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ABSTRACT

The isolation of broadly neutralizing HIV-1 monoclonal antibodies (MAbs) to distinct epitopes on the viral envelope glycopro-
tein (Env) provides the potential to use combinations of MAbs for prevention and treatment of HIV-1 infection. Since many of
these MAbs have been isolated in the last few years, the potency and breadth of MAb combinations have not been well character-
ized. In two parallel experiments, we examined the in vitro neutralizing activities of double-, triple-, and quadruple-MAb combi-
nations targeting four distinct epitopes, including the CD4-binding site, the V1V2-glycan region, the V3-glycan supersite, and
the gp41 membrane-proximal external region (MPER), using a panel of 125 Env-pseudotyped viruses. All MAb combinations
showed substantially improved neutralization breadth compared to the corresponding single MAbs, while the neutralization
potency of individual MAbs was maintained. At a 50% inhibitory concentration (IC;,) cutoff of 1 pg/ml per antibody, double-
MAD combinations neutralized 89 to 98% of viruses, and triple combinations neutralized 98 to 100%. Overall, the improvement
of neutralization breadth was closely predicted by an additive-effect model and explained by complementary neutralization pro-
files of antibodies recognizing distinct epitopes. Subtle but consistent favorable interactions were observed in some MAb combi-
nations, whereas less favorable interactions were observed on a small subset of viruses that are highly sensitive to V3-glycan
MAbs. These data demonstrate favorable in vitro combinations of broadly neutralizing HIV-1 MAbs and suggest that such com-
binations could have utility for HIV-1 prevention and treatment.

IMPORTANCE

Over the last 5 years, numerous broadly reactive HIV-1-neutralizing MAbs have been isolated from B cells of HIV-1-infected
donors. Each of these MAbs binds to one of the major vulnerable sites (epitopes) on the surface of the viral envelope glycopro-
tein. Since antibodies to distinct viral epitopes could theoretically act together to provide greater potency and breadth of virus
neutralization, we tested physical mixtures of double, triple, and quadruple combinations of neutralizing MAbs targeting four
major epitopes on HIV-1 Env. When tested together, antibody combinations showed substantially improved neutralization
breadth compared to single MAbs. This improvement could be explained by the complementary neutralization profiles of indi-
vidual MAbs. We further demonstrated that each antibody maintained its full neutralization potency when used in combination
with other MAbs. These data provide a rationale for clinical use of antibody-based combinations for HIV-1 prevention and ther-

apy.

liciting broadly neutralizing antibodies through immuniza-  broadly neutralizing MAbs provide templates for rational HIV-1

tion is a major goal of human immunodeficiency virus type 1~ vaccine design and have facilitated an understanding of the im-
(HIV-1) vaccine development. However, vaccine immunogens
that can induce such antibodies are not yet available (1-5). Over
the last 5 years, advances in antigen-specific cell sorting of mem-
ory B cells (6, 7) and improved culture methods for single B cells
(8-11), together with genetic recovery of antibody variable re-
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Number of mAbs 1 2 3 4
Total mAb concentration (ug/ml) 25 50 75 100
VRCO07 + + + + + + + +
PG9 + + + + + + + +
Set |
PGT128 + + + + o+ + o+ +
10E8 + + + + + + + +
3BNC117 + + + + + o + +
PG9 + + + + + + + +
Set I
10-1074 + + + + + + + +
10E8 + + + + + + + +

FIG 1 Experimental design of in vitro MAb combinations. Broadly neutralizing MAbs were combined in equal concentrations and tested for HIV-1 neutral-
ization. Two sets of experiments (set I and set II) were performed. The number of MAb components and the total starting antibody concentration in the
neutralization assays are shown, i.e., when single MAbs were tested, the starting total antibody concentration was 25 wg/ml; when two MAbs were mixed together,
the total starting concentration was 50 pg/ml (25 pg/ml of each MAb), and similarly for the combinations of three and four MAbs. The MAb components of each
combination are shown in red for the CD4bs MAbs VRCO07 and 3BNC117, green for the V1V2-glycan MAb PGY, blue for the V3-glycan MAbs PGT128 and

10-1074, and light blue for the gp41-MPER MAb 10E8.

mune pathways leading to the development of broadly neutraliz-
ing antibodies (17, 18, 26, 42, 43). In addition to these vaccine
implications, there is the potential for clinical use of MAbs by
passive transfer for prevention and treatment of HIV-1 infection.

Passive immunization with HIV-1-neutralizing antibodies has
provided complete protection against lentiviral infection in sev-
eral studies using different animal models, including chimeric
simian-human immunodeficiency virus (SHIV) challenge of rhe-
sus macaques (44-50) and HIV-1 challenge of humanized mice
(51, 52). Additionally, passive delivery of HIV-1 MAbs has been
assessed for efficacy as immunotherapy. Early animal and human
studies showed a limited and transient impact on viremia and
rapid emergence of neutralization-resistant variants after anti-
body administration (53-56). Recently, using the newly isolated
MAbs, which are more potent and broadly reactive, several animal
studies demonstrated a substantial decrease in plasma viremia as
long as antibodies were present, including complete control of
viremia in some cases, especially when combinations of MAbs
were used (49, 57, 58).

