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Cross-reactive neutralizing antibodies (NAb) are found in
the sera of many HIV-1-infected subjects, but the
virologic basis of their neutralization remains poorly
understood. We used knowledge of HIV-1 envelope (Env)
structure to develop antigenically resurfaced
glycoproteins specific for the structurally conserved site of
CD4 receptor binding. These probes were used to identify
sera with NAbs to the CD4-binding site (CD4bs) and to
isolate individual B cells from such an HIV-1-infected
donor. By expressing immunoglobulin genes from
individual cells, we identified three monoclonal
antibodies, including a pair of somatic variants that
neutralized over 90 % of circulating HIV-1 isolates.
Exceptionally broad HIV-1 neutralization can be achieved
with individual antibodies targeted to the functionally
conserved CD4bs of gp120, an important insight for
future HIV-1 vaccine design.

Having crossed from chimpanzees to humans in only the last
century, HIV-1 has rapidly evolved a daunting degree of
diversity posing a considerable challenge for vaccine
development. The definition of naturally-occurring broadly
neutralizing antibodies (NAbs) has proven elusive, and the
ability to target conserved determinants of the viral envelope
(Env) has proven difficult (/-2). During HIV-1 infection,
almost all individuals produce antibodies to Env, but only a
small fraction can neutralize the virus (/-2). Recently, several
groups have shown that the sera of 10 — 25% of infected

subjects contain broadly reactive NAbs (3-6), including some
sera that neutralize the majority of viruses from diverse
genetic subtypes (5-7). NAbs react with the HIV-1 Env spike,
which is composed of three heavily glycosylated gp120
molecules, each noncovalently associated with a
transmembrane gp41 molecule. To initiate viral entry into
cells, the gp120 binds to the cell surface receptor CD4 (§).
We previously reported that selected sera contain NAbs
directed against the CD4-binding site (CD4bs) of gp120 (7,
9), and we defined the structure of the CD4bs in complex
with the neutralizing monoclonal antibody (mAb) b12 (/0-
11). Antibody b12 was isolated from a phage display library
in 1992 and can neutralize approximately 40% of known
HIV-1 isolates (/2-14). The more recently isolated CD4bs
mAb HJ16 also neutralizes about 40% of viral isolates (/5).
Attempts to isolate more broadly reactive CD4bs-directed
NAbs from human B cells have not met with success, in part
because the gp120 or gp140 proteins used were reactive with
many HIV-1 specific antibodies, including non-neutralizing
antibody specificities (/5-16). In this study, we used our
knowledge of Env structure, together with computer-assisted
protein design, to define recombinant forms of HIV-1 Env
that specifically interact with NADb directed to the CDA4bs.
These Env probes were used to identify and sort individual B
cells expressing CD4bs antibodies, enabling the selective
isolation of CD4bs-directed mAbs with extensive
neutralization breadth.
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To generate a molecule that preserved the antigenic
structure of the neutralizing surface of the CD4bs, but
eliminated other antigenic regions of HIV-1, we designed
proteins whose exposed surface residues were substituted
with SIV homologues and other non-HIV-1 residues (/7)
(Fig. 1A and fig. S1). These changes were conferred on a core
gp120 and a stabilized core gp120, both of which retained the
major contact surface for CD4 located on its outer domain
(10-11, 18). The gp120 core lacked variable regions 1-3 and
part of the amino and carboxy termini of the full gp120
molecule, and the stabilized core contained cross-links
between different subregions of the core protein. Eight
resurfaced proteins were designed and expressed, together
with CD4bs mutants that served as negative controls by
eliminating binding to the neutralizing mAb b12. Three
resurfaced core Envs retained reactivity with b12 and mAb
2G12, the latter of which recognizes a surface glycan epitope
and served as a positive control for a conformationally intact
protein. The resurfaced stabilized core 3 (RSC3) was chosen
as the preferred candidate for further studies, because a
greater percentage of its surface other than the outer domain
CD4bs area was altered compared to the other variants (fig.
S2). The conformational integrity and specificity of the RSC3
protein was confirmed using a panel of known mAbs (table
S1). As expected, RSC3 displayed strong reactivity to mAb
b12 and little or no reactivity to a CD4 fusion protein (Fig.
1B and 1C) (19). RSC3 also reacted with two weakly
neutralizing CD4bs mAbs, b13 and m18, but it displayed no
reactivity to four CD4bs mAbs that do not neutralize primary
HIV-1 isolates, nor with mAbs directed to other regions of
the HIV-1 Env, including the coreceptor-binding region of
gp120 and the V3 and C5 regions of gp120 (table S1).
ARSC3, which lacked a single amino acid at position 371 that
eliminated b12 binding, served as a negative control.
Together, these data confirmed the integrity of the antibody
binding surface of this resurfaced protein, and it was used for
analyses of sera and to identify B cells from an HIV-1
infected individual whose sera contained broadly reactive
NAbDs.

