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H IV
Neutralizing antibodies to HIV-1 envelope protect more
effectively in vivo than those to the CD4 receptor
Amarendra Pegu,1 Zhi-yong Yang,1 Jeffrey C. Boyington,1 Lan Wu,1 Sung-Youl Ko,1

Stephen D. Schmidt,1 Krisha McKee,1 Wing-Pui Kong,1 Wei Shi,1 Xuejun Chen,1 John-Paul Todd,1
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HIV-1 infection depends on effective viral entry mediated by the interaction of its envelope (Env) glycoprotein with
specific cell surface receptors. Protective antiviral antibodies generated by passive or active immunization must
prevent these interactions. Because the HIV-1 Env is highly variable, attention has also focused on blocking the
HIV-1 primary cell receptor CD4. We therefore analyzed the in vivo protective efficacy of three potent neutralizing
monoclonal antibodies (mAbs) to HIV-1 Env compared to an antibody against the CD4 receptor. Protection was
assessed after mucosal challenge of rhesus macaques with simian/HIV (SHIV). Despite its comparable or greater
neutralization potency in vitro, the anti-CD4 antibody did not provide effective protection in vivo, whereas the
HIV-1–specific mAbs VRC01, 10E8, and PG9, targeting the CD4 binding site, membrane-proximal, and V1V2 glycan
Env regions, respectively, conferred complete protection, albeit at different relative potencies. These findings dem-
onstrate the protective efficacy of broadly neutralizing antibodies directed to the HIV-1 Env and suggest that tar-
geting the HIV-1 Env is preferable to the cell surface receptor CD4 for the prevention of HIV-1 transmission.
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INTRODUCTION

Neutralizing antibodies confer protective immunity against many viral
pathogens, but eliciting such antibodies against HIV-1 has proven elu-
sive. During the first 20 years of HIV-1 research, only a few broadly
neutralizing monoclonal antibodies (mAbs) against HIV-1 were de-
fined, each with limited breadth and potency, and in some cases dis-
playing autoreactivity [reviewed in (1, 2)]. Despite their limited breadth
against diverse HIV-1 strains, several of these mAbs were able to block
infection of macaques by simian/HIV (SHIV) (3–7). More recently, it
was recognized that there exists a continuum of HIV-1–infected sub-
jects that generate cross-reactive serum neutralizing antibody responses
(8–14). Further analysis of these subjects led to the isolation of mAbs
that were exceptionally potent and broadly reactive. These mAbs are
directed to four highly conserved structural regions on the viral spike:
the CD4 binding site (CD4bs), variable region 1 and 2 (V1V2) glyco-
peptide, outer domain glycans, and the membrane-proximal external
region (MPER) [reviewed in (15, 16)]. Among CD4bs mAbs, VRC01
neutralizes more than 90% of the circulating HIV-1 strains and is rep-
resentative of a large class of antibodies that target this site (17, 18). PG9
represents one of a growing number of mAbs directed to HIV-1 envel-
ope (Env) glycans (11, 19–21) and recognizes a conserved motif, includ-
ing two glycans and a V1V2 peptide strand found on diverse viruses
(22, 23). A variety of mAbs directed to a conserved MPER structure
have also been isolated (24–28), and the recently identified 10E8 dem-
onstrates a combination of high potency and minimal autoreactivity
not seen in other such mAbs to date (29).
1Vaccine Research Center, National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH), 40 Convent Drive, Bethesda, MD 20892, USA. 2Division of
Viral Pathogenesis, Department of Medicine, Beth Israel DeaconessMedical Center, Harvard
Medical School, RE113, P. O. Box 15732, Boston,MA 02115, USA. 3HIV-Specific Immunity Section,
Laboratory of Immunoregulation, NIAID, NIH, Bethesda, MD 20892, USA. 4Biostatistics Re-
search Branch, NIAID, NIH, Bethesda, MD 20892, USA. 5Division of Hematology-Oncology,
Department of Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA.
*Deceased.
†Corresponding author. E-mail: jmascola@nih.gov (J.R.M.); gary.nabel@sanofi.com (G.J.N.)
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Although the number of broadly neutralizing mAbs to conserved
epitopes on the HIV-1 Env has increased, the high genetic diversity of
Env has prompted continued efforts to block HIV-1 infection by target-
ing the invariant cellular receptors of HIV-1. These primary and second-
ary receptors, CD4 and CCR5, respectively, represent potential alternatives
for blocking HIV-1 entry and have been targets for the development
of antiviral drugs, including small-molecule CCR5 antagonists (30, 31).
Because CD4 is the primary HIV-1 receptor on T cells, antibodies to
CD4 can potently block viral entry in vitro (32–34) and have been
evaluated for antiviral effects in clinical trials (35, 36). However, with
regard to in vivo prevention of HIV-1 infection, the relative efficacy of
mAbs to CD4 compared to those that target conserved Env sites is un-
known. To address this question, we have compared the protective ef-
ficacy of mAbs to the cellular receptor CD4 and to conserved Env
structures in a nonhuman primate (NHP) mucosal SHIV challenge model.
RESULTS

