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HIV-1 neutralizing monoclonal antibodies (MAbs) define key targets for vaccine development and are being considered for pas-
sive prevention of infection. We analyzed the interaction of MAbs to two independent epitopes on the viral envelope glycopro-
tein. Potently neutralizing MAbs to the CD4 binding site and V1V2 region displayed no in vitro cross-competition and displayed
additive, though not synergistic, neutralization activity. Predicted neutralization coverage of a combination of two MAbs
reached 97% on a 208-isolate panel.

Neutralizing antibodies are predicted to be a critical compo-
nent of an effective HIV-1 vaccine (5, 18, 20) and have been

shown to provide sterilizing protection in animal models (1, 11,
19). Neutralizing monoclonal antibodies (MAbs) have been iso-
lated from B cells of HIV-infected donors with broad serum-
neutralizing activity, and the characterization of these MAbs has
helped define conserved regions of the HIV-1 envelope glycopro-
tein (Env) that can serve as templates for vaccine design. The Env
targets defined by these MAbs include the CD4 binding site
(CD4bs) of gp120 (4, 10, 27, 38, 39), a conserved peptidoglycan
region of variable loops 1 and 2 (V1V2) (21, 35, 36), the mem-
brane proximal region of gp41 (23, 32), and most recently, a pep-
tidoglycan epitope in the V3 region of gp120 (24, 35). The potency
and breadth of these new human MAbs have also suggested the
possibility of their clinical use as therapeutic agents (30, 31) or as
agents to prevent HIV-1 infection, including the prevention of
mother-to-child transmission (22, 26). HIV-1 prevention could
also be mediated by MAbs as microbicides (33) or by systemic
levels of antibodies generated by gene-based vectors (2, 12).

The CD4bs MAbs VRC01 and VRC-PG04 and the V1V2 MAbs
PG9 and PG16 are leading candidates for clinical use due to their
broad neutralization, potency, and lack of self-reactivity (36, 38).
The MAb VRC01 has been shown to neutralize 91% of 198 HIV-1
isolates tested (38) and to precisely target the CD4bs (40). VRC-
PG04, isolated from a different donor, is structurally similar to
VRC01, derives from the same variable heavy-chain gene precursor,
and targets the CD4bs in a highly similar manner (39). PG9 and
PG16, two somatic variant IgGs isolated from one donor, neutralized
79% and 73%, respectively, of 162 isolates tested (36). PG9 and PG16
target a glycan-dependent epitope mapping to the V1V2 region on
the viral spike trimer (21, 36). Since the potential utility of MAbs to
prevent HIV-1 infection would depend, in part, on their breadth of
activity against circulating viral isolates, we tested the in vitro interac-
tion and predicted the breadth of neutralization coverage of these
MAbs, which target two distinct sites on the HIV-1 Env.

We determined the 50% inhibitory concentration (IC50) and
IC80 neutralization titers of the VRC01, VRC-PG04, PG9, and
PG16 MAbs against a panel of 208 HIV-1 Env pseudovirus isolates
(190 for VRC-PG04). The panel covers the major genetic subtypes
and circulating recombinant forms and consists almost entirely of
primary isolate Envs (see Fig. S1 in the supplemental material) (3,

6, 13–16, 28, 38). Neutralization activity was measured using sin-
gle round of infection Env pseudoviruses and TZM-bl target cells
as previously described (29, 38). The percentage of HIV-1 isolates
neutralized was determined for each MAb alone, and the pre-
dicted coverage of various MAb combinations was calculated (Fig.
1). The best combinations were those in which a CD4bs MAb and
a V1V2 glycan-dependent MAb were paired. For example, VRC01
alone neutralized 90% of the panel at an IC50 of less than 50 �g/ml
and 76% of the panel at an IC50 of less than 1 �g/ml, while VRC01
combined with PG16 neutralized 97% and 91%, respectively, at
these cutoffs. Thus, the combination of these two MAbs has the
potential to increase both breadth and potency of neutralization.
In contrast, the combination of PG9 and PG16 (or the combina-
tion of VRC01 and VRC-PG04) was only marginally better than
either MAb alone (Fig. 1). The same pattern held for IC80 values,
with the broadest and most potent MAb pairs being those with
distinct neutralization epitopes. Only 5 of 208 isolates were fully
resistant to all four MAbs at an IC50 of less than 50 �g/ml; 4 of the
5 isolates were resistant to the MAb 2G12, and all 5 were resistant
to the MAb 4E10 but moderately sensitive to CD4-Ig and to a
polyclonal serum pool and/or HIV immune globulin and thus
were not globally neutralization resistant. Even with a highly strin-
gent definition of neutralization of an IC80 of �1 �g/ml, a com-
bination of VRC01 and PG16 could still neutralize 70% of the
isolates tested. These data are similar to recently published cover-
age calculations for these MAbs that used a different panel of 162
isolates (35) and compare favorably with coverage provided by the
newly described PGT antibodies (35).