We screened a panel of broadly neutralizing sera for the
presence of antibodies that could preferentially bind to RSC3
compared to ARSC3. CD4bs antibodies were detected in
several sera, including serum from donor 45 which was
previously reported to contain NAbs directed to the CD4bs of
gp120 (fig. S3) (7). To determine whether antibodies that
bind to RSC3 were responsible for the broad neutralization
mediated by serum 45, we performed neutralization studies
using RSC3 to compete cognate antibodies. The utility of this
assay was confirmed with the CD4bs mAbs b12 and F105.
mAb b12 neutralizes many primary HIV-1 strains, whereas
F105 neutralizes mainly laboratory-adapted or other highly
sensitive virus strains, such as the HXB2 strain used here.

The addition of RSC3, but not ARSC3, inhibited b12-
mediated neutralization of HXB2. RSC3 had no effect on
F105 neutralization, and neither RSC3 nor ARSC3 affected
neutralization by the anti-V3 mAb 447-52D (Fig. 1D). To
interrogate serum 45 neutralization, we performed similar
RSC3 competition studies with this serum against a panel of
diverse HIV-1 strains (Fig. 1E). This analysis suggested that
serum 45 neutralization was principally directed against the
CDA4bs on functional viral spikes, and that the RSC3
faithfully mimicked this structure.

To isolate CD4bs-directed mAbs, we used a recently
described method of antigen-specific memory B-cell sorting
(106), together with single cell PCR, to amplify IgG heavy and
light chain genes from the cDNA of individual B cells (76,
20). RSC3 and ARSC3 were expressed with a tagged amino
acid sequence that allows biotin labeling. The two proteins
could thus be distinguished by FACS analysis after labeling
with streptavidin (SA) conjugated to the fluorochromes
allophycocyanin (SA-APC) or phycoerythrin (SA-PE),
respectively. Peripheral blood mononuclear cells (PBMC)
from donor 45 were incubated with RSC3 SA-APC and
ARSC3 SA-PE, and single antigen-specific memory B cells
were sorted into wells of a microtiter plate after selecting for
memory B cells (CD19", CD20", IgG") that bound to the
RSC3 but not ARSC3 probe (Fig. 2A). Out of approximately
25 million PBMC, 29 single RSC3-specific memory B cells
were sorted and the matching heavy and light chain genes
were successfully amplified from 12 cells. After cloning into
IgG1 expression vectors that reconstituted the heavy and light
chain constant regions, the full IgG mAbs were expressed.
Three antibodies (VRCO1, VRC02 and VRC03) bound
strongly to RSC3 and weakly or not at all to ARSC3 (Fig. 2B,
left panel, Fig. 2C and fig. S4). To confirm the specificity of
these antibodies for the CD4bs, ELISA binding of each mAb
was tested against a wild type gp120 and the CD4bs-defective
D368R mutant (Fig. 2B, right panel). VRC01 and VRC02
bound with > 100-fold lower relative affinity to the D368R
mutant compared to wild type gp120, and VRCO03 showed no
detectable binding to the CD4bs knockout mutant. The
ELISA binding profile to an extended panel of mutant Env
proteins further confirmed the CD4bs specificity of VRCO1,
VRCO02 and VRCO3 (table S1).

Analysis of the heavy and light chain nucleotide sequences
using JoinSolver software and the IMGT database revealed
that VRCO1 and VRCO02 were somatic variants of the same
IgG1 clone. The heavy-chain CDR3 region of both mAbs was
composed of the same 14 amino acids (fig. S5) and both
mAbs were highly somatically mutated, with 32% of VH and
17 - 19% of VK nucleotides divergent from putative germline
gene sequences. VRCO3 was a likely a unique IgG1 clone,
but its heavy chain was derived from the same IGHV1-02*02
and IGHJ1*01 alleles as VRCO01 and VRC02. VRCO03 was
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also highly somatically mutated, with an unusual 7 amino-
acid insertion in heavy-chain framework 3, and 30% of VH
and 20% of VK nucleotides divergent from germline gene
sequences. The heavy-chain CDR3 of VRCO03 contained 16
amino acids. All three mAbs share common sequence motifs
in heavy chain CDR1, CDR2 and CDR3.