Characterization of an anti-CD4 mAb that potently
neutralizes HIV-1
We immunized mice with rhesus CD4 and screened with a human CD4-
expressing cell line, thus allowing selection of a mAb clone (2D5) reactive
with both human and rhesus CD4 (fig. S1). As expected, 2D5 bound
both human and rhesus CD4 (Fig. 1, A and B). This cross-reactive
binding was similar to a known anti-CD4 clone, Leu3A (37), though
Leu3A preferentially bound human CD4, whereas 2D5 displayed bet-
ter binding to rhesus CD4. mAb 2D5 also had potent HIV-1 blocking
activity using MAGI target cells expressing human CD4 and CCR5.
This blocking was similar to another anti-CD4 clone (2F2) isolated from
the same hybridoma cultures as 2D5 and the anti-CD4 antibody clone
(#19) previously shown to block HIV-1 infection (38). Leu3A displayed
somewhat better HIV-1 blocking activity, likely due to its better bind-
ing to human CD4 (Fig. 1, A and C). Notably, both R5- and X4-tropic
cienceTranslationalMedicine.org 2 July 2014 Vol 6 Issue 243 243ra88 1
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HIV-1 strains were potently blocked by 2D5 (fig. S2). The crystal struc-
ture of the 2D5 Fab complexed with the first two extracellular domains
of human CD4 was determined to 3.65-Å resolution (tables S1 to S3).
The structure revealed a 2D5 interaction with domain 1 of CD4 in a
manner that partially overlaps with the CD4bs of HIV gp120 (Fig. 1, E
and F, and fig. S3). Thus, 2D5 binding to CD4 would directly block
CD4 interaction with gp120. The Leu3A mAb has also been reported
to bind to domain 1 of CD4 (39). We next compared the in vitro neu-
tralization potency of 2D5 to mAb VRC01 that targets the CD4bs of
www.S
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gp120, using replication-competent SHIV SF162P3 challenge virus and
rhesus peripheral blood mononuclear cell (PBMC) target cells (Fig. 1D).
There was potent dose-dependent neutralization by both mAbs, and
2D5 [median inhibitory concentration (IC50), 0.07 mg/ml] was about
30-fold more potent than VRC01 (IC50, 2.15 mg/ml).

Protective efficacy of 2D5 and VRC01 against
mucosal SHIV challenge
The ability of 2D5 and VRC01 to prevent mucosal SHIV SF162P3 in-
fection was assessed in rhesus macaques. We first assessed mAb 2D5
compared to a control human immunoglobulin G (IgG) using an in-
fusion dose of 40 mg/kg administered intravenously to four animals
each, followed by intrarectal inoculation with a single high dose [300
TCID50 (median tissue culture infectious dose)] of SHIV SF162P3 1 day
later. The average plasma concentration of plasma 2D5 was 352 µg/ml
on the day of challenge (Table 1 and Fig. 2A). At this same time point,
we also observed full occupancy of CD4 on the surface of circulating
CD4 T cells by 2D5 with no depletion of T lymphocyte populations
observed (Fig. 2B and fig. S5). Two of four 2D5-treated animals were
protected against infection. One of four control animals remained un-
infected. This difference between 2D5 and control IgG was not signif-
icant (P = 1, Fisher’s exact test; n = 4). These data indicate that, even at
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Fig. 1. Neutralization of HIV-1 Env by mAbs 2D5 and VRC01. (A and B)
Binding of 2D5 and Leu3A anti-CD4 antibodies to either soluble human (A) or

