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ABSTRACT

The HIV-1 envelope glycoprotein (Env) is a trimer of gp120/gp41 heterodimers that mediates viral entry. Env binds cellular CD4,
an association which stabilizes a conformation favorable to its subsequent association with a coreceptor, typically CCR5 or
CXCR4. The CD4- and coreceptor-binding sites serve as epitopes for two classes of HIV-1-neutralizing antibodies: CD4-binding
site (CD4bs) and CD4-induced (CD4i) antibodies, respectively. Here we observed that, at a fixed total concentration, mixtures of
the CD4i antibodies (E51 or 412d) and the CD4bs antibody VRC01 neutralized the HIV-1 isolates 89.6, ADA, SG3, and SA32
more efficiently than either antibody alone. We found that E51, and to a lesser extent 412d and 17b, promoted association of four
CD4bs antibodies to the Env trimer but not to monomeric gp120. We further demonstrated that the binding of the sulfoty-
rosine-binding pocket by CCR5mim2-Ig was sufficient for promoting CD4bs antibody binding to Env. Interestingly, the rela-
tionship is not reciprocal: CD4bs antibodies were not as efficient as CD4-Ig at promoting E51 or 412d binding to Env trimer.
Consistent with these observations, CD4-Ig, but none of the CD4bs antibodies tested, substantially increased HIV-1 infection of
a CD4-negative, CCR5-positive cell line. We conclude that the ability of CD4i antibodies to promote VRC01 association with Env
trimers accounts for the increase potency of VRC01 and CD4i antibody mixtures. Our data further suggest that potent CD4bs
antibodies avoid inducing Env conformations that bind CD4i antibodies or CCR5.

IMPORTANCE

Potent HIV-1-neutralizing antibodies can prevent viral transmission and suppress an ongoing infection. Here we show that
CD4-induced (CD4i) antibodies, which recognize the conserved coreceptor-binding site of the HIV-1 envelope glycoprotein
(Env), can increase the association of Env with potent broadly neutralizing antibodies that recognize the CD4-binding site
(CD4bs antibodies). We further show that, unlike soluble forms of CD4, CD4bs antibodies poorly induce envelope glycoprotein
conformations that efficiently bind CCR5. This study provides insight into the properties of potent CD4bs antibodies and sug-
gests that, under some conditions, CD4i antibodies can improve their potency. These observations may be helpful to the devel-
opment of vaccines designed to elicit specific antibody classes.

Human immunodeficiency virus type 1 (HIV-1) uses its enve-
lope glycoprotein (Env) to gain entry into host cells. Env is

synthesized as precursor gp160 proteins which assemble as trim-
ers before they are cleaved into gp120 and gp41 subunits (1). The
gp120 subunit binds the primary HIV-1 receptor, CD4 (2), which
then induces tertiary and quaternary conformational changes in
Env that promote association with a coreceptor, usually CCR5 or
CXCR4 (3, 4). The CD4- and coreceptor-binding sites are the two
most conserved regions of gp120 (5, 6). Two classes of antibodies
(Abs) with epitopes corresponding to each of these regions, have
been defined: CD4-binding site (CD4bs) antibodies and CD4-
induced (CD4i) antibodies. The latter are so named because CD4
binding induces a conformation that promotes their association
with gp120.

The antibody b12 was the first potent CD4bs antibody de-
scribed (7). However, its breadth was limited to 35% against a
broad panel of HIV-1 isolates (8). Since then, broader and
more potent antibodies have been identified, notably VRC01,
3BNC117, and NIH45-46, among others (8–10). These antibodies
neutralize more than 90% of HIV-1 isolates assayed. The breadth
and potency of NIH45-46 were increased through a G54W muta-
tion (NIH45-46G54W), where the tryptophan targets the Phe-43
cavity of the CD4-binding site on gp120 (11). Importantly, these
highly potent broadly neutralizing antibodies (bNAbs) can pro-

tect from HIV-1 challenge and reduce viral loads in infected hu-
manized mice and rhesus macaques and in HIV-infected individ-
uals (12–17).

