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Background: We aim to define the critical residues on the surface glycoprotein of HIV-1 responsible for VRCO1 resistance.
Results: We found that a single asparagine residue, a potential N-linked glycosylation site, within the V5 region is associated

with VRCO1 resistance in the viral strains studied.

Conclusion: The V5 region is the major determinant of VRCO1 resistance.
Significance: This work will help to us to better understand interplay between HIV-1 and VRCO1.

VRCO01, a broadly neutralizing monoclonal antibodyj, is capa-
ble of neutralizing a diverse array of HIV-1 isolates by mimick-
ing CD4 binding with the envelope glycoprotein gp120. None-
theless, resistant strains have been identified. Here, we
examined two genetically related and two unrelated envelope
clones, derived from CRF08_BC-infected patients, with distinct
VRCO1 neutralization profiles. A total of 22 chimeric envelope
clones was generated by interchanging the loop D and/or V5
regions between the original envelopes or by single alanine sub-
stitutions within each region. Analysis of pseudoviruses built
from these mutant envelopes showed that interchanging the V5
region between the genetically related or unrelated clones com-
pletely swapped their VRCO1 sensitivity profiles. Mutagenesis
analysis revealed that the asparagine residue at position 460
(Asn-460), a potential N-linked glycosylation site in the V5
region, is a key factor for observed resistance in these strains,
which is further supported by our structural modeling. More-
over, changes in resistance were found to positively correlate
with deviations in VRCO1 binding affinity. Overall, our study
indicates that Asn-460 in the V5 region is a critical determinant
of sensitivity to VRCO1 specifically in these viral strains. The
long side chain of Asn-460, and potential glycosylation, may cre-
ate steric hindrance that lowers binding affinity, thereby
increasing resistance to VRCO1 neutralization.

HIV-1 mediates cell entry through the trimeric envelope gly-
coprotein gp160, which is in turn composed of exterior recep-
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tor-binding gp120 subunits and the fusion-mediating trans-
membrane gp41 regions (1-4). Entry is a multistep process,
initiated by gp120 binding with the target cell receptor, CD4 (5,
6), which triggers the extensive conformational changes that
facilitate binding with either the CCR5 or CXCR4 co-receptor,
and the subsequent series of events that lead to fusion with the
target cell membrane (7—11). The CD4-binding site (CD4bs)>
on gpl20 is critical for viral entry and highly conserved com-
pared with other envelope contact regions. The CD4bs is also
the viral Achilles heel, containing the key epitopes and domains
recognized by broadly neutralizing monoclonal antibodies
(bnmAb) and polyclonal sera from “elite neutralizers,” individ-
uals with exceptionally strong immune control over viral repli-
cation (12-16). Better understanding of the intricate interplay
between the CD4bs and antibody neutralization will provide
critical insights into HIV-1 pathogenesis and aid the develop-
ment of effective CD4bs-directed vaccines and therapeutics.
In recent years, tremendous progress has been made in the
isolation and characterization of bnmAbs from elite neutraliz-
ers that target the CD4bs on gp120 (12-17). The first such
bnmADb, b12, was isolated from a phage display library and is
capable of neutralizing about 35% of a large multiclade panel of
pseudotyped viruses (17, 18). The second, HJ16, was isolated
through in vitroimmortalization of memory B cells from a clade
C-infected patient, and it demonstrated similar breadth to that
of b12 (19). With recent advancements in micro-culturing and
antigen-specific sorting of B cells from elite neutralizers,
researchers have isolated increasing numbers of bnmAbs
directed to the CD4bs, including VRCO01, VRCO03, 3BNC117,
3BNC55, VRC-PG04, and NIH45-46 (12-17, 20). Many in this
new generation of bnmAbs have demonstrated significantly
higher potency and breadth compared with b12 and HJ16. The
prototype VRCO1, for instance, was isolated from a clade B-in-
fected individual and neutralized 91% of a diverse panel of pseu-

2 The abbreviations used are: CD4bs, CD4-binding site; bnmAb, broadly neu-
tralizing monoclonal antibody; PNGS, potential N-linked glycosylation site.
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dotyped viruses (13). VRCO03, a close relative of VRCO01, was able
to neutralize about 57% of these (13). More recently isolated
CD4bs-directed bnmAbs, in particular 3BNC117, 3BNC55,
VRC-PG04, and NIH45- 46, have shown similar or even higher
potency and breadth compared with prototype VRCO1 (14—
16). Most of these VRCO1-like bnmAbs show convergence on
their recognition to the CD4-binding site on the gp120, even
though some of them induce conformational changes on solu-
ble gp120. Their primary mechanism of neutralization should
be blocking the interaction between the virus and receptor CD4
as they compete for the same general area on HIV-1 gp120,
although itis worth noting that there may be differences in their
mechanisms of blocking the gp120-CD4 receptor interaction
(12-17,19-24).