rhesus CD4 (B) as tested by enzyme-linked immunosorbent assay (ELISA). Data
are representative of two independent experiments. (C) Neutralization of
HIV-1 SF162 by different anti-CD4mAbs, measured using an Env-pseudotyped
lentiviral reporter assay and MAGI-CCR5 target cells that express human
CD4 and CCR5. (D) Neutralization of SHIV SF162P3 by 2D5 and VRC01 using
a rhesus PBMC infection assay. Means ± SEM from two independent ex-
periments are shown. (E) Ribbon diagram showing CD4 (yellow) complexed
to the 2D5 Fab (heavy chain, green; light chain, cyan). Complementarity-
determining regions H1, H2, H3, and L1 of 2D5 that contact CD4 are labeled
as are 2D5-contacting CD4 loops CC′ and C″D. (F) Ribbon diagram showing
CD4 (yellow) complexed to the HIV-1 gp120 core (red) from Protein Data
Bank (PDB) entry 1G9M. The 2D5 binding region of CD4 is shown in cyan
and green.
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Fig. 2. Receptor occupancy, serum mAb levels, and plasma viral loads
in rhesus macaques administered 2D5 followed by a single high-dose

mucosal challenge with SHIV SF162P3. (A) The concentration of 2D5 was
measured by ELISA in serum taken at different time points from rhesus
macaques after administration of a dose (40 mg/kg) of the antibody. The
red arrow indicates time of rectal SHIV challenge. (B) The occupancy of cell
surface CD4 on peripheral CD4+ T cells by 2D5 was determined using
flow cytometry. Day 0 indicates the time point of mAb infusion. (C) Plas-
ma viral loads in rhesus macaques that were administered a single high
dose (40 mg/kg) of 2D5 or a control human IgG and rectally challenged
1 day later with a single high dose of SHIV SF162P3 (300 TCID50).
cienceTranslationalMedicine.org 2 July 2014 Vol 6 Issue 243 243ra88 2
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this high infusion dose, 2D5 was not highly effective in preventing
infection.

This protection was compared to VRC01, an HIV-1 Env-specific anti-
body. A twofold lower dose of VRC01 (20 mg/kg) was infused, and rectal
challenge was performed 2 days after antibody administration. Control
animals received normal human IgG. Despite the lower average plasma
concentration (about sixfold) for VRC01 compared to 2D5 on the day of
challenge (Table 1 and Fig. 3A), none of the four animals were infected
compared to three of four in the control group (Fig. 3B; P = 0.14, Fisher’s
exact test; n = 4). Because HIV-1 is commonly transmitted frommales to
females through exposure at the vaginal mucosa, we also tested the ability
of VRC01 to protect against this route of challenge. VRC01 or human
IgG was administered at a dose of 20 mg/kg to four animals each; 2 days
later, the animals were inoculated intravaginally with SHIV SF162P3. Sim-
ilar to results after intrarectal challenge, none of the four animals were
infected compared to three of four in the control group (Fig. 3C; P = 0.14,
Fisher’s exact test; n = 4). Analysis of the challenge data from VRC01
(eight of eight VRC01 animals protected versus two of eight uninfected
controls) demonstrated statistically significant protection (P = 0.01, ex-
act conditional test; n = 8). Thus, the Env-specific mAb VRC01 provided
protection against mucosal SHIV SF162P3 challenges and was more ef-
fective than mAb 2D5 directed to the CD4 receptor.
Table 1. Pharmacokinetic parameters of the different mAbs and rates of
infectionaftermucosal SHIV challengeof rhesusmacaques. EachmAbwas
given at the indicated dose intravenously to rhesusmacaques, and the level of
www.S
antibody in theplasmawasquantitatedbyanantibody-specific ELISAusing the
cognate antigen. Values for concentration ofmAbandhalf-life are themeans±
SEM. The plasma half-lives were calculated using the WinNonlin software.
Antibody
(no. of animals)
Antibody dose
(mg/kg)
Concentration at day of
challenge (µg/ml)
cie
Half-life (days)
nceTranslationalMedici
Challenge virus (route)
ne.org 2 July 2014 Vol 6 Issue
Rate of infection
mAb2D5 (4)
 40
 351.6 ± 16.6
 1.2 ± 0.1
 SHIV SF162P3 (rectal)
 2/4
VRC01 (4)
 20
 79.2 ± 2.3
 7.0 ± 0.3
 SHIV SF162P3 (rectal)
 0/4
VRC01 (4)
 20
 64.6 ± 7.0
 5.3 ± 1.4
 SHIV SF162P3 (vaginal)
 0/4
VRC01 (6)
 20
 60.9 ± 2.4
 6.8 ± 1.6
 SHIV BaLP4 (rectal)
 0/6
10E8 (6)
 20
 133 ± 5.5
 3.2 ± 0.7
 SHIV BaLP4 (rectal)
 0/6
PG9 (6)
 20
 32.0 ± 3.0
 2.2 ± 0.4
 SHIV BaLP4 (rectal)
 2/6
VRC01 (6)
 5
 22.2 ± 1.4
 8.3 ± 2.3
 SHIV BaLP4 (rectal)
 0/6
10E8 (6)
 5
 31.3 ± 1.8
 5.5 ± 1.4
 SHIV BaLP4 (rectal)
 0/6
PG9 (6)
 5
 3.7 ± 0.2
 2.2 ± 0.1
 SHIV BaLP4 (rectal)
 3/6
VRC01 (10)
 0.3
 1.3 ± 0.1
 5.1 ± 0.8
 SHIV BaLP4 (rectal)
 6/10
10E8 (6)
 0.3
 1.8 ± 0.16
 6.9 ± 0.7
 SHIV BaLP4 (rectal)
 3/6
PG9 (6)
 0.3
 0.28 ± 0.03
 3.2 ± 0.5
 SHIV BaLP4 (rectal)
 6/6
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Fig. 3. Serum mAb levels and plasma viral loads in rhesus macaques
administered VRC01 followed by a single high-dose mucosal challenge