To determine whether the activity of the CD4bs MAbs was
independent of the activity of the glycan-dependent V1V2 MAbs,
we first performed competition enzyme-linked immunosorbent
assays (ELISAs) (38) using a gp120 protein known to bind PG9
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(since not all gp120s bind well to this MAb) as well as the other
MAbs tested. We observed the expected cross-competition among
the CD4bs MAbs VRC01 and VRC-PG04 and the CD4-Ig reagent
(Fig. 2). PG9 had no impact on VRC01 binding, and similarly,

PG9 binding to gp120 was unaffected by VRC01 and VRC-PG04.
Consistent with previous reports on CD4-Ig or soluble CD4 (36,
38), CD4-Ig competed weakly with PG9 binding. Overall, these
data indicate that PG9 and the CD4bs MAbs neither compete for
nor enhance each other’s binding to HIV-1 gp120.

We next asked whether there was an association between viral
resistance to CD4bs MAbs and viral resistance to V1V2 MAbs. We
stratified the HIV-1 isolates into VRC01 neutralization-resistant
and neutralization-sensitive categories and observed no signifi-
cant differences in the IC50s of PG9 and PG16 against viruses in
those categories (Fig. 3A). Similarly, VRC01 neutralization was
not significantly different among viruses categorized as sensitive
and those categorized as resistant to PG9 or PG16 (Fig. 3B). The
same was true for VRC-PG04 when it was compared to PG9 and
PG16 (Mann-Whitney-Wilcoxon U test; P � 0.05 for all compar-
isons). We then examined whether resistance to one MAb corre-
lated with resistance to the others. Among 45 PG9-resistant iso-

FIG 2 Independence of gp120 binding by MAbs to the CD4bs and V1V2
regions. Serial dilutions of MAbs or CD4-Ig were incubated with a single
dilution of biotinylated VRC01 (left) or PG9 (right) on plates coated with
gp120 from HIV-1 isolate ZM109. The results shown are from a representative
competition ELISA experiment; two additional assays produced similar data.
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FIG 1 Neutralization coverage of a panel of 208 global HIV-1 isolates (190 for VRC-PG04) by MAbs targeting independent epitopes on the Env glycoprotein.
Within each stacked bar, red indicates the percentage of isolates neutralized at an IC of �1 �g/ml, orange indicates the percentage neutralized 1 � IC �10 �g/ml,
and yellow indicates the percentage neutralized at 10 � IC �50 �g/ml. The value above each bar is the total percentage of isolates neutralized at an IC of �50
�g/ml. The top and bottom panels show data for IC50 and IC80 values, respectively.

Doria-Rose et al.

3394 jvi.asm.org Journal of Virology

http://jvi.asm.org


lates, we found the expected frequency of VRC01-sensitive
viruses. Thirty-nine of 45 viruses (87%) were sensitive to VRC01,
a frequency which is similar to the total frequency of VRC01-
sensitive viruses in this data set (89%). Conversely, 15 of 21 (71%)
VRC01-resistant viruses were sensitive to PG9. In a formal con-
tingency analysis, we found no correlation between resistance to
VRC01 and resistance to PG9 (Fig. 3C, top panel) at any of the
neutralization cutoff values (P � 0.05 for all pairs; Fisher’s exact
test). Thus, resistance to the CD4bs MAbs is independent of resis-
tance to PG9 and PG16. In contrast, resistance to PG9 was highly
correlated with PG16 resistance, and the same held true for resis-
tance to VRC01 and VRC-PG04 (Fig. 3C, bottom two panels).

The coverage calculations in Fig. 1 are based on the assumption
that a nonneutralizing antibody would not interfere with the ac-
tion of a neutralizing antibody. We tested this assumption against
a subset of viral isolates resistant to either VRC01 or PG9. These
assays included the MAb VRC01 alone, the MAb PG9 alone, and a

1:1 mixture of the two. We chose four isolates that were VRC01
resistant and PG9 sensitive: CAP210.E8, DU422.01, 242-14, and
TZA125.17. For these isolates, there was no significant difference
between the neutralization curve of PG9 alone and that of PG9 in
a 1:1 mixture with VRC01 (Fig. 4A). The IC50 and IC80 values were
�2-fold different, which is well within the range of experimental
variation for this assay. Similarly, four PG9-resistant and VRC01-
sensitive strains (JR-FL, BG1168.01, A03349M1.vrc4a, and
QH0692.42) were tested with VRC01 alone or VRC01 mixed 1:1
with PG9, and no difference in neutralization was observed (Fig.
4B). Thus, among HIV isolates resistant to one of the MAbs, the
potency of the neutralizing MAb was unaffected by the addition of
the MAb to which the isolate was resistant.