The binding characteristics of the mAbs were further
analyzed by surface plasmon resonance (SPR), competition
ELISA and isothermal titration calorimetry (ITC). SPR
demonstrated that VRCO1 (Kp = 3.88 x 10™ M), and VRC02
(Kp=1.11 x 10" M) bound gp120 with high affinity while
VRCO03 reacted with about 10-fold lower affinity (Kp =7.31
x 10™ M) (fig. S4). To evaluate the epitope reactivity of these
mAbs on gp120, competition ELISAs were performed with a
panel of well characterized mAbs. As expected, binding by
all three VRC mAbs was competed by CD4bs mAbs b12 and
F105, and by CD4-Ig (Fig. 3A left panel and fig S6A).
Unexpectedly, the binding of mAb 17b to its site in the
coreceptor binding region of gp120 was markedly enhanced
by the addition of VRCO1 or VRCO02 (Fig. 3A, right panel).
This enhancing effect was similar, though not as profound, as
the known effect of CD4-Ig. In contrast, mAb b12 inhibited
mADb 17b binding (Fig. 3A, right panel), as previously shown
(21). A similar enhancing result was observed for VRCO1 in
an assay that measures gp120 binding to its CCRS coreceptor
(fig. S6C). Thus, VRCO1 and VRCO2 act as partial CD4
agonists in their interaction with gp120, whereas VRCO03 does
not display this effect. Thermodynamic analysis by ITC
provided data consistent with the ELISA results, and
demonstrated a change in enthalpy (-AH) associated with the
VRCO01-gp120 interaction that was similar to the interaction
of CD4-Ig and gp120 (Fig. 3B), further demonstrating that
VRCO1 binding induced conformational changes in gp120. In
contrast to the data for gp120 binding, VRCO1 did not
enhance viral neutralization by mAb 17b (fig. S7). These data
suggest that VRC01 and VRCO02 partially mimic the
interaction of CD4 with gp120. This may explain their broad
reactivity, since essentially all HIV-1 isolates must engage
CD#4 for cell entry.

The potency and breadth of neutralization by VRCO1,
VRCO02 and VRCO03, compared to b12 and CD4-Ig, were
assessed on a comprehensive panel of Env pseudoviruses
(Fig. 4 and table S2). These 190 viral strains represented all
major circulating HIV-1 genetic subtypes (clades) and
included viruses derived from acute and chronic stages of
HIV-1 infection (22-23). VRCO1 neutralized 91% of these
viruses with a geometric mean value of 0.33 pg/ml (Fig. 4
and table S2). The data for VRCO02 were very similar (table
S2). Of note, these mAbs were derived from an HIV-1 clade
B-infected donor yet displayed neutralization activity against
all genetic subtypes of HIV-1. VRCO03 was less broad than
VRCO01 and VRCO02, neutralizing 57% of the viruses (table

S2) (24). In contrast, b12, also derived from a clade B donor,
neutralized 41% of viruses tested. Since VRCO1 was derived
from a donor whose sera was also broadly neutralizing, we
assessed the relationship between the neutralization breadth
and potency of serum 45 IgG and mAb VRCO1. Among 140
viruses tested, there was a significant association (P = 0.005;
Fisher’s exact test) between the number of viruses neutralized
by serum 45 IgG and the number neutralized by VRCO1 (fig.
S8A). Among the 122 viruses neutralized by both serum IgG
and VRCO1, there was a strong association (P < 0.0001;
Deming linear regression) between the neutralization potency
of the serum IgG and the potency of VRCO1 (fig. S§8B).
Therefore, although VRCO1 did not account for all serum 45
IgG neutralization, the VRCO1-like antibody specificity
largely accounts for the extensive breadth and potency of
serum 45. These findings demonstrate that a focused B-cell
response can target a highly conserved region of the HIV-1
Env in humans (295).

Other mADs are able to neutralize HIV-1, but none has a
profile of potency and breadth similar to VRC01 and VRCO02
(1, 13-14, 26-27). Antibody 4E10 requires relatively high
concentrations to neutralize primary strains of HIV-1 (/3) and
it neutralizes only 12% of Env-pseudoviruses at a
concentration of less than 1 ug/ml (/4). The well-
characterized CD4bs mAb b12 (/3-14) and the more recently
described HJ16 (15) are informative with respect to antigen
recognition, but each display restricted breadth (~ 40% of
HIV-1 strains). Recently, two broadly neutralizing somatic
variant mAbs, PG16 and PG9, were isolated by high-
throughput neutralization screening of B-cell supernatants
(14). The PG16 and PGY neutralized 73% and 79%
respectively of viruses tested, and recognize a glycosylated
region of HIV-1 Env that is present on the native viral trimer,
but this epitope is not well presented on gp120 or gp140.