with SHIV SF162P3. (A) The concentration of VRC01 IgG1 was measured
by an RSC3 (resurfaced stabilized gp120 core, derivative 3)–based ELISA in
blood taken at different time points from male or female rhesus macaques
after administration of a dose (20 mg/kg) of the antibody. The red arrows
indicate time of mucosal SHIV challenge. (B) Plasma viral loads in rhesus
macaques that were administered a single high dose (20 mg/kg) of VRC01
or a control human IgG and rectally challenged 2 days later with a single
high dose of SHIV SF162P3 (300 TCID50). (C) Plasma viral loads in rhesus ma-
caques that were administered a single high dose (20 mg/kg) of VRC01 or a
control human IgG and vaginally challenged 2 days later with a single high
dose of SHIV SF162P3 (300 TCID50).
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Protective efficacy of VRC01, PG9, and 10E8 against mucosal
SHIV challenge
To compare the overall protective efficacy of several well-characterized
broadly neutralizing mAbs to HIV-1, we evaluated the relative pharmaco-
kinetics and protection conferred by VRC01, PG9, and 10E8 targeting the
CD4bs, V1V2peptidoglycans, and gp41membrane proximal Env regions,
respectively. Although VRC01 neutralized SHIV SF162P3, 10E8 and PG9
demonstrated weak or no neutralization, respectively, against this SHIV
(Fig. 4A). We therefore evaluated an alternative CCR5-tropic strain, SHIV
BaLP4. VRC01 and PG9 neutralized this SHIVwith similar IC50 concentra-
tions (0.02 and 0.06 µg/ml, respectively), whereas 10E8 had a higher IC50 of
0.57 µg/ml in a single-round entry assay (Fig. 4B). These results were con-
firmedinarhesusPBMCinfectionassay inwhichbothVRC01andPG9were
more potent than 10E8 in neutralizing SHIV BaLP4 infection (Fig. 4C).

To assess the relative protective efficacies of VRC01, PG9, and 10E8,
these mAbs were each administered at doses of 20, 5, and 0.3 mg/kg in a
study using at least six animals per treatment arm (Table 1). We first
studied the antibody pharmacokinetics. The mean plasma half-lives for
VRC01 and 10E8 were comparable (7.0 and 5.2 days, respectively),
whereas the half-life of PG9 was only 2.5 days (Table 1 and Fig. 5), possibly
because of PG9 reactivity with mammalian carbohydrates. Man5GlcNAc2
glycans are required for PG9 binding to its epitope (22). Notably, GnTI−