Given their binding to distinct epitopes and the lack of cross-
competition by ELISA, we tested if the combination of MAbs to
the CD4bs and V1V2 region would mediate additive or synergistic
neutralization. Antibody synergy may occur by one of several

FIG 3 Resistance to CD4bs MAbs is independent from resistance to V1V2 MAbs. (A) Titers of PG9 and PG16 for isolates that are either sensitive or resistant
(IC50 � 50 �g/ml) to VRC01. The P values were obtained using a Mann-Whitney-Wilcoxon U test. Red bars indicate the medians and interquartile ranges. (B)
Titers of VRC01 for isolates that are either sensitive or resistant (IC50 � 50 �g/ml) to PG9 or PG16. (C) 2 � 2 contingency tables for isolates that are sensitive (S)
or resistant (R) to the indicated MAb at an IC50 of �50 �g/ml.
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mechanisms, including the potential for one antibody to induce a
conformational change that enhances the effect of a second anti-
body (17, 25, 34, 41). Neutralization by VRC01 and PG9 was
tested on two viral isolates, AC10.29 and 0260.v5.c36, that each
showed moderate sensitivity to both viruses and that lacked the
plateau neutralization curves sometimes observed for PG9 and
PG16 (21, 36). We compared neutralization by each MAb alone to
that by a 1:1 mixture of VRC01 with PG9 (Fig. 4C). We then
analyzed the data by the fractional product method (17, 37), in
which the fraction of residual virus (Vn/Vo; e.g., the amount of
virus in the well with antibody divided by the amount in the virus-
only wells) for the 1:1 mixture is predicted by the equation (Vn/
Vo)mix � (Vn/Vo)VRC01 � (Vn/Vo)PG9. This equation predicts the

additive neutralization effect of two MAbs with independent
modes of action (9, 37). The observed experimental data for the
VRC01 and PG9 MAb mixture were very similar to the predicted
data at all antibody dilutions, demonstrating an additive antibody
interaction (Fig. 4D). We performed a further analysis using the
method of Chou et al. (7–9) and found no consistent evidence of
synergy or antagonism. Based on these analyses, we conclude that
the combination of the MAbs VRC01 and PG9 mediates additive
viral neutralization.

In summary, we assessed the interactions of potently neutral-
izing MAbs to the CD4bs and the V1V2 regions of HIV-1 Env.
MAb binding and neutralization studies demonstrated that anti-
bodies to these two Env targets do not cross-compete and that

FIG 4 In vitro combinations of VRC01 and PG9 show a lack of interference and show neutralization additivity. The percentage of neutralization was measured for
VRC01, PG9, and a 1:1 mixture of the two against VRC01-resistant isolates (A) and PG9-resistant isolates (B). The means and standard errors of the means (SEM) are
shown for three experiments. (C) Neutralization of dual-sensitive isolates by VRC01, PG9, and a 1:1 mixture of the two. The means and SEM are shown for six
experiments using isolate AC10.29 and four experiments using isolate 0260.v5.c36. (D) Fractional product neutralization curves. Data from the experiment in panel C
are plotted as the fraction of residual virus in wells containing the mixture (“observed”) and the product of the residual virus in the VRC01 and PG9 wells (“expected”)
at each dilution.

Doria-Rose et al.

3396 jvi.asm.org Journal of Virology

http://jvi.asm.org


their combination can mediate additive viral neutralization. Inde-
pendently, each of the MAbs displays potent neutralization
against a majority of diverse HIV-1 strains, and the combination
of MAbs VRC01 and PG9 provides a predicted coverage of 90% to
97% of viral strains, depending on the cutoff value used to define
neutralization. Because they bind to independent epitopes, neu-
tralization resistance to one MAb does not affect MAbs directed to
the second epitope. These in vitro studies show the potential ben-
efit of combining MAbs directed to distinct Env epitopes in pro-
viding broad coverage of globally diverse HIV-1 strains. In vitro
studies using alternative formats, such as peripheral blood mono-
nuclear cell (PBMC)-based neutralization, and in vivo passive-
transfer studies in nonhuman primate models would further test
this hypothesis. Ultimately, only clinical trials in human volun-
teers will definitively show the utility of this approach. Overall,
these data support vaccine design efforts aimed at eliciting neu-
tralizing antibodies to the CD4bs and V1V2 regions of Env and are
encouraging for clinical use of the combinations of HIV-1 MAbs.
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