-induced epitopes on the envelope trimer are readily available for antibody binding
that leads to subsequent ADCC (62). This protective role of ADCC in elite controllers
highlights the importance of ADCC in vivo and identifies it as a correlate of control in
HIV-1 infection. Vpu and Nef also downregulate BST2 (tetherin), a restriction factor that
anchors virions onto the surface of infected CD4 T cells, thus increasing surface density
of viral antigens and leading to enhancement of antibody-antigen interactions (40, 58,
63). Additionally, both HIV-1 virions and infected cells utilize surface regulators of
complement activation, such as CD55 and CD59, to resist complement-mediated lysis
(34, 64–66). These viral mechanistic processes could explain why we observed modest
effects by antibody-dependent complement-mediated lysis or cell-mediated cytotox-
icity in our assays with primary CD4 T cells. Previous reports have also described only
limited efficacy, typically �30%, of ADCML (67) and ADCC of HIV-1-infected cell lines by
NK effector cells (40, 42). Blockade of CD59 yields increased complement-mediated lysis
(67, 68), whereas attenuated viruses, deficient for Nef and Vpu expression, displayed
enhanced susceptibility to ADCC of infected cells in a tetherin-dependent manner (40,
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63). Consistent with this, we found that ADCML- and ADCC-sensitive HIV-1-infected CD4
T cells were phenotypically in the early stage of infection, i.e., displayed high CD4
expression. Intriguingly, these lines of evidence suggest that in order to maximize
antibody-mediated clearance of HIV-1-infected targets, new therapeutics to antagonize
Vpu and Nef as well as CD55 and CD59 function should be explored in combination
with antibody treatment. However, it must be noted that in vitro, both ADCML and
ADCC are short-term culture assays, whereas in vivo bnAbs could elicit a greater degree
of clearance of infected cells by recurrent elimination of targets.

The Fc fragment of HIV envelope-specific antibodies too may be engineered to
increase their in vivo half-lives, enhance localization to lymphatic tissues, and augment
their ability to interact with FcRs (69). An Fc-modified version of VRC01 with two amino
acid substitutions, dubbed VRC01-LS, had an extended in vivo half-life and conferred
protection to macaques from SHIV acquisition for up to 14.5 weeks, compared to 8
weeks with the wild-type antibody (5). Additionally, VRC01-LS also displayed increased
localization to gut tissue, a key site for HIV-1 pathogenesis (70). Bournazos et al. (51)
demonstrated that the in vivo activity of bnAbs was dependent on the opsonization of
virus particles and their removal from circulation. Furthermore, amino acid substitu-
tions to the Fc domain, such as GASDALIE, that have been demonstrated to be superior
to wild-type Fc for engagement with activating Fc receptors (71) led to enhanced
control of viremia (51). Hence, it is plausible to administer long-lasting and potent
engineered therapeutics to HIV-1-infected individuals that may prove superior to
HAART, as demonstrated in humanized mice (25), such that in addition to suppressing
viral replication, antibodies would directly eliminate HIV-1-infected cells via mecha-
nisms such as ADCML and ADCC. However, a caveat to consider is that during the
course of HIV-1 infection, NK cells are phenotypically altered and exhibit reduced
cytotoxicity (reviewed in reference 72), thus complicating the utilization of antibody-
based therapies for HIV-1 cure.

Elimination of the HIV-1 reservoir represents the current paradigm to the develop-
ment of a cure. Future human studies are needed to determine quantitatively if
antibody therapies can significantly affect the size of the HIV-1 reservoir. In an SHIV
study, macaques receiving V3-specific monoclonal antibody PGT121 experienced a
reduction in the size of HIV-1 DNA reservoir measured in the PBMCs, lymph nodes, and
the gastrointestinal mucosa (18). Additionally, a combination of 3BNC117, 10-1074, and
PG16 antibodies in humanized mice resulted in decreased proviral reservoir size
measured as total cell-associated HIV-1 DNA (20). A recent report indicated that the
coexistence in vivo of at least three autologous broadly neutralizing antibodies target-
ing the V1/V2, V3, and CD4 binding sites of the envelope protein in an HIV-1-infected
individual imparted elite control of HIV-1 infection (21). These in vivo studies support
the principle of using bnAbs as therapeutics for reservoir reduction, imperative for the
development of a cure for HIV/AIDS.