293S are 293 cells that lack GnTI activity (40) and consequently produce
Man5GlcNAc2 glycans, but not more complex N-glycans. We observed
glycan-dependent binding of PG9 to the cell surface of GnTI− 293S cells
(fig. S4), raising the possibility that reactivity with host proteins may con-
tribute to its shorter half-life in vivo.
www.ScienceTranslationalMed
We next evaluated the dosages of antibodies
VRC01, PG9, and 10E8 necessary to protect against
infection by rectal challenge with SHIV BaLP4. The
animals were infused with the respective mAbs
(20, 5, or 0.3 mg/kg) and were challenged 2 days
after antibody transfer. Fourteen control animals
received human IgG followed 2 days later by SHIV
BaLP4 challenge, and all became infected (Fig. 6D).
At the highest dose of 20 mg/kg, VRC01 and 10E8
protected all animals (n = 6 for each antibody),
and PG9 prevented infection in four of six animals
(Fig. 6). At 5 mg/kg, VRC01 and 10E8 showed sim-
ilar complete protection of all six animals, whereas
PG9 still conferred partial benefit, protecting three
of six animals. At 0.3 mg/kg, both VRC01 and 10E8
showed partial efficacy with 4 of 10 and 3 of 6 ani-
mals protected, respectively. All six animals that re-
ceived PG9 (0.3 mg/kg) became infected. Therefore,
although all threemAbs were protective, VRC01 and
10E8 were significantly more effective in protecting
against acquisition of SHIV BaLP4 infection, as
determined by exact logistic regression analysis that
was adjusted for dose groups (P = 0.001 for VRC01
versus PG9, n = 22 for VRC01, n = 18 for PG9; P =
0.004 for 10E8 versus PG9, n = 18).
DISCUSSION

Passive antibody protection against HIV-1 infec-
tion could result from antibodies directed to the
viral Env or potentially from antibodies directed to the primary
cellular receptor CD4. Here, we show that despite potent in vitro neu-
tralizing activity against the challenge virus and high occupancy of
antibody bound to the CD4 receptor of circulating CD4+ T cells, the
anti-CD4 mAb 2D5 provided only partial protection against a mucosal
SHIV challenge. In contrast, three well-characterized HIV-1 broadly
neutralizing mAbs provided robust in vivo protection, suggesting that
the potent viral neutralization observed in vitro translated to high level
protection in vivo.

The explanation for the relatively poor protection provided by
mAb 2D5 compared to the HIV-1 Env-specific mAbs is not fully ap-
parent. In contrast to the human HIV-1–specific mAbs VRC01, PG9,
and 10E8, 2D5 is a mouse mAb and had a shorter circulating half-life
in macaques. However, SHIV challenges were performed 1 day after
2D5 infusion, when plasma mAb levels were several hundred micro-
grams per milliliter and about 1000-fold above the in vitro neutralization
IC50 value of 2D5 against SHIV SF162P3 (Fig. 2A). Similarly, differ-
ences in Fc effector function have been noted previously between spe-
cies (5, 41), but it is unlikely that these alone would account for the
major differences in protection that have been observed when both
show strong neutralization potency in vitro. NHP challenge studies
have shown that whereas Fc-mediated effector functions may play a
small role in antibody-mediated protection (6, 41), viral neutraliza-
tion is the major effector function associated with in vivo protection
against SHIV challenge (6, 41, 42). We also documented that 2D5
achieves full occupancy of the macaque CD4 receptor on T cells in
the peripheral circulation at the day of challenge. Despite these results,
Virus
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Fig. 4. Neutralization of CCR5-tropic SHIV strains by VRC01, PG9, and 10E8. (A) Neutralizing