The recent resolution of the structure of the native Env trimer
(59-61), together with the crystal structures of liganded MAbs
(10,14, 15,19-24,26-31, 35, 36, 62), has provided an understand-
ing of the modes of recognition of most major MAbs. These data
suggest that, in most cases, MAbs to distinct epitopes should bind
the Env trimer without cross-competition. Likewise, in vitro bind-
ing data have confirmed the independent binding of distinct
MADs (26, 41). Based on the assumption that antibodies targeting
different epitopes should act additively when combined, the per-
centage of diverse viruses neutralized (virus coverage) by MAb
combinations has been predicted to be greater than that neutral-
ized by a single MAD (9). Prior studies of recently isolated HIV-1-
neutralizing MAbs have evaluated physical mixtures of two anti-
bodies. One study tested the combination of antibodies to the
CD4-binding site and the V1V2-glycan region on a panel of 208
viruses (63), and another tested the combination of the CD4-
binding site and V3-glycan-directed MAbs on a panel of 45 viruses
(64). Both studies showed improved virus coverage by the MAb
combination. However, the potency and breadth of the combina-
tion of MADs targeting all four main neutralization epitopes have
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not been well characterized experimentally. In this study, we ex-
amined the in vitro neutralizing activity of double, triple, and qua-
druple combinations of antibodies targeting four vulnerable sites
on a panel of 125 HIV-1 Env-pseudotyped strains in a single-
round infection assay. The results indicated nearly 100% neutral-
ization coverage by MAb combinations plus subtle but consistent
nonadditive potency interactions (favorable and less favorable)
observed in some combinations.

MATERIALS AND METHODS

Combinations of MAbs. Six human MAbs (VRC07, PG9, PGT128, 10ES,
3BNC117, and 10-1074) were expressed as IgG1 and purified through a
protein A column as described previously (26). All the MAbs were isolated
from HIV-1-infected individuals (7-10, 14, 15, 37, 52). In this study, four
MADbs (VRCO07, PG9, PGT128, and 10E8) were included in set I combina-
tions. In set II combinations, VRC07 and PGT128 were replaced by
3BNC117 and 10-1074. In each set, a total of 6 double-, 4 triple-, and 1
quadruple-MAb mixtures were made by combining MAbs at equal con-
centrations (Fig. 1). Therefore, all possible combinations were covered. Of
note, VRCO07 (37), PG9 (8, 65), PGT128 (9), and 10E8 (10) did not show
substantial polyreactivity in previous reports, while 3BNC117 showed
some polyreactivity (15).

Viruses. A multiclade panel of 125 HIV-1 Env-pseudotyped strains
was used for MAD neutralization. The panel is a subset of a larger panel of
HIV-1 Env reference strains (n = 219) described previously (66). It in-
cludes 11 clade A, 22 clade B, 38 clade C, 5 clade D, 16 CRF01-AE, 7 clade
G, 9 CRF02-AG, and another 17 varied recombinant strains. The set also
includes 31 transmitted/founder (T/F) viruses.

Neutralization assays. We used an automated 384-well microneutral-
ization assay to quantitatively evaluate the neutralizing activity of MAbs,
as described previously (67, 68). Each MAb or MAb combination was
assayed at 5-fold dilutions starting at 25 ug/ml of each MAb component,
i.e., when single MAbs were tested, the starting total MADb concentration
was 25 pg/ml, while the starting total concentration of double-MAb com-
binations was 50 pg/ml (25 pwg/ml of each MADb) (Fig. 1). The neutraliza-
tion titers (50% inhibitory concentrations [IC.s]) of all MAb combina-
tions in this study were calculated according to the concentration of each
MADb component, i.e., an IC;, of 1 wg/ml for the MAb combination
VRCO07-PG9 indicates 1 pg/ml of VRCO7 plus 1 pg/ml of PG9.

P-B curves. Using the IC5s of each single MAb and MAb combina-
tion, potency-breadth (P-B) curves were generated with GraphPad Prism
version 6.0c.
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Heat maps. Heat maps were implemented in R or Python. The heat
maps illustrating coverage were generated using the heat map tool at the
Los Alamos HIV database (http://www.hiv.lanl.gov/content/sequence
/HEATMAP/heatmap.html), with envelopes organized according to like
behavior in terms of neutralization susceptibility using hierarchical clus-
tering. Specifically, a threshold IC,, (or ICy,) value of 25 pug/ml was set for
neutralization responses that were below the level of detection in the as-
say, and these were highlighted in blue; complete linkage clustering of
Euclidean distances between pairwise comparisons of log, , IC,, (or log,
ICq,) Env susceptibilities was used to organize the rows. The antibody
columns were organized to reflect the experimental design.

sCD4 and 17b neutralization. As a positive control exemplifying a
well-established synergy scenario, MAb 17b, which recognizes a CD4-
induced (CD4i) epitope, was combined with soluble CD4 (sCD4) at equal
molar concentrations. The single MAb 17b, sCD4, and a combination of
the two were tested in parallel for neutralization on a panel of 195 HIV-1
Env-pseudotyped viruses. The assay was performed at a starting concen-
tration of 500 nM of the single MAb 17b alone or sCD4 alone or with a
combination of the two reagents consisting of 500 nM each. A total of
eight viruses (HXB2.DG, MN.3, SF162.LS, CNE40, MW965.26,
57128.vrc15, UG021.16, and UG024.2) were neutralized with measurable
IC;4s for both 17b and sCD4. Therefore, the interaction scores of the
sCD4-17b combination were calculated based on IC;, data generated
from the viruses.