Compared to CD4bs antibodies, well-characterized CD4i an-
tibodies such as 17b are substantially less broad and potent (18–
20). This inefficiency is largely a consequence of their recognition
of an Env conformation that is usually inaccessible in the absence
of CD4. Access to CD4-bound Env is impeded by the cellular
membrane and is limited to the time frame between CD4 binding
and association with coreceptor (21). Some CD4i antibodies, in-
cluding E51 and 412d, mimic CCR5 by incorporating sulfoty-
rosines into their heavy-chain CDR3 (CDR-H3) regions (22, 23).
These sulfotyrosines bind highly conserved pockets on gp120 that
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recognize the CCR5 amino terminus. Subsequently, the E51
CDR-H3 region was instrumental in the development of CCR5-
mimetic peptides such as CCR5mim2-Ig (24, 25). The structure of
gp120 in complex with 412d localizes two sulfotyrosine-binding
pockets at the base of the third variable loop and in the fourth
conserved domain (26). Perhaps as a consequence, E51 and 412d
typically bind Env and neutralize HIV-1 more efficiently than 17b.

Because CD4 and CD4i antibodies bind the envelope glycopro-
tein cooperatively, we explored the relationship between the CD4i
antibodies and a panel of CD4bs bNAbs. We observed that, at the

same total concentrations, mixtures of E51 or 412d and the CD4bs
antibody VRC01 were more potent than either antibody alone.
We hypothesized that conformational changes of Env might play a
role in the observed synergy. We found that CD4bs antibodies did
not promote E51 and 412d binding to the Env trimer as efficiently
as CD4-Ig. Consistent with this observation, CD4-Ig, but not
CD4bs antibodies, could promote infection of CCR5-positive,
CD4-negative cells. However, and in contrast to our observations
with CD4bs antibodies, CD4i antibodies (E51, 412d, and 17b) and
CCR5mim2-Ig promoted quaternary changes in Env that in-

FIG 1 In vitro neutralization by combinations of CD4bs antibodies with CD4i antibodies. (A) HIV-1 isolates 89.6, ADA, and SG3 were preincubated for 1 h with
a fixed total concentration (0.3 �g/ml for 89.6 and ADA and 0.005 �g/ml for SG3) but various ratios of VRC01-E51 mixtures. TZM-bl cells were then added and
incubated for 48 h. Infection was measured by the percent luciferase expression in the absence of inhibitor. (B) Experiment similar to that for panel A except that
the indicated isolates were preincubated for 1 h with a fixed total concentration (0.3 �g/ml for 89.6 and ADA and 1.0 �g/ml for SA32) but various ratios of
VRC01-412d mixtures. Error bars represent standard error of mean (SEM).

FIG 2 In vitro neutralization by CD4i antibodies on CD4i-resistant HIV-1 isolates. (A) HIV-1 isolates BG505 and ConC were preincubated for 1 h with various
concentrations of VRC01, E51, 412d, and 17b. TZM-bl cells were then added and incubated for 48 h. Infection was measured by the percent luciferase expression
in the absence of inhibitor. (B) Similar to panel A except that BG505 or ConC was preincubated for 1 h with a fixed total concentration (0.033 �g/ml for BG505
or 0.045 �g/ml for ConC) but various ratios of VRC01-E51 mixtures. (C) Similar to panel A except that BG505 or ConC was preincubated for 1 h with a fixed
total concentration (0.033 �g/ml for BG505 or 0.045 �g/ml for ConC) but various ratios of VRC01-412d mixtures. Error bars represent SEM.
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creased its binding to several highly potent CD4bs antibodies,
including VRC01. Thus, we propose that CD4i antibodies induce
favorable conformations on the HIV-1 Env trimer that can in-
crease the potency of some CD4bs bNAbs.

MATERIALS AND METHODS
Cells and plasmids. All cell lines were grown in Dulbecco modified Eagle
medium (DMEM) with 10% fetal bovine serum (FBS) at 37°C. TZM-bl
cells were obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH, from John C. Kappes, Xiaoyun Wu, and Tranzyme
Inc (27–31). Cf2Th CCR5-positive, CD4-negative cells were provided by
Hyeryun Choe. The variable heavy and light chains of E51, 412d, 17b, and
CCR5mim2 were cloned into human and murine IgG1 expression vec-
tors. The CCR5mim2-Ig, 89.6, ADA, JRFL, SA32, and ConC gp160
expression vectors have been previously described (24, 32). The 89.6,
ADA, SA32, and ConC gp160-�cytoplasmic tail expression vectors
have been previously described (24). BG505 gp160 and gp160-
�cytoplasmic tail expression vectors were provided by John Moore
and P. J. Klasse. pNL4-3.luc.R�.E� was obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH, from Nathaniel Lan-
dau (33, 34). CD4-Ig (a fusion construct of CD4 domains 1 and 2 with an
IgG1 Fc) has been previously described (24). Vectors expressing VRC01
heavy and light chains were obtained through the NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH, from John Mascola (10, 35).
10E8 expression vectors were obtained through the NIH AIDS Reagent