activity of VRC01 and PG9 against SHIV SF162P3 in a neutralization assay using a luciferase reporter–
based TZM-bl cell line. (B) Neutralizing activity of VRC01, PG9, and 10E8 against SHIV BaLP4 in a
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VRC01, PG9, and 10E8 against SHIV BaLP4 in a rhesus PBMC infection assay. The table lists the IC50
and IC80 values for the neutralization of SHIVs by the three anti–HIV-1 mAbs in the different assay
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it is more likely that there was insufficient antibody to block all re-
ceptors in mucosal and peripheral lymphoid tissues. Greater receptor
blocking might be achieved through multiple infusions of 2D5, but
given the large number of CD4+ T cells resident in the gastrointestinal
tract as well as in other lymphoid organs, it is not clear whether the
levels of anti-CD4 antibody needed to block all such potential recep-
tors can be readily attained. An alternative approach could be to lo-
cally administer the anti-CD4 antibody to sites of infection like mucosal
sites, which may prevent it from binding to CD4 expressed on cells
present in other nonrelevant tissue compartments. Topical applications
of entry inhibitors and an anti–HIV-1 antibody have shown protective
efficacy against mucosal SHIV challenges, although the protection is
transient, requiring challenge within a few hours of application (43–45).
These data suggest a narrow window of protection using cell-directed
entry inhibitors.
www.ScienceTranslationalMed
Ibalizumab is an anti-CD4 antibody that has
been evaluated in clinical trials and binds to do-
main 2 of CD4 (46). Although 2D5 binds to do-
main 1 of CD4, both mAbs show substantial
potency in inhibition of HIV-1 infection (32).
Notably, the data in this report show that anti-
Env mAbs with less potency than the anti-CD4
mAb 2D5 confer greater in vivo protective effi-
cacy. Thus, such anti-CD4 mAbs would seem less
attractive candidates for the immune prophylaxis
of HIV-1. It remains possible that ibalizumab
could have different protective efficacy against
SHIV challenge, but no animal model protec-
tion studies have yet been published that dem-
onstrate such efficacy. Ibalizumab is derived
from a mouse mAb 5A8 that was shown to have
a therapeutic effect in chronically SIV-infected
macaques (47). Likewise, ibalizumab reduced
viremia after infusion into HIV-1–infected subjects
(35, 36). Thus, anti-CD4 mAbs may have some
benefit in a therapeutic setting, but our data high-
light the challenges of targeting host cellular
proteins to prevent HIV-1 infection.

There are several potentially related explana-
tions for the lower efficacy of PG9. This mAb
did not produce complete in vitro neutralization
of SHIV BaLP4, but rather the neutralization
curve saturated at about 80% neutralization in
a single-round infectivity assay (Fig. 4B). This
phenomenon of incomplete in vitro neutraliza-
tion has been observed for several anti-V1V2
mAbs, including PG9, PG16, and PGT145, and
has been observed on a subset of diverse HIV-1
isolates (11, 19). The mechanism of this effect
is not well understood but may be related to in-
complete or variable glycosylation of the Env
glycoprotein on the virions. Anti-V1V2 mAbs
such as PG9 bind to both amino acid and gly-
can sites and are sensitive to the complexity of
glycosylation (22, 23, 48). It has been shown
that binding of PG9 to HIV-1 Env is depen-
dent on the presence of Man5GlcNAc2 glycan
at an N-glycosylation site for antigen recogni-
tion and that replacement with high mannose–type (Man8GlcNAc2 or
Man9GlcNAc2) glycans at this site abrogates PG9 binding. In addition
to this requirement for glycan binding, the circulating plasma half-
life of PG9 was about twofold shorter than that observed with VRC01
and 10E8. This shorter half-life may reflect properties intrinsic to the
variable region or antigen binding site of PG9. PG9 may bind to gly-
coproteins on the host cell or be taken up by glycosylated scavenger
receptors that are present on many cell types, which may contribute to its
shorter half-life and lower protective efficacy in vivo. A recent study dem-
onstrated that a V3 glycan mAb, PGT121, provides protection against
mucosal SHIV challenge at low doses (49), indicating that this class of
antibodies may be different from those that bind to the V1V2 glyco-
peptide like PG9 in terms of their in vivo efficacy.

It has been shown previously that b12, another mAb to the CD4bs
that neutralizes about 40% of circulating HIV-1 strains, can confer
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Fig. 5. Plasma levels of mAbs in rhesus macaques administered VRC01, PG9, and 10E8 at three