Unfortunately, despite the superior potency and breadth of
these bnmAbs, each fails to neutralize a small, but significant,
portion of pseudotyped virus panels. VRCO1, for instance, is
unable to neutralize about 10% of tested viruses (13), and many
of those resistant strains were not derived from elite neutraliz-
ers like the donor from which VRCO01 was initially isolated. The
rise of VRCO1-resistant viruses in these “ordinary” individuals
suggests that such variants are either naturally occurring or
selected under a VRCO1-like antibody response at some point
during disease progression. VRCO1-resistant strains have also
been identified in the VRCO1 donor (25). Only selective archival
proviral Env variants remained sensitive, whereas all contem-
porary plasma-derived variants are resistant, indicating a rapid
genetic and phenotypic evolution under the strong antibody-
based selection pressure (25). Collectively, these results indi-
cate that viruses resistant to VRCO01, and anti-CD4bs mAbs as a
whole, are consistently being generated with or without the
unique immune selection pressures found in “elite controllers,”
imposing tremendous challenge for preventative and therapeu-
tic interventions based on these bnmAbs.

The mechanism of viral resistance to VRCO1 is perhaps the
best studied among all these anti-CD4bs bnmAbs. Structural
analysis of VRCO1 bound to monomeric gp120 shows it binds to
the CD4bs, although it makes less contact with the variable
inner domain and the 320—-£321 segment of the bridging sheet
compared with the mAb b12 (26). Instead, there is greater con-
tact with loop D, the base of the V5 loop region, and 824. These
segments are essential contact regions for VRCO1 with the
envelope spike and likely play a key role in viral escape. Analysis
of viruses displaying natural resistance to VRCO01 and mutagen-
esis studies of clade B viruses have suggested mutations in
either the loop D and V5 regions or a combination of both may
be critical for natural evasion of VRCO1 (27). However, the
resistance mechanisms of non-clade B viruses are currently
unknown. In the course of characterizing diverse HIV-1 strains
isolated from infected patients in China, we identified two
genetically related and two unrelated envelope clones, derived
from CRF08_BC-infected patients, with distinct VRCO1 neu-
tralization profiles (28). Here, we show that interchanging the
V5 region between clones within both sets completely swapped
their VRCO1 sensitivity profiles. Mutagenesis analysis revealed
that the asparagine residue at position 460 (Asn-460), a poten-
tial N-linked glycosylation site (PNGS) in the V5 region, plays a
critical role in determining viral sensitivity of these strains to
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VRCO01, whereas other residue changes seemed to have no dis-
cernible impact. Structural modeling indicates there is a poten-
tial clash between the long side chain at position Asn-460 and
the arginine residue at position 61 (Arg-61) on the heavy chain
of VRCO1. We propose that such steric hindrance from the
Asn-460 side chain, potentially enhanced by N-linked glycosyl-
ation, would lower binding affinity with and thereby increase
resistance to VRCO1 neutralization.

EXPERIMENTAL PROCEDURES

CRF08_B'C Envelope Clones and CRF_08B'C Plasma Pool—
Two genetically related full-length envelope molecular clones,
CNE47 and CNE48, were isolated from the peripheral blood
mononuclear cell of an HIV-1 CRF08_B'C-infected intrave-
nous drug user as reported previously (28). This patient had
received highly active antiretroviral therapy (HAART) for 5
years, and plasma viral loads were well suppressed (<50 copies/
ml), with peripheral blood CD4 T cell levels >350 cells/ul. Two
genetically unrelated full-length envelope clones, CNE23 and
CNE30, were isolated from two separate CRF08_B'C-infected
intravenous drug users who had never been on antiretroviral
therapy at the time of sampling (28).

Genomic DNA was extracted according to QlAamp DNA
blood mini kit protocols (Qiagen, Shanghai, China). Full-length
envelope sequences were amplified by nested PCR with HIV-1
subtype B’C-specific primers as reported previously (20). The
PCR product was cloned into pcDNA 3.1 expression vectors
(Invitrogen) and then verified by sequencing. The full-length
gp160 amino acid sequences were analyzed based on compari-
son with HIV-1 HXB2.