Program, Division of AIDS, NIAID, NIH, from Mark Connors (36). Pu-
rified b12 and 2G12 antibodies were obtained from Polymun Scientific.
Vectors expressing NIH45-46 and 3BNC117 were provided by Michel
Nussenzweig. The NIH45-46G54W heavy-chain expression vector was
provided by Pamela Bjorkman.

Antibody and CD4-Ig production and purification. HEK293T cells
(ATCC) seeded in T-175 flasks (Falcon) were cotransfected with 40 �g of
both heavy-chain vector and light-chain vector per flask of the antibodies
VRC01, NIH45-46, NIH45-46W, 3BNC117, E51, and 10E8 or with 80 �g
per flask CD4-Ig vector by using a calcium phosphate transfection kit
(Clontech). E51, 412d, and CCR5mim2-Ig transfections included 20 �g
of TPST2 to ensure sufficient sulfation of the CDR-H3. At 12 to 16 h
posttransfection, cells were washed with phosphate-buffered saline (PBS)
and grown in FreeStyle 293 medium (Invitrogen). At 48 h posttransfec-
tion, medium was collected, centrifuged, and filtered with a 0.45-�m filter
flask (Millipore). Antibodies were isolated with HiTrap columns (GE
Healthcare) and eluted with IgG elution buffer (Thermo Scientific) into 1
M Tris-HCl buffer, pH 9.0 (G Biosciences). Buffer was exchanged with
PBS and protein concentrated to 1 mg/ml with Amicon Ultura centrifu-
gation filters (Millipore). Antibodies were stored at 4°C.

TZM-bl neutralization assays. Pseudotyped HIV-1 was produced by
coexpression of envelope glycoproteins of the indicated HIV-1 isolates
with NL4-3�Env, an HIV-1 expression vector lacking a functional env
gene. 293T cells, grown to 50% confluence in T-175 (Falcon) flasks, were
transfected with 25 �g of plasmid encoding envelope glycoprotein, 45 �g

FIG 3 In vitro neutralization curves of mixtures of VRC01 or b12 with E51, 412d, or 2G12. The experiment was similar to that described for Fig. 1 except that
HIV-1 isolates 89.6, ADA, SG3, and SA32 was preincubated with various concentrations of indicated antibodies or mixture of antibodies. The dashed lines
indicate the fixed concentration used for Fig. 1A and B. For the 89.6 and ADA neutralization curves, 50:50 mixtures of VRC01 and E51, VRC01 and 412d, b12
and E51, and VRC01 and 2G12 were used. For the SG3 neutralization curves, 25:75 mixtures of VRC01 and E51, b12 and E51, and VRC01 and 2G12 were used,
while a 75:25 mixture of VRC01 and 412d was used (to accommodate for the lack of potency of 412d on SG3). For the SA32 neutralization curves, a 40:60 ratio
of VRC01 and E51 was used, while 60:40 ratios of VRC01 and 412d, b12 and 412d, and VRC01 and 2G12 were used. All panels are representative of at least three
independent experiments. IC50s are reported in Fig. 2. Error bars represent SEM.

Gardner et al.

7824 jvi.asm.org September 2016 Volume 90 Number 17Journal of Virology

http://jvi.asm.org


of NL4-3�Env, and 5 �g each of plasmids expressing the HIV-1 tat and rev
genes by the calcium phosphate technique. DMEM–10% FBS was
changed at 12 h, and medium was collected at 48 h. Viral supernatants
were cleared by centrifugation for 10 min at 1,500 � g, passed through a
0.45-�m syringe filter (Millipore), and stored at �80°C.

TZM-bl neutralization assays were performed as previously described
(37). Briefly, HIV-1 pseudoviruses were preincubated with titrated
amounts of antibody or CD4-Ig in DMEM with 10% FBS for 1 h at 37°C.
TZM-bl cells were detached by trypsinization, diluted in DMEM with
10% FBS to 100,000 cells/ml, and added to the pseudovirus-inhibitor
mixture. Cells were then incubated for 48 h at 37°C. Viral entry was ana-
lyzed using Britelite Plus (PerkinElmer), and luciferase was measured us-
ing a Victor X3 plate reader (PerkinElmer). Fifty percent inhibitory con-
centrations (IC50s) were determined with GraphPad Prism 6.0 software
using sigmoidal four-parameter logistic curve analysis.