different doses of each antibody. (A to C) The plasma concentrations of VRC01 (A), PG9 (B), and
10E8 (C) IgG1 were measured by ELISA at different time points after administration of the indicated
doses (20, 5, and 0.3 mg/kg) of each antibody in each group. The terminal in vivo half-life (t1/2) is
indicated for each antibody dose. The red arrows indicate time of mucosal SHIV challenge. Each
treatment group consisted of 6 animals except for the group that received VRC01 (0.3 mg/kg),
which had 10 animals.
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complete protection against mucosal SHIV challenge (41, 50). In ad-
dition, 2F5 and 4E10, two mAbs to the MPER, have been shown to
protect against mucosal challenge, but protection required relatively
high doses of antibody infusion (7, 51). In contrast, we show that
10E8, an MPER mAb that neutralizes more than 95% of circulating
HIV-1 strains, provided complete protection at an infusion dose of
5 mg/kg and partial protection at 0.3 mg/kg. 10E8 displayed about
10-fold less in vitro neutralization potency against SHIV BaLP4
than did VRC01 (Fig. 4), yet produced similar in vivo protective ef-
ficacy (Fig. 6). We observed higher plasma concentrations of 10E8
than VRC01 at the day of challenge, which suggests increased bio-
availability of 10E8 compared to VRC01 and may relate to its higher
in vivo efficacy.
www.ScienceTranslationalMedicine.org
There are several potential limitations
to our study. We tested only one antibody
to the CD4 receptor, and it is possible that a
different anti-CD4 mAb, possibly one with
a different mode of CD4 binding or a lower
off-rate, could provide better in vivo pro-
tection. We also did not test antibodies to
the co-receptormolecule CCR5, and because
our SHIV challenge virus enters via both
CD4 and CCR5, it is possible that antibodies
to CCR5 could have an additional effect on
transmission. Last, we tested transmission
with one SHIV, and the impact of antibodies
to the host cell receptors may vary among
viruses and in different mucosal tissues.

In summary, we show that mAb 2D5
bindswithhighaffinity to theCD4 receptor
and blocks HIV-1 entry in vitro but lacks
robust in vivo protective efficacy despite
high plasma levels. In contrast, potent pro-
tection against infection was observed for
mAbs that target highly conserved epitopes
on theHIV-1 Env. Among thesemAbs, the
ones that target CD4bs andMPERmay be
preferred to those that targetV1V2 sites on
the HIV-1 Env. These data suggest that
the CD4bs and MPER of the HIV-1 Env
represent attractive targets for both active
and passive immunization strategies to
prevent HIV-1 transmission.
MATERIALS AND METHODS

Animal study design
Healthy male and femaleMacaca mulatta
animals of Indian origin weighing 3 to
4 kg were used in this study. For the stu-
dies using anti-CD4 antibody, the anti-
body was administered intravenously at
a dose of 40 mg/kg and challenged with
SHIV SF162P3 (300 TCID50, intrarectal)
1 day after passive transfer. For the studies
using anti-HIV antibodies, the antibodies
were administered intravenously at doses
of 20, 5, or 0.3 mg/kg and challenged with either SHIV SF162P3
(300 TCID50, intrarectal and intravaginal) or SHIV BaLP4 (1 ml of stock
virus, intrarectal) 2 days after passive transfer. For the intravaginal chal-
lenge, the animals were treated with Depo-Provera 30 days before chal-
lenge to thin the vaginal epithelium and increase infection (52). Whole
blood was collected at different time points to obtain plasma and PBMC
samples formeasurement of antibody levels and other immune parameters.
All animal experiments were reviewed and approved by the Animal Care
and Use Committee of the Vaccine Research Center, National Institute of
Allergy and Infectious Diseases (NIAID), National Institutes of Health
(NIH), and all animals were housed and cared for in accordance with local,
state, federal, and institute policies in an American Association for Accre-
ditation of Laboratory Animal Care–accredited facility at the NIH.
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Fig. 6. Plasma viral loads in rhesus macaques administered VRC01, PG9, and 10E8 at three different
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(B), 10E8 (C), control IgG (D) and rectally challenged 2 days later with a single high dose of SHIV BaLP4.
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Challenge viruses
SHIV SF162P3, propagated in phytohemagglutinin-activated rhesus
macaquePBMCs,was obtained through theNIHAIDSReagentProgram,
Division of AIDS, NIAID, NIH (cat. no. 6526; contributors: J. Harouse,
C. Cheng-Mayer, and R. Pal, Aaron Diamond AIDS Research Center).
Similarly, the challenge stock of SHIVBaLP4 (53) was generated in con-
canavalin A–activated human PBMCs, and the TCID50 titer in TZM-bl
cells was 12,800/ml.