According to our findings, bnAbs moderately eliminated primary HIV-1-infected CDT
cells via ADCML and ADCC in vitro. We found that V1/V2-specific bnAbs PG9 and PG16
and their combinations elicit efficient clearance of infected cells, whereas CD4 binding
site antibodies exhibit minimal contribution to these processes. In summary, antibody
reactivity to the surface of primary HIV-1-infected CD4 T cells, but not neutralization
breadth or potency, correlated with effector functions ADCML and ADCC. Thus, it is
recommended that candidate antibodies to be administered as anti-HIV-1 therapies be
assessed for antibody binding to HIV-1-infected cells so as to induce maximal elimina-
tion of the viral reservoir.

MATERIALS AND METHODS
Study participants and blood processing. Healthy HIV-1-seronegative human volunteers were

recruited for blood specimens. Informed written consent was obtained from each donor according to the
guidelines set forth for conduct of ethical research approved by the University of Toronto and St.
Michael’s Hospital Toronto institutional ethics boards. PBMCs were isolated by Ficoll-Paque (GE Health-
care Bio-Sciences, Sweden) density gradient centrifugation. Cells were frozen in �150°C until further use.
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For plasma, blood tubes were centrifuged at 1,800 � g for 10 min to pellet cells and undiluted plasma
was collected.

Virus production. Eleven unique HIV-1 strains were used in the study; details are found in Table 1.
HIV-1 BaL proviral plasmid was a gift from Alan Cochrane (Department of Molecular Genetics, University
of Toronto, Toronto, Canada). All other viruses were obtained from the NIH AIDS Reagent Program (NIH,
USA). HIV-1 NL4-3 and BaL were propagated from proviral plasmids transfected into HEK 293T cells
(American Type Culture Collection [ATCC], USA) using the FuGENE HD reagent (Promega, USA). Super-
natants were harvested 2 days following transfection. HIV-1 NL4-3 supernatant was filtered through a
0.45-�m syringe and frozen at �80°C. HIV-1 BaL supernatants were used to infect U87 CD4� CCR5� cells
(NIH AIDS Reagent Program, USA) for another 2 days, and viral supernatants were harvested and purified
using the Fast-Trap lentivirus purification system (Millipore, USA) as per the manufacturer’s protocol and
frozen at �80°C until further use. All other viruses were obtained as supernatants from the NIH AIDS
Reagent Program and were expanded by infecting purified CD4 T cells from healthy donors. Briefly, CD4
T cells were enriched from PBMCs of healthy donors by negative selection (StemCell Technologies,
Canada) and stimulated with 1 �g/ml each of anti-CD3 (clone OKT3) and anti-CD28 (clone 28.2)
antibodies (BioLegend, USA) and 50 IU/ml of interleukin 2 (IL-2; Roche, USA) for 3 days prior to infection
with each of the viruses. Virus supernatants were harvested 3 to 4 days later, filtered through a 0.45-�m
filter, and frozen at �80°C.

Virus infections. Total CD4 T cells were enriched from PBMCs of healthy HIV-1-negative donors;
typical purity was �95%. CD4 T cells were stimulated as described above for 3 days at 4 � 106/ml in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS), 100 IU/ml of penicillin, 100 �g/ml of
streptomycin, and 2 mM L-glutamine (R-10 medium; all reagents from Wisent, Canada). Synchronous
magnetic HIV-1 infections were performed as described previously (73–75) at a multiplicity of infection
(MOI) of 0.2. Infections were monitored by intracellular staining of HIV-1 Gag protein using Kc57-
fluorescein isothiocyanate (FITC) (Beckman Coulter, USA) and CD4-allophycocyanin (APC) (clone OKT4;
BioLegend, USA) antibodies. Typically, 15 to 40% of the CD4 T cells were HIV-1 Gag� and �50% viable
by day four of infection. CD4 T cells within these ranges were used for all assays described here.