VRCO01 and VRCO02 access the CD4bs region of gp120 in
a manner that partially mimics the interaction of CD4 with
gp120 (28). This observation may explain their impressive
breadth of reactivity. The isolation of these mAbs from an
HIV-1 infected subject and the demonstration that they
neutralize the vast majority of HIV-1 strains by targeting the
functionally conserved receptor binding region of Env,
provides proof of concept that such antibodies can be elicited
in humans. The discovery of these mAbs provides new
insights into how the human immune system is able to
effectively target a vulnerable site on the viral Env.
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Fig. 1. Design and antigenic profile of RSC3 and analysis of
epitope-specific neutralization. (A) Surface structure model
of the RSC3. The outer domain contact site for CD4 is
highlighted in yellow. Regions highlighted in red are
antigenically resurfaced areas, shown both on the inner (left
panel) and outer (right panel) faces of the core protein.
Glycans are shown in light blue. (B) Antigenicity of the
RSC3 protein based on enzyme-linked immunosorbent assay
(ELISA) using the neutralizing CD4bs mAb b12 and CD4-Ig
fusion protein. mAb 2G12 was used to confirm the structural
integrity of the protein. (C) mAb b12 was immobilized on the
sensor chip for surface plasmon resonance (SPR) kinetic
binding analysis with the proteins shown. (D) RSC3 blockade
of HIV-1 viral strain HXB2 neutralization by the broadly
neutralizing CD4bs mAb b12, but not CD4bs mAb F105,
which has limited neutralization breadth. The V3 neutralizing
mAb 447-52D is shown as a control. (E) Analysis of serum
45 neutralization of a panel of 17 viruses, using RSC3 and
ARSC3 to block neutralization activity. The percent reduction
in the serum IDs, caused by competition with RSC3 or
ARSC3 is shown on the Y-axis (+/- SEM of three
independent experiments). Viral strains and clades are shown
on the X-axis. Values less than 20% are not considered
significant in this assay.

Fig. 2. Isolation of individual CD4bs-directed memory B
cells by cell sorting, and binding characterization of isolated
mAbs. (A) Twenty-five million PBMC from donor 45 were
incubated with biotin-labeled RSC3 and ARSC3 that were
complexed with SA-APC and SA-PE respectively, prior to
addition to cells. Memory B cells were selected based on the
presented gating strategy. Twenty-nine B cells that reacted
with RSC3 and not ARSC3 (representing 0.05% of all
memory B cells) were sorted into individual wells of a 96-
well plate containing lysis buffer. (B) ELISA antigen binding
profile of three isolated mAbs, VRCO1, VRC02 and VRCO03.
Solid lines show mAb binding to RSC3 (left panel) and YU2

gp120 (right panel). Dashed lines indicate binding to ARSC3
(left) or to the CD4bs knockout mutant of gp120, D368R
(right). (C) SPR binding analysis of VRCO1 reacted with
RSC3 and ARSC3. VRCO1 was captured with an anti-human
IgG-Fc antibody that was immobilized on the sensor chip.
The SPR and ELISA data shown are from a representative
experiment; several additional assays produced similar data.

Fig. 3. Antigenic and biophysical characterization of novel
CDA4bs-directed mAbs. (A) Competition ELISA performed
with a single concentration of biotin-labeled VRCO1 (left) or
the co-receptor binding mAb 17b (right). The mAbs indicated
near each line were titrated into the ELISA at increasing
concentrations to evaluate the effect on VRCO1 and 17b
binding, respectively. The results shown are from a
representative experiment; two additional assays produced
similar data. (B) Isothermal titration calorimetry (ITC) to
assess the change in enthalpy (4H) and entropy (—74S) upon
binding of mAbs to YU2 gp120. Each measured value is
shown +/- SEM.

Fig. 4. Analysis of neutralization by mAbs VRCOI and b12
against a panel of 190 Env pseudoviruses representing all
major circulating clades of HIV-1. Dendrograms, made by the
neighbor-joining method, show the protein distance of gp160
sequences from 190 HIV-1 primary isolates. The clade B
reference strain HXB2 was used to root the tree, and the
amino acid distance scale is indicated with a value of 1%
distance as shown. The clades of HIV-1 main group,
including circulating recombinant forms (CRFs), are
indicated. Neutralization potency of VRCO1 and b12 is
indicated by the color of the branch for each virus. The data
under the dendrograms show the percent of viruses
neutralized with an ICsy < 50 pg/ml, and < 1 pg/ml, and the
geometric mean ICs, value for viruses neutralized with an
ICs59 < 50 pg/ml.
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— ICgp < 1 pg/mi
— 1Cgq 1-50 pg/ml
— ICsq > 50 pg/ml

Titer VRCO1 b12

IC5, < 50 pg/ml 91% 41%

IC5q< 1 pg/ml 72% 17%
Geometric mean I1C5, (ug/ml) 0.33 1.79