ELISA studies of monomeric HIV-1 gp120. Enzyme-linked immu-
nosorbent assay (ELISA) plates (Costar) were coated with 5 �g/ml HIV-1
gp120 (Immune Technology Corp.) and left overnight at 4°C. Plates were
washed with PBS plus 0.05% Tween 20 (PBS-T) twice and blocked with
5% milk in PBS for 1 h at 37°C. Dilutions of murine E51, murine 412d,
CD4-Ig, or CD4bs antibodies blocked with 5% milk in PBS were added to
the plate and incubated for 1 h at 37°C. Samples were washed five times
with PBS-T, and fixed concentrations of CD4-Ig or CD4bs antibodies (in
the case of samples preincubated with murine E51 or murine 412d) or
murine variants of CD4i antibodies (in the case of samples preincubated
with CD4-Ig or CD4bs antibodies) were added. Plates were incubated for
1 h at 37°C. Samples were washed five times with PBS-T and labeled with
a horseradish peroxidase-conjugated secondary antibody (Jackson Im-
muno Research) recognizing human IgG1. Plates were incubated for 1 h at
37°C and then washed 10 times with PBS-T. Tetramethylbenzidine
(TMB) solution (Fisher) was added and left for 10 min at room temper-
ature, and then the reaction was stopped with TMB stop solution (South-
ern Biotech). Absorbance was measured at 450 nm with a Victor X3 plate
reader (PerkinElmer).

Flow cytometric analysis of cell-expressed envelope glycoprotein
trimers. HEK293T cells were transfected with plasmids expressing the
indicated envelope glycoproteins lacking cytoplasmic residues 732 to 876
(HXBc2 numbering) together with a plasmid encoding the Tat protein.
The transfection medium was replaced after an overnight incubation, and
cells were harvested at 48 h posttransfection. Harvested cells were washed
twice in flow cytometry buffer (PBS with 2% goat serum and 0.01% so-
dium azide). Cells were incubated with serially diluted CD4bs antibody,
CD4-Ig, murine Fc variants of CD4i antibodies, or a murine Fc variant of
CCR5mim2-Ig on ice for 1 h and then washed twice with flow cytometry
buffer. If cells were preincubated with murine variants, cells were then
incubated with 10 ng/ml of CD4bs antibody or CD4-Ig on ice for 1 h. If
cells were preincubated with CD4bs antibodies or CD4-Ig, cells were then
incubated with 25 ng/ml murine E51 or murine 412d on ice for 1 h. After
incubation, cells were washed twice with flow cytometry buffer. Allophy-
cocyanin (APC) or fluorescein isothiocyanate (FITC)-labeled secondary
antibodies recognizing human or murine Fc (Jackson Immuno Research),
respectively, were incubated with the cells for 30 min. Cells were washed
twice with flow cytometry buffer and twice with PBS and then resus-
pended in 1% paraformaldehyde solution. Binding was analyzed with an
Accuri C6 flow cytometer (BD Biosciences) and data analyzed with the C6
software (BD Biosciences).

Infection of CD4-negative cells. HIV-1 pseudovirus expressing firefly
luciferase was preincubated with titrated amounts of antibodies or
CD4-Ig in DMEM with 10% FBS for 1 h at 37°C. CD4-negative Cf2Th-
CCR5 cells were harvested, diluted in DMEM with 10% FBS to 100,000
cells/ml, and added to the pseudovirus-inhibitor mixture. Cells were then
incubated for 48 h at 37°C. Viral entry was analyzed using Britelite Plus
(PerkinElmer), and luciferase was measured with a Victor X3 plate reader
(PerkinElmer).