The HIV-1 CRF08_B'C plasma pool was generated by mix-
ing equal portions of plasma samples from HIV-1 CRF08_B'C-
infected patients as described previously (28). All plasma sam-
ples were heat-inactivated for 1 h at 56 °C and stored at —80 °C
until use. None of the patients from which the plasma pool was
derived had ever been on antiretroviral therapy at the time of
sampling. The plasma and peripheral blood mononuclear cell
samples were obtained from HIV-1-infected individuals with
informed consent. This study was approved by the ethic com-
mittees at the appropriate institutions (28).

Antibodies and Soluble CD4 (sCD4)—The IgG-1 VRCO1 anti-
bodies were kindly provided by Dr. John Mascola (Vaccine
Research Center, NIAID, National Institutes of Health). Sam-
ples of IgG-1 b12 were obtained from the AIDS Research and
Reagents Program (National Institutes of Health). The IgG-4
ibalizumab was kindly provided by Dr. David D. Ho (Aaron
Diamond AIDS Research Center, The Rockefeller University).
Soluble CD4 (sCD4) protein was produced by Progenics Phar-
maceuticals, Inc (Tarrytown, NY).

Generation of Chimeric Clones and Site-directed Mutagenesis—
The CNE47/CNE48 and CNE23/CNE30 chimeric clones were
constructed based on the original full-length gp160 sequences
published previously (28). The single alanine substitutions were
performed using pcDNA 3.1 expression vectors according to
the protocols in QuikChange XL site-directed Mutagenesis kit
(Invitrogen). All mutant clones were confirmed by sequencing.

Pseudovirus Production—The HIV-1 env-pseudovirus were
generated as described previously (28). Briefly, pcDNA 3.1
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expression vectors containing target env genes were co-trans-
fected with a pNL4-3R-E-luciferase viral backbone plasmid
into 293T cells at a 1:3 ratio. The cell culture medium was
replaced with 10% FBS/DMEM after 4 — 6 h and then incubated
for an additional 40—48 h at 37 °C. Pseudoviral supernatants
were collected after 48 h. Viral titers were then quantified as a
measure of luciferase activity in relative light units (Bright-Glo
Luciferase Assay System, Promega Biosciences). Supernatants
were packaged and stored at —80 °C.

Analysis of Viral Sensitivity to Neutralization—Neutraliza-
tion assays were performed by incubating 100 TCID, of each
pseudovirus with either VRCO1, b12, soluble CD4, or pooled
B'C subtype plasma for 1 h at 37 °C. Neutralizing samples were
added in eight serial 1:3 dilutions from either an initial concen-
tration of 50 ug/ml for purified proteins or an initial dilution of
1:20 for pooled plasma. Each assay was then incubated with
TZM-bl cells (~1.5 X 10*/well). Infectivity was quantified as a
measure of luciferase activity (relative light units) 48 h post-
infection. Half-maximal inhibitory concentrations (IC,) were
reported as the concentration required to inhibit infection by
50% compared with the controls. The IC,, values were calcu-
lated using the dose-response inhibition model with a variable
slope in GraphPad Prism, version 5.0 (GraphPad Software Inc.,
La Jolla, CA).

Analysis of Envelope Binding to VRCO0I1, b12, sCD4, and
HIV-1 B'C Pooled Plasma—Binding affinities of CNE47,
CNE48, CNE23, CNE30, and chimeric pseudoviruses to either
monoclonal antibody or soluble CD4 were measured by a
gp120-capture enzyme-linked immunosorbent assay. Mono-
meric gp120 was obtained by incubating pseudoviral superna-
tants with 0.5% Triton X-100 for 5 min at room temperature. A
96-well plate was coated overnight at 4 °C with D7324, an anti-
gp120 sheep C5 antibody, and then each well was incubated
with 100 ul of a monomeric gp120, 0.5% Triton mix for 1 h and
washed three times with PBST. Wells were blocked for 2 h at
37 °C with 1% bovine serum albumin in PBS. Secondary anti-
bodies VRCO1 or b12, sCD4, and the HIV-1 B’'C plasma pool
were incubated for 1 h at 37 °C. Each mAb was added in eight
serial 1:3 dilutions from 50 ug/ml and the plasma pool in eight
serial 3-fold dilutions from an initial 1:500 concentration (100
wnl/well). Washes and incubation times were repeated. Horse-
radish peroxidase-conjugated anti-human Ig (Abcam Ltd.,
Hong Kong) were used, as appropriate, for immunodetection.
Maximum binding concentrations were recorded at peak
absorbencies of 450 nm. The 50% effective concentrations
(ECyo) were calculated using the sigmoidal dose-response
model with a variable slope in GraphPad Prism, version 5.0
(GraphPad Software Inc., La Jolla, CA). The B'C plasma pool
was used as a base-line quantification of monomeric gp120.