IC;, predictions for MAb combinations. Assuming combinations of
antibodies were additive, given the law of mass action, the experimental
design, and the fact that an IC,, is an inverse measure of effectiveness, we
predicted the neutralization titers (IC5,s) of MAb combinations using
the following formulas: aand b = 1/(1/a + 1/b),aand band ¢ = 1/(1/a +
1/b + 1/c),andaand band cand d = 1/(1/a + 1/b + 1/c + 1/d), where a,
b, ¢, and d are the IC,s of the single MAb.

Of note, only viruses with measurable ICys, i.e., IC5ys of <25 pg/ml,
of all component MAbs are qualified for this approach. For example, 71
out of 125 viruses are sensitive to neutralization by VRC07 and PGT128
when tested alone, so the IC;, of the VRC07-PGT128 combination was
predicted based on these 71 viruses (see Fig. 7A). Similarly, the IC;, of the
PG9-10E8 combination was predicted based on 105 out of the 125 viruses
(see Fig. 7B).

Analysis of the combination effect. To determine if the combination
effect was different from the prediction based on an additive model, we
defined an interaction score to compare the experimental IC,, to the
predicted IC,, using the following formula: interaction score = log,
(predicted IC /experimental ICs).

Thus, a positive score indicates an experimental IC, that was lower
than predicted, i.e., the combination is more potent than predicted by the
additive model, while a negative score indicates that the combination is
less potent than predicted by the additive model. For each MAb combi-
nation, the interaction scores were calculated based on all viruses that
were qualified for IC, prediction. The mean value and the 95% confi-
dence interval (CI) of interaction scores were also determined for each
combination. Notably, this method is mathematically similar to the pre-
viously reported Chou-Talalay methods (69). The graphics and statistical
tests mentioned in the text were implemented in R.

Statistics. R (http://www.r-project.org/) was used to calculate the
Pearson’s product moment correlation coefficient and the linear fit.

RESULTS

Experimental design of MAb combinations. To characterize the
effect of combining broadly neutralizing MAbs with distinct
epitopes on HIV-1 neutralization, we examined single, double,
triple, and quadruple combinations of MAbs that target four vul-
nerable sites on the HIV-1 Env trimer. They included the CD4-
binding site MAbs VRCO07 (37, 52) and 3BNC117 (15), the V1V2-
glycan-directed MAb PG9 (8), the V3-glycan supersite-directed
MADbs PGT128 and 10-1074 (9, 14), and the gp41 MPER MAb
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10E8 (10). Two sets of MAb combinations were designed. Each set
contained four MAbs covering each of the four vulnerable sites.
Set I contained VRC07, PG9, PGT128, and 10E8. Due to their
potential clinical development, set II substituted 3BNC117 for
VRCO07 and 10-1074 for PGT128 (Fig. 1). In order to cover all
possible mixtures within each set, we combined the four MAbs
into 11 total combinations (6 pairs, 4 triplets, and 1 quadruplet) at
equal component concentrations. The MAb mixtures and the cor-
responding individual MAbs were then tested in parallel for neu-
tralization against a panel of 125 HIV-1 Env pseudovirus strains.
Virus neutralization by a single MAb was performed at a starting
concentration of 25 wg/ml, whereas the neutralization by MAb
combinations was performed at a starting concentration of 25
pg/ml of each MAb component. Thus, the total starting antibody
concentration for double-, triple-, and quadruple-MAb combina-
tions were 50, 75, and 100 pg/ml, respectively. This approach was
taken to simulate the maximum potential for passive immuniza-
tion with MAb combinations, i.e., infusing two or more antibod-
ies simultaneously for prevention or treatment of HIV-1 infec-
tion.

Experimental reproducibility. Since the neutralizing activities
of PGY, 10ES8, and the PG9-10E8 combination were assessed on
the full panel of 125 viruses independently in set I and II experi-
ments, we compared the repeat ICs, data for evaluation of repro-
ducibility. The repeat ICs,s for MAbs PG9 and 10E8 individually,
and when mixed together, showed strong correlation, as indicated
by the close overlap of the experimental and ideal regression lines
(Fig. 2). Highly significant correlations were observed in all three
cases: the single MAb PG9 (Pearson R = 0.98; P < 2.2 X 10~ '),
the single MAb 10E8 (Pearson R = 0.90; P < 2.2 X 10~ '%), and the
PG9-10E8 combination (Pearson R = 0.93; P < 2.2 X 107 '%).
These results indicated high reproducibility of the experimental
data in this formally optimized and validated 384-well automated
assay (67, 68).