RESULTS
Mixtures of E51 or 412d with VRC01 neutralize HIV-1 more
efficiently than either antibody alone. We have previously re-
ported that mixtures of two HIV-1 entry inhibitors, CD4-Ig and
CCR5mim2-Ig, which target the CD4- and coreceptor-binding
sites of gp120, respectively, neutralize HIV-1 isolates better than
either inhibitor individually (24). We therefore sought to deter-
mine whether, at a fixed total antibody concentration, a mixture of
a CD4bs antibody and a CD4i antibody could be more potent than
either antibody alone. We chose to study the CD4bs antibody
VRC01 and the CD4i antibodies E51 and 412d, because they have
similar potencies against a number of HIV-1 isolates. Fixing the
total antibody concentration, we measured neutralization of
HIV-1 using various antibody ratios. We observed that 80:20 and
60:40 ratios of VRC01 to E51 neutralized the HIV-1 isolates 89.6
and ADA more potently than either antibody alone (Fig. 1A).
Ratios of 60:40 and 40:60 VRC01 to E51 were more potent against
the SG3 isolate than either alone. When using 412d, ratios of 80:20
and 60:40 of VRC01 to 412d were more potent against 89.6, ADA,
and the clade C isolate SA32 (Fig. 1B). However, we were unable to
observe an increase in potency with mixtures of VRC01 and E51 or
412d on CD4i-resistant isolates BG505 (clade A) or consensus
clade C (ConC) (Fig. 2A to C).

We next investigated whether combinations of VRC01 and E51
or 412d were more potent than either alone over a wider concen-
tration range (Fig. 3). IC50 values for each antibody and mixture
are summarized in Fig. 4. The E51-VRC01 mixture had a lower
IC50 than either antibody alone on isolates 89.6, ADA, and SG3
(Fig. 4A), while a mixture of VRC01 and 412d had a lower IC50 on

FIG 4 IC50s of antibodies and antibody mixtures on various HIV-1 isolates.
IC50s were as determined by an experiment similar to that for Fig. 1 except that
HIV-1 isolates 89.6, ADA, SG3, and SA32 were preincubated with various
concentrations of the indicated antibodies or mixture of antibodies. (A) IC50s
of VRC01, E51, and VRC01-E51 mixtures on the indicated isolates. (B) IC50s
of VRC01, 412d, and VRC01-412d mixtures on the indicated isolates. (C)
IC50s of b12, E51, and b12-E51 mixtures on the indicated isolates. (D) IC50s of
VRC01, 2G12, and VRC01-2G12 mixtures on the indicated isolates. Shaded
boxes indicate the most potent antibody or antibody mixture against the indi-
cated HIV-1 isolate. Reported IC50s were determined based on the neutraliza-
tion curves presented in Fig. 3.
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isolates 89.6, ADA, and SA32 (Fig. 4B). Similar mixtures of the
CD4bs antibody b12 with E51 or 412d (Fig. 4C) or of the gly-
cosylation-dependent antibody 2G12 with VRC01 (Fig. 4D)
were assayed in parallel. These antibody mixtures did not out-
perform the more potent antibody at any concentration, except
for the mixture of VRC01 with 2G12 on 89.6 (Fig. 4D). How-
ever, the CD4i antibodies E51 and 412d did not improve the
potency of the CD4bs antibodies NIH45-46 and 3BNC117, due
to the substantially greater potency of these CD4bs antibodies
(not shown).

E51 and 412d do not enhance binding of CD4bs antibodies to
monomeric gp120. To understand the mechanism by which
VRC01 combined with E51 or 412d to more potently neutralize
HIV-1, we sought to determine whether either antibody could
enhance association of the other to gp120 monomers or to cell-
expressed Env trimers. We first examined by ELISA whether bind-
ing of E51 or 412d to immobilized gp120 was improved in the
presence of increasing amounts of four CD4bs bNAbs. b12 was
used as a negative control because its epitope extends into a region
proximal to the E51 and 412d epitopes. To distinguish E51 and

412d from CD4bs antibodies, their Fc regions were exchanged
with that of murine IgG2a. Antihuman or antimurine secondary
antibodies were then used to detect CD4bs and CD4i antibody
binding, respectively. As expected, CD4-Ig consistently enhanced
E51 and 412d binding, while b12 inhibited binding, to all three
gp120 monomers tested (Fig. 5A). The ability of the CD4bs bNAbs
to promote E51 association was isolate and antibody dependent.
Specifically, VRC01 and NIH45-46G54W, but not NIH45-46 or
3BNC117, enhanced binding of E51 to clade B gp120 proteins but
not to a ConC gp120 (Fig. 5A). VRC01 and NIH45-46G54W also
enhanced 412d binding to 89.6 but not at the levels observed
with CD4-Ig. Although VRC01, NIH45-46, NIH45-46G54W, and
3BNC117 also modestly induced 412d binding to BG505 gp120
monomer, this induction was markedly less pronounced than that
observed with CD4-Ig. We also assayed the ability of E51 or 412d
to promote gp120 association with each of these antibodies. In
general, E51 and 412d had little effect on promoting CD4bs
antibody binding to gp120 monomers (Fig. 5B). However, both
antibodies promoted CD4-Ig association with ADA gp120. E51
also enhanced binding of VRC01 to ConC gp120. In general,