Structural Modeling and Analysis—Structural modeling of
gp120 with different V5 regions in complex with VRCO01 was
conducted as described previously (28). Briefly, the gp120
structure (clade A/E 93THO057) from the complex with anti-
body VRCO1 (Protein Data Bank code 3NGB) was used as a
template, and the V5 region was replaced by the sequences
from either CNE 47 or CNE48. The loop modeling protocol in
Rosetta 3.3 was used for the two loops, from Arg-456 to Phe-
468 in CNE47 and from Arg-456 to Phe-468 in CNE48 (29). In
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this protocol, the torsion angles (¢/¢) and N-CA-C bond
angles were optimized using the simulated annealing Metrop-
olis Monte Carlo algorithm. Two separate ensembles of 10
models were built for CNE47 and CNE48. They were then
docked onto VRCO1 with 3NGB as the template. Figures of
structural interactions were made with the program PyMOL
(DeLano Scientific, San Carlos, CA).

Statistical Analysis—Relationships between neutralization
sensitivity to and binding affinity with either VRCO1 or sCD4
proteins were analyzed by SPSS software, version 16.0. The
Mann-Whitney U test was used to compare the differences in
median values between different groups.

RESULTS

Isolation of CRFO8_B'C Envelope Clones from an Infected
Individual with Distinct Neutralization and Binding Profiles to
VRCOI—Our laboratory recently characterized the neutraliza-
tion sensitivities of HIV-1 Env clones isolated from chronically
infected patients in China (28). Among them, we identified two
CRFO08_B'C Env clones (CNE47 and CNE48), isolated at a sin-
gle time point from the same individual, which displayed sub-
stantial differences in their sensitivities to VRC01 neutraliza-
tion. Protein sequence alignments revealed the two clones were
over 94% identical, with polymorphic amino acid and length
differences scattered throughout (Fig. 14). Focusing our analy-
ses on the key VRCO1 contact regions, no variations were found
in the CD4-binding loop and only a single residue difference
was observed in the loop D region at position A281V, which has
previously been shown not to interact wth VRCO1 binding (27).
However, CNE47 contained four distinct residues in the V5
region, of which three (asparagine-glutamic acid-threonine)
were insertions that generated an additional PNGS at position
460 in the V5 region (Fig. 1A). Pseudoviruses built from these
two envelope proteins showed that CNE47 was more resistant
(IC5, = 9.27 pg/ml) to VRCOL1 relative to CNE48 (IC,, = 0.39
pg/ml) (Fig. 1B, and Table 1). In binding assays, CNE47 also
demonstrated a weaker affinity for VRCO1, with an EC,, of
about 12.21 pg/ml compared with 2.40 ug/ml for CNE48. In
addition, we found that mutational differences between the
clones did not affect their interactions with sCD4, b12, or the
plasma pool derived from HIV-1 subtype B’ C-infected patients
(Fig. 1B and Table 1). Both clones are naturally resistant to b12
and, on a range of all isolates derived from infected patients in
China, have medium level sensitivities to sCD4 and plasma
pools neutralization (Fig. 1B). Based on these results, we aimed
to determine whether the mutations facilitating viral escape of
CNE47 from VRCO1 could be narrowed down to the V5 region,
a particular residue, or residues within.

V5 Region Determines Viral Sensitivity to VRCOI Neutraliza-
tion and Binding—We constructed a total of eight chimeric
Env pseudoviruses, altering wild-type CNE47 and CNE48
sequences by exchanging either the loop D, the V5 region, the
V5/pB24 region, or the loop D/V5/fB24 regions combined
between the two clones (Table 1). As shown in Table 1 and Fig.
2A, chimeric CNE47 pseudoviruses containing the V5 region
from CNE48 (clones 3-5) were significantly more sensitive to
VRCO1 neutralization (0.55-1.08 wg/ml), similar to wild-type
CNE48 (0.39 ug/ml). Conversely, for CNE48 pseudoviruses,
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FIGURE 1. Genotypic and phenotypic comparison between CNE47 and CNE48. The gp160 amino acid sequences of CNE47 and CNE48 are shown aligned
against the HXB2 reference strain. Regions known to interact with VRCO1, including the CD4-binding loop, loop D, and V5 regions, are highlighted. Hyper-
variable regions V1, V2, V3, V4, V5, and the trans-membrane domain are boxed (A). Pseudoviruses expressing full-length Env from either CNE47 or CNE48 were
assayed for neutralization sensitivity and binding affinity with VRCO1, sCD4, b12, and HIV-1 B'C plasma pool (B). CNE47 pseudoviruses (solid circle) were
distinctly more resistant (ICs, = 9.27 ug/ml) to VRCOT1 relative to CNE48 pseudoviruses (open circle) (ICs, = 0.39 ug/ml). ELISA results showed CNE47 gp160 had
a much weaker binding affinity for VRCO1 (ECs, of 12.21 ug/ml) compared with that of CNE48 (ECs, of 2.40 ug/ml). No measurable differences were found
between the wild-type Env pseudoviruses in terms of their sCD4, b12, or B'C plasma pool neutralization and binding profiles.