MAD combinations showed improved neutralization breadth.
To evaluate the neutralization activities of individual MAbs and
their combinations, P-B curves were generated by graphing the
fraction of HIV-1 strains neutralized versus an 1C5, cutoff value
(Fig. 3). For each of the individual MAbs, the P-B curves were
consistent with previously published results (7-10, 37). Notably,
the V3-glycan MAbs PGT128 and 10-1074 had a maximum
breadth of ~60% but were highly potent on the viruses neutral-
ized. This can be seen as a shift to the left on P-B curves (Fig. 3) and
as low geometric mean ICs, and ICg, values calculated on the
subset of neutralized viruses (Fig. 4). MAb PG9 neutralized almost
80% of the viruses, and the CD4bs MAbs VRC07 and 3BNC117
each neutralized about 90% of the viruses. These V1V2-glycan
and CD4bs MADbs were potently neutralizing, though somewhat
less potent than 10-1074 and PGT128. MAb 10E8 neutralized the
greatest fraction of viruses (>95%) but with a somewhat lower
potency than the other MAbs. Several prior publications esti-
mated the breadth of coverage for MAb combinations by using
individual MAb data and plotting the theoretical coverage, or the-
oretical P-B curve, of a combination of two MAbs, i.e., for any
given virus, the smaller of the two ICs,s was used to plot the curve
(9, 63). Thus, the breadth of coverage at a given 1Cs, cutoff value
(e.g., 10 wg/ml) represents the predicted coverage if each antibody
was present at 10 pg/ml. In this study, we performed neutraliza-
tion assays on a panel of 125 viruses with the physical combina-
tions of antibodies and can therefore compare the experimental
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FIG 2 Correlations of repeat experimental ICs, data. The single MAbs PG9 (A) and 10E8 (B) and a mixture of the two (C) were assessed independently in set I
and set IT experiments. The repeat IC, titers on 125 HIV-1 Env-pseudotyped strains are shown on the x axis (set I) and y axis (set IT). The blue dashed lines show
the ideal identical IC;,s from both data sets, while the black solid lines show the best fit of the experimental data. Pearson correlation P values were less than 2.2 X

10~ "¢ in all three cases. Pearson correlation coefficient R value are shown.

P-B curves to the theoretical curves for individual MAbs and com-
binations of MAbs. In all cases, the experimental curves of MAb
combinations shifted to the left compared to the corresponding
single-MADb curves, indicating improved neutralization breadth at
most ICss (Fig. 3A and B). In addition, increasing virus coverage
was also observed with double-, triple-, and quadruple-MAb
combinations (Fig. 3C). For example, at the IC,, cutoff of 1 pg/ml,
the CD4bs MAbs VRCO07 and 3BNC117 neutralized 83% and 79%
of the viruses, respectively, representing the best coverage by sin-
gle MAbs (Fig. 4). In contrast, all double combinations neutral-
ized 89 to 98% of the viruses at this cutoff concentration, and all
triple and quadruple combinations neutralized 98 to 100% of the
viruses. Notably, this virus coverage was retained at relatively low
MAD concentrations, i.e., at an ICs, cutoff of 1 pg/ml. Similar
virus coverage improvement for MAb combinations was observed
using ICg rather than IC;, cutoff values (Fig. 4).
Complementary neutralization profiles of single MAbs con-
tributed to improved neutralization breadth. To further under-
stand the observed neutralization breadths of MAb combinations,
heat maps were generated to illustrate the neutralizing activities of
MAbs and their combinations against individual virus strains (Fig.
5). These heat maps produced three main observations. First, the
patterns of sensitivity and resistance for similar MAbs and MAb
combinations were similar between the two data sets. For exam-
ple, the pattern for the double combination VRC07 and PGT128
was similar to that of 3BNC117 and 10-1074. Only 1 out of 125
virus strains was resistant to all four set I MAbs, while all 125
strains were neutralized by at least one of the set I MAbs (Fig. 5).
Second, when antibodies were combined, a positive antibody in
the mixture enabled neutralization of strains that were resistant to
the negative antibody in the mixture. Consequently, the MAb
combinations neutralized all virus strains that were sensitive to at
least one component MADb, and virus strains that were not neu-
tralized by MAb combinations were resistant to all corresponding
component MAbs when tested individually. For example, the V3-
glycan MAbs 10-1074 and PGT128 lacked neutralization against
about 40% of the viral strains, but these strains were often potently
neutralized by MAbs to other epitopes. Third, when three or four
MAbs were combined, nearly full virus coverage was reached, even
at the more stringent ICg, cutoff, as shown by the higher intensity
of red hues for the 3- and 4-MADb combinations (Fig. 4 and 5).
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Of note, the combination PG9-PGT128 showed weak neutral-
ization against a few additional virus strains that showed no de-
tectable neutralization by either PG9 or PGT128 individually at 25
pg/ml (Fig. 5A). These strains include 6952.v1.c20, T251-18, and
ZM135.10a. Similarly, neither PG9 nor 10-1074 neutralized
191821.E6.1 individually; however, when tested in combination,
weak neutralization was observed. Taken together, these results
suggest that the observed virus coverage improvement by MAb
combinations was contributed mainly by the complementary
neutralization profiles of the individual MAbs but that some fa-
vorable antibody interactions may occur.