FIG 5 Promotion of gp120 monomeric association by CD4bs and CD4i antibodies. (A) ELISA plates were coated with 5 �g/ml of the indicated gp120
molecules. Immobilized gp120 was preincubated with serially diluted CD4-Ig or CD4bs antibodies as indicated, starting at 50 �g/ml. Wells were washed
and incubated with a constant amount of E51 or 412d. Binding of E51 or 412d was measured by absorbance of an anti-horseradish peroxidase (anti-HRP)
secondary antibody recognizing murine Fc at 450 nm, and data were normalized to E51 or 412d binding without preincubation of CD4-Ig or CD4bs
antibody. (B) Experiment similar to that for panel A except that the indicated gp120 molecules were preincubated with serially diluted E51 or 412d starting
at 50 �g/ml. Wells were washed and incubated with a constant concentration of CD4-Ig or the indicated CD4bs antibody. Data were analyzed as for panel
A except that they were normalized to binding of CD4-Ig or CD4bs without E51 preincubation. Note that the scale of the y axes varies between graphs.
Error bars represent SEM.
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for clade B isolates, VRC01 and NIH45-46G54W modestly en-
hanced E51 and 412d association with gp120 monomers, but
E51 and 412d had little effect on CD4bs antibody binding to
these monomers.

Binding of CD4i epitope by E51, 412d, 17b, and CCR5mim2-Ig
enhances binding of CD4bs bNAbs to cell surface-expressed
Env trimers. We next explored whether changes in the quaternary
structure of Env might be more relevant to the synergy observed in
Fig. 1. To study Env trimers, we used Envs with truncations in
their cytoplasmic tails. This modification greatly increases surface
expression but can affect binding of some nonneutralizing anti-
bodies, although not most CD4bs bNAbs (38). Using flow cytom-
etry, we examined the ability of E51 and 412d to bind Env trimers
expressed on the surface of HEK293T cells in the presence of in-
creasing amounts of CD4bs antibodies prebound to Env (Fig. 6A
and B). We defined induction as any increase in binding greater
than 20% above baseline binding. We observed that, at various
concentrations, CD4-Ig could promote binding of E51 and 412d
to Env but that, in general, CD4bs bNAbs did not do so efficiently.

This difference was especially clear with the BG505 Env. There
were, however, two exceptions. NIH45-46G54W induced 412d
binding to the ConC Env, and all CD4bs antibodies except b12
induced 412d binding to the 89.6 Env. Similar to what was ob-
served with monomeric gp120, b12 interfered with binding of
both CD4i antibodies to Env. Surprisingly, and in contrast,
various concentrations of E51 enhanced binding by over 20%
of all four CD4bs bNAbs to most Envs but had only very mod-
est effects on CD4-Ig or b12 (Fig. 7A). However, E51 did not
enhance binding of 3BNC117 to SA32 Env or of any CD4bs
antibody to BG505 Env. We then expanded this finding by
testing 412d, 17b, and CCR5mim2-Ig (Fig. 7B). Interestingly,
CCR5mim2-Ig more efficiently promoted CD4bs antibody bind-
ing to all Env trimers than did 412d and 17b. VRC01 binding to
89.6 was markedly enhanced by 412d, 17b, and CCR5mim2-Ig.
We also observed that all three inhibitors enhanced VRC01 and
NIH45-46 binding to ConC. Based on these data, we conclude
that occupation of the coreceptor-binding site facilitates associa-
tion of VRC01 and other CD4bs bNAbs with the Env trimer. Tak-