Neutralization assays
Neutralization of replication-competent SHIV challenge stocks by anti–
HIV-1 mAbs was performed in two different assay formats. In one
format, neutralization was measured using single-round infection of
TZM-bl target cells (HeLacells engineered to expressCD4andCCR5)with
replication-competent SHIV stocks in the presence of the protease
inhibitor indinavir, as described previously (54–56). In a second for-
mat, neutralization was measured using infection of rhesus PBMCs
with replication-competent SHIV stocks, allowing formultiple rounds
of replication, as described previously (50). Neutralization of HIV-1 Env-
mediated entry into target cells by the anti-CD4 antibody was alsomea-
sured using a modified Env-pseudotyped reporter virus assay. Briefly,
the targetMAGI-CCR5 cells were first incubated with serial dilutions
of the anti-CD4 antibody for 1 hour, followed by addition of the HIV-1
Env pseudotyped virus and quantitation of luciferase reporter activity
in cell lysates 72 hours later. Neutralization of replication-competent
SHIV by the anti-CD4 antibody was measured using a modified
rhesus PBMC infection assay as described previously (50). Here, in-
stead of incubation of the virus with the antibody, the PBMCs were
preincubated with the anti-CD4 antibody for 1 hour before addition
of the virus.

Enzyme-linked immunosorbent assays
Quantitative ELISA was used to measure antibody levels in the animal
plasma obtained at different time points. For quantitation of mAbs
2D5, VRC01, 10E8, and PG9, soluble CD4, RSC3 (56), MPER peptide,
and gp120 (ZM109), respectively, were used to capture the mAbs in
the plasma and detected by horseradish peroxidase (HRP)–conjugated
anti-mouse or anti-human IgG conjugates (Southern Biotech). Serum
half-lives were calculated on the basis of the levels of each mAb mea-
sured at different time points after infusion using a noncompartment
model by the WinNonlin software (Pharsight).

Binding of anti-CD4 antibodies to soluble CD4 was performed by
overnight coating (2 mg/ml) of microtiter plates with either recom-
binant human CD4 or rhesus CD4 (Immune Technology Corp.), fol-
lowed by addition of serially diluted mAbs against CD4. Bound mAbs
were detected by an HRP-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch).

Receptor occupancy assay
Whole blood, obtained at different time points after administration of
2D5, was stained in replicates of three (50 ml each) with a fluorescently
conjugated anti-mouse IgG (Southern Biotech) to detect cell surface–
bound antibodies on the lymphocyte population that were gated on
the basis of their forward and side scatter (fig. S5). A total of 10,000 events
were collected in the lymphocyte gate for each replicate sample. Percent
receptor occupancy was calculated by comparing the observed signal
to a 100% control, in which a saturating amount of 2D5 (100 mg/ml)
was added to the sample that was run in parallel at all time points.
www.S
Plasma viral loads
Plasma viral RNA levels were determined using a modified two-step
quantitative reverse transcription polymerase chain reaction (PCR) pro-
cess. Experimental sampleswere run inparallelwith anSIVgagRNA stan-
dard on an Applied Biosystems StepOne real-time PCR system. The
lower limit of detection using this assay was 250 SIV RNA copies/ml.

Statistical analysis
For SHIV challenge studies, four to six animals per group were evalu-
ated, and sample sizewas assessed using exact conditional tests. The rate
of infection in each mAb group was compared to the corresponding
control group using a two-tailed Fisher’s exact test and analyzed using
the JMP statistical software from SAS Institute Inc. The rates of infec-
tion reflect the number of animals infected in each group as noted by
at least one weekly time point showing detectable plasma viremia
(>250 copies/ml) in a 10-week period after a single high-dose challenge.
For direct comparison of the protective efficacy of VRC01, 10E8, and
PG9, exact logistic regression analysis was carried out between each
pair of antibodies, adjusting for the dose and group sizes at each dose.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/243/243ra88/DC1
Materials and Methods
Fig. S1. Generation of mAbs specific for primate CD4 in mice after prime-boost immunization.
Fig. S2. Neutralization of HIV-1 by 2D5.
Fig. S3. The 2D5 epitope on domain 1 of CD4.
Fig. S4. Binding of PG9 to GnTI− 293S cells.
Fig. S5. Gating strategy for determining percent CD4 occupancy by 2D5.
Table S1. Crystallographic data collection and refinement statistics.
Table S2. mAb2D5/CD4 interactions.
Table S3. Hydrogen bonds and salt bridges between mAb2D5 and CD4.
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