MAD combinations display stronger effects than predicted
by an additive model. Since some MAb combinations showed
greater potency and breadth than predicted, i.e., the experimental
P-B curves shifted to the left of theoretical predicted P-B curves
(Fig. 3A and B), we investigated the potential interactions of MAbs
in combinations. First, we studied the effect of an inactive MAb(s)
(IC5, > 25 pg/ml) when combined with an active MADb (IC5, < 25
pg/ml), i.e., only one MAD in the combination showed detectable
neutralization of a virus strain when tested alone. Totals of 205
and 244 examples of this scenario were collected from data sets I
and II, respectively. The ICs,, titers of the MAb combination re-
produced the titer of the single active MAb with a high degree of
accuracy (Fig. 6) (Pearson’s test, R values of 0.98 and 0.96 for data
sets I and II, respectively), suggesting little effect of the inactive
MAbs when mixed with the active MAbD.

Next, we studied the interaction between active MAbs. When
all MAbs in the combination were active (i.e., the IC5, was <25
pg/ml when tested individually), estimates of potency (predicted
ICs, titer) for the combinations were made based on a simple
additive model, using the ICs,, titer of the individual component
MAbs as described in Materials and Methods. In contrast to the
“theoretical prediction,” which uses the best IC, titer of the indi-
vidual component MAbs (Fig. 3), the additive prediction takes
into account the contributions of all component MAbs. For each
MADb combination, we compared the experimentally observed
ICs,, titers to the predicted ICs,, titers across all viruses that were
sensitive to each of the component MAbs (see Fig. S1 in the sup-
plemental material). Three distinctive patterns were observed: (i)
additive, (ii) synergy, and (iii) potency-dependent effect (Fig. 7).
In the case of an additive interaction (Fig. 7A, VRC07-PGT128),
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FIG 3 Potency-breadth curves of MAb combinations. A total of 125 HIV-1 strains were tested for neutralization, and the fraction of viruses neutralized is
graphed versus the concentration of a single MAb or MAb combination. The P-B curves of MAb combinations are shown according to the concentrations of the
single-component antibodies (i.e., all curves start at a maximum antibody concentration of 25 pg/ml). (A) P-B curves of the set | MAbs (VRCO07, PG9, PGT128,
and 10E8) and their combinations. Each graph shows a combination of two, three, or all four MAbs (solid black lines) and the corresponding single MAbs
(colored lines). The theoretical mixture curve of the MAb combination (black dashed lines) is the curve predicted by using the best individual MAb titer as
representative of the titer of the MAb combination, while the experimental mixture curve is generated based on the titer of the physical antibody mixture (solid
black lines). (B) P-B curves of set Il MAbs (3BNC117, PG9, 10-1074, and 10E8). (C) P-B curves of all combinations of set I (left) and set IT (right) MAbs. The
combinations of two (brown lines), three (gray lines), and all four (black lines) MAbs are shown in the same graph.
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A Number of mAbs 1 2 3 4
VRCO07 + + + + + + + +
PG9 + + + + + + + +
PGT128 + + + + + + + +
10E8 + + + + + + + +
Virus 0.1 pg/ml
1 pg/ml
coverage
50 (%)  JOwg/ml
25 ug/ml
Median (ug/ml) 0.038 0.030 0.047 0.016 0.035 0.047 0.010
Geometric mean (ug/ml) 0.043 0.029 0.055 0.023 0.039 0.050| 0.018 0.023 0.020 0.015] 0.011
Virgs 01 ha/ml 46 24 Al 37 45
1 pg/ml 89 86 86 82 82
coverage
Ic80 (%) 10 pg/mi
25 pg/ml
Median (ug/ml) 0.121 0.089 0.184 0.047 0.186 0.227 0.040 0.076 0.064 0.040| 0.029
Geometric mean (ug/ml) 0.126 0.094 0.229 0.075 0.191 0.218| 0.052 0.080 0.074 0.057| 0.038
B Number of mAbs 1 2 3 4
3BNC117 + + + + + + + +
PG9 + + + + + + + +
10-1074 + + + + + + + +
10E8 + + + + + + + +
Virus 0.1 pg/ml 44
coverage 1 “gImI e
150 (%) 10 yg/ml | 87
25 pg/ml 89
Median (ug/ml) 0.134 0.180 0.411 0.375( 0.034 0.033 0.047 0.019 0.036 0.056 0.013
Geometric mean (ug/ml) | 0.136  0.098 0.033 0.314| 0.038 0.038 0.052 0.026 0.042 0.075| 0.020 0.022 0.025 0.019( 0.013
Vires  Otmgmi| 1424 25 2 46 42 28 JBGM 37 30
1 pg/ml 47 25 85 83 80 82
coverage 10 pgiml
IC80 (%)

25 ug/ml
Median (ug/ml)
Geometric mean (ug/ml)