FIG 6 Promotion of CD4i antibody association with trimeric HIV-1 Env by CD4-Ig and CD4bs antibodies. (A) HEK293T cells were transfected to express the
indicated envelope glycoproteins that lack a portion of the cytoplasmic domain. Cells were preincubated with various concentrations of CD4-Ig and the indicated
antibodies at 50 �g/ml and serially diluted by 5-fold to 0.4 �g/ml. Cells were washed and then incubated with 0.25 �g/ml E51. Binding was analyzed by flow
cytometry. Mean fluorescence intensity (MFI) data are normalized to value of E51 binding without CD4-Ig or CD4bs antibodies prebound. (B) Experiment
similar to that for panel A except that cells were incubated with 0.25 �g/ml of 412d after preincubation with CD4bs antibodies. Note that the scale of the y axes
varies between graphs. Error bars represent SEM.
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ing these data together with the monomeric gp120 ELISA data
(Fig. 5), we conclude that CD4i antibodies induce quaternary con-
formations in Env that are favorable to its association with CD4bs
bNAbs. Finally, we infer that the synergy observed in Fig. 1 is
largely due to the ability of CD4i antibodies to promote these
quaternary conformations.

Unlike CD4-Ig, CD4bs bNAbs do not promote HIV-1 infec-
tion of CD4-negative cells. As shown in Fig. 6 and 7, CD4-Ig has
different properties than CD4bs bNAbs. It promotes E51 and
412d association to Env trimers, but its own association with Env
is largely unaffected by the presence of E51, 412d, 17b, or
CCR5mim2-Ig. In contrast, CD4bs bNAbs do not significantly
improve CD4i antibody binding to Env, but CD4i antibodies do
promote association of CD4bs bNAbs. To determine if these dif-
ferences had functional consequences, we infected CCR5-posi-
tive, CD4-negative Cf2Th cells with five HIV-1 isolates in the pres-
ence of CD4-Ig, CD4bs bNAbs, b12, 10E8 (an MPER antibody), or

2G12 (Fig. 8). As expected, CD4-Ig substantially enhanced infec-
tion of these cells, with maximum enhancement peaking at 0.1 to
1 �g/ml. In contrast, little or no enhancement of infection was
observed with CD4bs bNAbs antibodies or with the neutralizing
antibodies b12, 2G12, and 10E8. Thus, the inefficiency with which
CD4bs bNAbs promote CD4i association is consistent with their
corresponding inability to promote infection of CCR5-positive,
CD4-negative cells. We conclude that, unlike CD4-Ig, these anti-
bodies do not induce Env conformations that promote binding of
Env to CCR5.

DISCUSSION

Here we observed a modest synergy between the CD4bs bNAb
VRC01 and either of two CD4i antibodies, E51 and 412d. To
understand the underlying mechanism of this synergy, we
studied how these CD4i antibodies interact with several
VRC01-like bNAbs, as well as the CD4bs antibody b12. We

FIG 7 Promotion of CD4bs antibody association with trimeric Env by CD4i antibodies and CCR5mim2-Ig. (A) Experiment similar to that for Fig. 6 except that
cells were preincubated with E51 at serially diluted concentrations starting at 50 �g/ml. Cells were washed and then incubated with 0.01 �g/ml of the indicated
CD4bs antibody or CD4-Ig. Analysis was performed as for Fig. 4 except that MFI data were normalized to the value of each antibody or CD4-Ig binding without
E51 preincubation. (B) Experiment similar to that for panel A except that cells were preincubated with 50 �g/ml of 412d, 17b, or CCR5mim2-Ig. Note that the
scale of the y axes varies between graphs. Error bars represent SEM.
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observed that, as expected, CD4-Ig induced a conformation in
monomeric gp120 preferred by E51 or 412d, but in general
VRC01-like bNAbs did so less efficiently. Differences between
CD4-Ig and VRC01-like CD4bs bNAbs were more pronounced
with cell-expressed trimeric Env. CD4-Ig robustly enhanced
E51 and 412d binding to Env trimers, but VRC01-like antibod-
ies were much less efficient in promoting CD4i antibody bind-
ing (Fig. 6). Consistent with this observation, CD4-Ig, but not
CD4bs antibodies enhanced HIV-1 infection of a CD4-nega-
tive, CCR5-positive cell line.