HIV-1 envelope-specific antibodies. All antibodies used in the study were acquired from the NIH
AIDS Reagent Program (NIH, USA) and were of the human IgG1 isotype. Antibody characteristics are
described in Table 2. Antibodies were diluted to 50 �g/ml in phosphate-buffered saline (PBS; Wisent,
Canada) and stored at �80°C until use. Unless otherwise specified, each antibody was tested at 2 �g/ml
in respective assays for binding or killing of HIV-1-infected CD4 T cells. Normal human IgG (R&D Systems,
USA) was used at equivalent concentrations in each assay as a negative control.

Antibody binding to HIV-1-infected CD4 T cells. A total of 0.5 � 105 to 1 � 105 mock-infected or
HIV-1-infected CD4 T cells were washed and plated into 96-well V-bottom plates in 100 �l of PBS
containing 2% FBS. HIV-1 envelope-specific antibodies were added to corresponding wells at 2 �g/ml,
and plates were moved to a 4°C fridge for 30 min. Cells were then washed and stained with 10 �g/ml
of PE-labeled anti-human IgG Fc antibody (clone HP6017; BioLegend, USA) at 4°C for 30 min. Cells were
then washed and permeabilized with BD Cytofix/Cytoperm solution (BD BioSciences, USA) and were
eventually stained for intracellular HIV-1 Gag with a 1:100 dilution of Kc57-FITC antibody for 30 min at
4°C. Flow cytometry was performed on a BD FACSCalibur, and data were analyzed on FlowJo (FlowJo,
LLC, USA). Antibody binding is reported as the percentage of secondary antibody (PE�) cells within the
total infected, HIV-1 Gag� (FITC�) populations using the following formula: percent antibody binding �
[percent anti-human IgG (PE�)/percent total infected cells (FITC� PE�)] � 100.

ADCML. Undiluted plasma from blood of four healthy donors was pooled in equal parts. Mock-
infected and HIV-1-infected CD4 T cells were washed and resuspended at 1 � 106 cells/ml in pooled
plasma and plated in a 96-well U-bottom plate in 100 �l (1 � 105 cells). Antibodies were added at 2
�g/ml to the cells either individually or in combination. For combination experiments, the human IgG
isotype control concentration was increased to 6 �g/ml to match the maximal envelope-specific
antibody concentrations. Cultures were incubated overnight at 37°C in a 5% CO2 humidified environ-
ment. The following day (16 to 18 h later), cells were washed and permeabilized with BD Cytofix/
Cytoperm solution and then stained with anti-human CD4-APC (clone OKT4) and Kc57-FITC for 30 min
at 4°C. Data were acquired on a BD FACSCalibur flow cytometer, and analysis was performed on FlowJo
software. ADCML is calculated as the percentage difference of infected cells (Gag�) in a well from the
percentage of infected cells in the no-antibody wells for each respective virus infection using the
following equation: percent ADCML � [(percent Gag� cells in no-antibody wells � percent Gag� cells
in sample)/percent Gag� cells in no-antibody wells)] � 100. Negative values were assigned as zeroes.