0.508 0.788 2.740 2.080| 0.125
0.355 0.283 0.172 1.732] 0.121

0.138 0.183 0.093 0.189 0.354( 0.059 0.083 0.092 0.075( 0.051
0.154 0.231 0.117 0.187 0.370| 0.070 0.081 0.113 0.087| 0.051

FIG 4 Percent virus coverage and median and geometric mean IC,, and ICg values of set I (A) and set IT (B) MAb combinations. The percent virus coverage at
the IC,, and ICg cutoffs of 0.1, 1, 10, and 50 g/ml are shown and labeled in red (95 to 100%), orange (90 to 95%), yellow (75 to 90%), green (50 to 75%), and
white (0 to 50%). For each MAb or MAb combination, the median value of the entire data set is shown, including resistant viruses, which were assigned a value
of 25, while the geometric mean value was calculated for the subset of viruses that were neutralized.

the predicted IC, titers very closely approximated the observed
IC,, titers for the MAb combination. The average interaction
scores, defined as log,, (predicted IC5y/observed IC,), were not
significantly different from zero (Fig. 8A, gray bars). This indi-
cated that both antibodies were active and contributed to the com-
bined response and that they did not influence each other. The
clearest example of this pattern occurred with the double combi-
nation of CD4bs and V3-glycan antibodies (VRC07 and PGT128
or 3BNC117 and 10-1074) (Fig. 7A and 8A; see Fig. S1 in the
supplemental material).

A second pattern suggested some level of synergy, where the
observed ICs, titers for the vast majority of virus strains tested
were lower than predicted for a given antibody combination (Fig.
7B, PG9-10E8) and the average interaction score was significantly
higher than zero (Fig. 8A, blue bars). The cases for synergy in-
volved all double and triple combinations of CD4bs, V1V2-gly-
can, and MPER antibodies (Fig. 8A; see Fig. S1 in the supplemen-
tal material). This observation was consistent in set I and II
experiments, even with the replacement of VRC07 with 3BNC117.
Of note, this favorable neutralization interaction is subtle and is
weaker than that observed for the combination of sCD4 and the
CD4i MAb 17b (Fig. 7A). However, given the high level of exper-
imental reproducibility observed between the two data sets for
PGY, 10E8, and the PG9-10E8 combination (Fig. 2), and in the
cases when one active MAb was mixed with an inactive MADb(s)
(Fig. 6), this highly consistent observation suggests that some
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MAD combinations interact in a manner that is more favorable
than predicted by a simple additive model. Interestingly, the in-
teraction scores on the panel of 125 HIV-1 strains showed signif-
icant correlations between these combinations (see Fig. S4 in the
supplemental material) (P < 0.019 using Kendall’s Tau rank test)
and revealed that a subset of pseudoviruses consistently showed
greater than additive potency for all combinations involving 10E8
plus either PG9 or CD4bs antibodies, suggesting an Env-depen-
dent nonstochastic effect for synergy involving 10E8 plus gp120
antibodies. No single genetic subtype of the virus was preferen-
tially represented in the set that was most sensitive to 10E8 en-
hancement.

The third pattern (potency-dependent effect) showed an ap-
parent transition, which depended on the overall neutralization
potency of the MADb combination (Fig. 7C). Here, the most sensi-
tive virus strains showed higher experimental ICys (lower neu-
tralization potencies) than predicted by the additive model or, in
the case of some viruses, less potent than the V3-glycan antibody
when used alone (Fig. 7C, data points showing predicted values
below the black line of experimental data; see Fig. S1 in the sup-
plemental material), suggesting an inhibition effect. In contrast,
the less sensitive virus strains showed experimental ICygs close to
or lower than that predicted (Fig. 7C, data points above the black
line). Thus, the average behavior across all strains can be additive
or even weakly synergistic, yet across the individual strains, there
is a potency dependency relationship (Fig. 8A, 3- and 4-MAb
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FIG 5 Heat maps displaying IC5, and ICy, data. Heat maps of IC,, data (A) and ICg, data (B) were generated as described in Materials and Methods. The potency
of the response to a particular Env is indicated in the key (upper left), ranging from weak (light yellow) to very potent (dark red) neutralization. Blue indicates
a titer of >25 wg/ml. Antibodies and MAb combinations are arranged in the columns according to the key. The 125 HIV-1 Envs are indicated by rows that are
organized according to like patterns of neutralization sensitivity, using hierarchical clustering of the log,, IC5, or log,, ICs, to aid the eye in resolving patterns.

combinations). This pattern was evident in 11 out of 14 MAb
combinations containing the V3-glycan antibody PGT128 or 10-
1074, in which the interaction scores for the top 10 sensitive vi-
ruses were significantly lower than zero (Fig. 8B and C, red bars;
see Fig. SI in the supplemental material). This observation was
further validated by neutralization curves of the PGT128-10E8
and 10-1074—10E8 combinations against the most sensitive vi-
ruses (see Fig. S3 and S5 in the supplemental material). Given that
the V3 glycan MAbs were generally the main contributors to neu-
tralization of the most highly sensitive viruses, this pattern sug-
gests that the potencies of V3-glycan MAbs were slightly reduced
in the presence of other antibodies.