However, the most striking difference between CD4-Ig and
CD4bs bNAbs was their relative abilities to bind trimeric Env in
the presence or absence of CD4i antibodies or CCR5mim2-Ig.
CD4i antibodies and CCR5mim2-Ig had almost no effect on
the ability of CD4-Ig to bind trimers. In contrast, E51 and
CCR5mim2-Ig markedly enhanced Env binding of VRC01,
NIH45-46, NIH45-46G54W, and to a lesser extent 3BNC117 (Fig.
7C). This effect was less consistent with gp120 monomers. We
therefore infer that occupation of the coreceptor-binding site, by
either CD4i antibodies or CCR5-mimetic peptides, can promote
or stabilize quaternary conformational changes in Env that facili-
tate access of CD4bs bNAbs to Env. These quaternary changes do
not affect CD4-Ig binding and, indeed, are likely induced by
CD4-Ig binding itself. These functional observations are consis-
tent with cryo-electron microscopy studies. It has been previ-
ously shown that soluble CD4, 17b, and m36 (a CD4i anti-
body), but not VRC01, induced an open conformation in Env
(39, 40). The open conformation induced by CD4 is preferred
by CD4i antibodies for both the gp120 monomer and the Env
trimer (Fig. 9A). However, CD4bs antibodies in general main-
tain a more closed conformation of Env, and they do not facil-
itate binding of CD4i antibodies or the coreceptor of trimeric
Env, but in some cases CD4bs antibodies can promote CD4i

binding to monomeric gp120 (Fig. 9B). Nonetheless, the cur-
rent study makes clear that most potent CD4bs bNAbs prefer-
entially bind the open conformation induced by CD4i antibod-
ies or CCR5mim2-Ig (Fig. 9C). Consistent with this, Bartesaghi
et al. have shown that in the open conformation of Env, the
variable loops of Env are shifted in a way that further exposes
the Env’s CD4-binding site, as well as, presumably, the core-
ceptor-binding site (41). Similarly, Chen et al. have demon-
strated that VRC01 binding to a gp120 stabilized core was en-
hanced when this core was fused to m36.4 (42).

This study also highlights other differences between CD4-Ig
and VRC01-class bNAbs. As mentioned, CD4-Ig more efficiently
promotes CD4i antibody binding to monomeric gp120 and trim-
eric Env. This difference may be a necessary property of potent
CD4bs antibodies for two possible reasons. First, an antibody se-
lected for potency would not be expected to promote infection at
low concentrations or when cellular CD4 was limiting. Second,
there is likely to be an energy and/or an entropy barrier limiting
access to the open conformation of Env. If an antibody can avoid
the free energy penalty of inducing this conformation, it can bind
with greater affinity (43). In contrast, cellular CD4 and therefore
CD4-Ig must necessarily pay this penalty to facilitate coreceptor
binding. CD4i antibodies, which bind gp120 and Env similarly to
CCR5, must also pay this penalty, perhaps in part explaining the
lower potency of these antibodies than of CD4bs bNAbs. Of
course, when Env is bound to CD4, this energetic cost is already
paid, the coreceptor epitope is exposed, and CD4i antibodies bind
efficiently.

We show here that the synergy between VRC01 and E51 or
412d is likely the result of the ability of the CD4i antibody to
induce the open state and facilitate access to the CD4-binding site.
Highly potent VRC01-like bNAbs are rare. Most CD4bs antibod-
ies in the sera of infected individuals neutralize Env less efficiently,

FIG 8 CD4-Ig, but not CD4bs antibodies, promotes HIV-1 entry into Cf2Th CCR5� CD4� cells. Luciferase-expressing HIV-1 pseudotyped with the indicated
Env was preincubated with the indicated antibodies. Dog thymus Cf2Th cells expressing CCR5, but not CD4, were added to the virus-antibody mixture and
incubated for 48 h. Infection was measured by the percent luciferase expression in the absence of inhibitor. Error bars represent SEM.
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in part because they cannot access their epitopes on the closed Env
trimer and in part because they pay an energetic price for inducing
the CD4-bound state of Env (43). Thus, the presence of relatively
potent CD4i antibodies in sera might complement both limita-
tions of these less potent CD4bs antibodies. Interestingly, CD4i
antibodies are present in infected individuals, and some can be
broad enough to neutralize HIV-2 isolates in the presence of sol-
uble CD4 (sCD4) (44). These antibodies have been suggested to
correlate with enhanced control of simian-human immunodefi-
ciency virus (SHIV) SF162P3 in vaccinated macaques (45). Our
study highlights the possibility that CD4i antibodies, by promot-
ing exposure of the CD4-binding site, might enhance the genera-
tion of more potent CD4bs antibodies or increase the potency of
less efficient CD4bs antibodies.
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