ADCC. Natural killer (NK) cells were enriched from an HIV-negative healthy donor’s PBMCs via
negative selection (StemCell Technologies); purity was �95%. Separately, 5 � 104 mock-infected and
HIV-1-infected CD4 T cells were washed and plated in 50 �l of R-10 medium. HIV-1 envelope-specific
antibodies were added at 4 �g/ml each to corresponding wells, and plates were incubated at room
temperature for 5 min. Then, 5 � 104 NK cells (1:1 ratio of CD4 to NK cells) were added to each well in
50 �l of R-10 medium; the final coculture volume was 100 �l, with 2 �g/ml of each antibody. Plates were
spun at 400 � g for 2 min and incubated at 37°C in a 5% CO2 humidified incubator for 4 h. Following
this period, cells were washed and permeabilized with BD Cytofix/Cytoperm and eventually stained with
anti-human CD3-PE (clone HIT3a; BioLegend), anti-human CD4-APC (clone OKT4), LIVE/DEAD violet dye
(Invitrogen, Canada), and Kc57-FITC (Beckman Coulter) for 30 min at 4°C. Flow cytometry data were
collected on a BD LSRFortessa X-20, and data were analyzed on FlowJo software. ADCC is reported as the
percent elimination of HIV-1-infected (Gag�) cells in a sample subtracted from the frequency of HIV-1
Gag� cells in the no-antibody corresponding wells. Negative values were assigned as zeroes. ADCC was
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calculated using the following equation: percent ADCC � [(percent Gag� cells in no-antibody wells �
percent Gag� cells in sample)/percent Gag� cells in no-antibody wells] � 100.

Combined ADCC and ADCML assays. Combined ADCC and ADCML assays were performed as the
ADCML assays, i.e., overnight coculture in undiluted plasma, and also included NK cells in each well at
a 1:1 ratio with 2 � 104 to 5 � 104 CD4 T cells plated per well in a 96-well U-bottom plate. Elimination
of HIV-1-infected cells was calculated relative to the no-antibody wells, similar to the methodology
employed for ADCML and ADCC assays. Negative values were assigned as zeroes.

Flow cytometry analysis. All flow cytometry analysis was performed on FlowJo software (FlowJo,
LLC, USA). Viable lymphocytes were gated with a forward-scatter (FSC) versus side-scatter (SSC) gate.
Mock-infected controls were included in each experiment and were used as the background to set the
placement of the gate for intracellular HIV-1 Gag-staining CD4 T cells with the Kc57-FITC-labeled
antibody in HIV-1-infected samples. In the antibody binding experiments, the HIV-1-infected CD4 T cell
plus human IgG isotype control antibody condition was used to determine the gates for positive signal
from secondary antibody staining. For ADCML, ADCC, and ADCML-ADCC assays, we stained cells after
fixation and permeabilization with anti-human CD4-APC-labeled antibody (clone OKT4) along with the
HIV-1 Gag Kc57-FITC antibody. HIV-1 Gag� cells were identified as described above with the aid of the
mock-infected controls and within the infected-cell populations; we then set gates to distinguish
between the two subpopulations expressing and deficient for CD4 expression. In the ADCC and
ADCML-ADCC assays, we additionally stained cells with anti-human CD3-PE-labeled antibody (clone
HIT3a) following fixation and permeabilization and gated on the CD3-expressing cells (CD4 T cells) first;
then we identified the HIV-1-infected Gag� cells as described above and set gates within the infected-cell
population to identify the two subpopulations expressing and deficient for CD4 expression.

Statistical analyses and data presentation. Two-tailed tests were conducted for all statistical
analyses. Nonparametric Wilcoxon matched-pair signed-rank tests were performed throughout the
study, comparing the human IgG (isotype) well to each paired sample. Mann-Whitney U tests were
performed to compare results from single-antibody experiments to results from experiments conducted
with various combinations of antibodies against HIV-1-infected CD4 T cells. Spearman correlations were
conducted for regression analysis. Statistical significance was determined as a P value of �0.05. All
statistical tests employed are stated in each figure legend. Statistical tests were performed on GraphPad
Prism 7 software (GraphPad, USA). Radar graphs of antibody binding to infected CD4 T cells were
generated in Microsoft Excel 2011.
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