Overall, when predicted ICs,, titers were compared to the ob-
served ICj, titers, less than a 2-fold difference was generally ob-
served for all combinations, i.e., the interaction scores were gen-
erally within the range of —0.3 to 0.3 (Fig. 8A), suggesting that the
neutralizing activities of MAb combinations were well predicted
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by the additive model. Subtle but consistent favorable interactions
were observed in 15 out of all 22 MADb combinations, including 7
double, 6 triple, and both quadruple combinations (Fig. 8A, blue
bars).

DISCUSSION

Prior to 2009, few broadly reactive HIV-1-neutralizing antibodies
had been identified, and there was a limited understanding of the
major neutralization epitopes on HIV-1 Env. The rapid progress
in screening HIV-1-infected donors for serum neutralizing activ-
ity (70, 71) and in efficiently isolating HIV-1 MAbs (6) led to the
discovery of new highly potent and broadly reactive MAbs (6-10,
14, 15, 25, 26, 37, 41), as well as the structural definition of major
sites of neutralization vulnerability on HIV-1 Env (14, 15, 19-22,
24, 26-31, 35, 36, 59-62). In this study, we assessed the in vitro
neutralizing activities of physical MADb mixtures involving repre-
sentative broadly neutralizing antibodies targeting four major dis-
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FIG 6 Experimental reproducibility. Shown are the ICs for a given HIV-1 strain when a MAb that had neutralizing activity was tested by itself (x axes) versus
when the active MAb was tested in combination with an antibody that had no detectable neutralizing activity against that particular virus (y axes). The graphs
include all points for which these circumstances arose in data set I (A) or data set II (B). The blue dashed lines show the expected result if there was no difference
between the two measures, while the black solid lines show the best fit of the experimental data. The R value is the linear correlation coefficient. The very high

values of R and relatively even narrow scatter about the line are indicative of a high degree of experimental reproducibility between reactions.

tinct epitopes on the HIV-1 Env trimer spike (CD4bs, V1V2-gly-
can, V3-glycan, and MPER). Neutralization was assessed on a
panel of 125 HIV-1 Env-pseudotyped strains representing the ma-
jor circulating HIV-1 clades. Our results show that MAbs target-
ing independent sites on HIV-1 Env act in a complementary man-
ner, providing increased neutralization breadth and potency
compared to individual MAbs. Double-MAb combinations pro-
vided coverage against more than 89% of the viruses tested, and
the coverage of triple and quadruple combinations was more than
98%. Notably, this breadth of reactivity could be achieved at ICs,
levels as low as 1 pug/ml. In most cases, the potency of MAb com-
binations could be predicted by a model of independent additiv-

ity, though in some cases, there were small but statistically signif-
icant nonadditive interactions.

We analyzed the MAb interactions by comparing the observed
neutralization 1Cs, titers to ICs,, titers predicted by the additive
model. Overall, the neutralization interaction of MAb combina-
tion could be closely predicted by an additive model (Fig. 8), sug-
gesting little detrimental impact among MAbs administered to-
gether. These results are consistent with our understanding of
these four distinct MAD epitopes on the native Env trimer, as
shown by various crystal structures (14, 15, 19-22, 24, 26-31, 35,
36, 59-61) and by in vitro binding data showing little cross-com-
petition between these MAbs (26, 41). We did observe statistically

A B C Potency dependent effect:
Additive: VRC07 & PGT128 Synergy: PG9 & 10E8 10-1074 & 10E8
S - eVRrco7 & PGT128 combined S e PG & 10E8 combined S | @10-1074 & 10E8 combined
| ®VRC07 & PGT128 predicted | ® PG9 & 10E8 predicted ¥ | ©10-1074 & 10E8 predicted
VRC07 PG9 10-1074
PGT128 10E8 10E8
- - 2-
% -
o (]
ST T S el
S S S
oS =) S
S S S
S S <
e T T T T T T T T © T T T T T T oS T T T T T T T T
0 10 20 30 40 50 60 70 0 20 40 60 80 100 0 10 20 30 40 50 60 70

Viruses ordered by combined potency

Viruses ordered by combined potency

Viruses ordered by combined potency

FIG 7 Three patterns of MAb combination effects. (A) The VRC07-PGT128 combination as an example of an additive effect. (B) The PG9-10E8 combination
as an example of synergy. (C) The 10-1074—10E8 combination as an example of a potency-dependent effect. For each combination, only viruses that are sensitive
to each single component MAb are shown. The viruses are ordered from left to right according to their neutralization sensitivities. For each virus, the IC5s of the
single MAbs are shown as green and yellow open circles, while the predicted IC;s of the combinations based on an additive effect are shown as solid magenta dots
and the experimental ICs of the combinations are shown as solid black dots. Synergy is indicated when a black dot is below a magenta dot. Inhibition is shown
when a black dot is above a magenta dot.
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FIG 8 Interaction scores of MAb combinations. For any given MAb combination and virus pair, when each component MAD in the combination neutralized the
virus individually, the IC;, of the MAb combination was predicted according to the additive model. An interaction score was defined as follows: log,, (predicted
IC,/observed IC5). Thus, a positive score indicates that the interaction is more potent than predicted, while a negative score indicates that the interaction is less
potent than predicted. (A) The mean interaction scores of each MAb combination for all qualified viruses are shown as the height of the bar, and the error bars
reflect the 95% CI of the mean. Blue indicates an average positive interaction score across all viruses included for the specified MAb combination. Similarly, red
indicates a negative score and gray indicates that the average score is not significantly different from that predicted. The component MAbs for each combination
are shown at the bottom, using CD4bs for VRC07 (data set I) and 3BC117 (data set IT) and V3g for PGT128 (data set I) and 10-1074 (data set II). (B) Mean
interaction scores on the most potent quartile viruses. (C) Mean interaction scores on the 10 most potent viruses.

significant synergy in 15 out of 22 MAb combinations (Fig. 7 and
8; see Fig. SI in the supplemental material). This effect was small
and generally less than 2-fold different than predicted. However,
because of the greatly improved neutralization breadth (~60 to
100%) of recently isolated MAbs, we were able to assess the MAb
interactions on a larger panel of viruses. Given the high experi-
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mental reproducibility, this subtle but statistically consistent ef-
fect was confirmed. The finding of weak synergy is similar to ear-
lier reports, when three reagents (HIVIG, 2F5, and 2G12) were
mixed and tested on 15 HIV-1 isolates (72) and when 4 MAbs
(b12,2G12, 2F5,and 4E10) were tested on 4 viruses using multiple
approaches to assess MAD interactions (73). In a few cases, mainly
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occurring for viruses highly sensitive to the V3-glycan MAbs
PGT128 and 10-1074, small but consistent unfavorable interac-
tions were noted, suggesting that the less potent MAb within the
combination was interfering slightly with the neutralization activ-
ity of the V3-glycan MADb.

Overall, our data on the improvement of neutralization po-
tency and breadth by MAb combinations is consistent with several
previous reports that generally tested smaller panels of MAbs and
viruses (63, 64, 72-75). Due to the recent availability of several of
the MADs tested, our study is the most comprehensive to test
double, triple, and quadruple combinations of potent representa-
tives from four major neutralization sites on HIV-1 Env. Based on
our data, itis possible to calculate the overall breadth (coverage) of
various MADb combinations at various ICs, or ICg, values (Fig. 4).
In addition, the median IC,, and ICg values (calculated based on
all 125 viruses) and the geometric mean ICs, and ICg, values
(based on the subset of viruses neutralized for any given MAb or
MAD combination) provide a means to assess antibody potency.
Since both breadth and potency may be important antibody char-
acteristics, we chose not to rank order the antibody combinations
within each group of double or triple combinations based on any
one value. In addition, the median ICss for all double combina-
tions were within a 3.5-fold range. For triple combinations, the
values were less than 2-fold different. However, there is a clear
hierarchy, so that MAb breadth improves with combinations of
two, three, or four MAbs. The potencies of MAb combinations
also increase, but it is important to note that since our intent was
to highlight the potential activity of more than one MAb used
together, we calculated IC;, and ICg, values based on the concen-
tration of each individual MADb in the combination.

Recent in vivo studies, in both HIV-1-infected humanized mice
and SHIV-infected monkeys, have shown that MAb combinations
provide a greater virologic effect than single MAbs (49, 57, 58).
These studies also suggested that the in vivo effect was at least
partially explained by the in vitro neutralization potency of the
MAbs. HIV-1-specific MAbs have also been shown to provide
complete protection against acquisition of SHIV infection. In
most of these studies, a single MADb has been shown to afford
robust protection, as long as the antibody displayed in vitro neu-
tralizing activity against the challenge virus (37, 44-46, 48-50, 76,
77). Several studies demonstrated that weakly neutralizing or
nonneutralizing antibodies provided little protection against in-
fection (45, 78-80). Similarly, a number of studies have shown a
general correlation between the level of in vitro neutralization and
the level of protection (37, 44, 48, 77, 79, 81), although Fc-medi-
ated effector functions also likely play a role (82) and some anti-
bodies appear to provide in vivo protection that is greater than
predicted by in vitro neutralization titers (80). We also recently
demonstrated that improved in vitro neutralization of a MAD pre-
dicted alower plasma concentration required for effective protec-
tion (37). Overall, the in vivo efficacy of MAbs against HIV-1 in
humans may depend on the neutralization potency, breadth of
virus coverage, Fc-mediated effector functions, and other charac-
teristics, including pharmacokinetic properties and the presence
of antibody at sites of infection (1, 4). Since in vitro neutralization
breadth and potency are likely critical parameters, our data here
can inform the choice of potentially effective MAb combinations.

In summary, we observed substantially improved in vitro neu-
tralization potency and breadth by combining broadly reactive
MADs targeting distinct epitopes, including CD4bs, V1V2-glycan,
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V3-glycan, and MPER. Such improvement was closely predicted
by an additive model and explained by complementary neutral-
ization profiles of component MAbs. There was no substantial
negative impact when these MAbs were used in combination.
Overall, these data provide a rationale for obtaining increased
antibody potency and breadth of coverage in vivo with antibody-
based combinations for the treatment or prevention of HIV-1
infection.
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