TABLE 1

Neutralization and binding profiles of mutant viruses for VRC01, b12, ibalizumab, and sCD4

Chimeric pseudoviruses containing loop D and/or V5 regions from the VRCO1-resistant CNE47 or CNE23 are italics. Variations from the reference (324 region and single
alanine substitutions in the V5 region are underlined. The neutralization and binding activity of mutant viruses to VRCO1, b12, ibalizumab, and sCD4 are shown, along with

comparisons as a percent of their respective wild-type activity. The gp160 sequences of wild-type CNE47, CNE48, CNE23, and CNE30 are referenced against HIV-1 HXB2
to map the loop D (residues 276 —283) and V5/824 regions (residues 458 —469).

Clone Env_seguence Neutralization activities Binding affinity
number Virus loop D V5/p24 VRCO1 b12 Ibalizumab sCD4 (D1-D4) VRCO1 sSCD4 (D1-D4)
(276-283) (458-469) ICso (ug/ml) % of WI  ICso(ug/ml) % of WT ICso(ug/ml) % of WT  ICs(ug/ml) % of WT  ECso(ug/ml) % of WT ECso(ug/ml) % of WT
1 CNE47 NLTNNAKT GGQTNETNNTE TFR 9.27 100 >50 100 0.17 100 16.98 100 12.21 100 10.26 100
2 CNE47-D-48 NLTNNVRT GGQTNETNNTE TFR 9.27 100 >50 100 0.12 70.59 10.72 63.10 18.90 154.88 10.26 100
3 CNE47-V5-48 NLTNNAKRT GGQT---NNTE TFR 1.08 11.65 >50 100 0.05 29.41 >50 >294 5.49 44.96 20.81 202.77
4 CNE47-V5/p24-48 NLTNNAKT GGQT---NNTE IFR 0.55 5.93 >50 100 0.10 58.82 >50 >294 3.92 32.13 10.26 100
5 CNE47-D/V5/p24-48 NLTNNAKRT GGQT---NNTE IFR 0.87 9.39 >50 100 0.12 70.59 >50 >294 4.86 39.80 13.53 131.83
6 CNE47-N460A NLTNNAKRT GGQTAETNNTE TFR 1.61 17.37 >50 100 0.10 58.82 >50 >294 12.21 100 8.15 79.43
7 CNE47-E461A NLTNNAKRT GGQTNATNNTE TFR 9.27 100 >50 100 0.17 100 >50 >294 8.31 68.05 10.26 100
8 CNE47-T462A NLTNNAKRT GGQTNEANNTE TFR 14.79 159.55 >50 100 0.08 47.06 >50 >294 8.31 68.05 8.15 79.43
9 CNE47-N463A NLTNNART GGQTNETANTE TFR 6.21 66.99 >50 100 0.17 100 >50 >294 12.21 100 8.15 79.43
10 CNE47-N460/463A NLTNNART GGQTAETANTE TFR 1.26 13.59 >50 100 0.35 206 22.39 131.86 7.08 57.99 10.20 99.42
11  cness NLTNNVRT GGQT---NNTE IFR 0.39 100 >50 100 0.13 100 5.85 100 2.40 100 9.04 100
12 CNE48-D-47 NLTNNART GGQT---NNTE IFR 0.68 174.36 >50 100 0.07 53.85 1.38 23.60 1.56 65.07 5.70 63.10
13  CNE48-V5-47 NLTNNVRT GGQTNETNNTE IFR 28.18 7225.64 >50 100 0.29 223.08 2.88 49.30 7.02 292.66 5.70 63.10
14 CNE48-V5/B24-47 NLTNNVRT GGQTNETNNTE TFR 16.22 4158.97 >50 100 0.07 53.85 2.25 38.55 5.67 236.24 7.52 83.18
15 CNE48-D/V5/p24-47 NLTNNAKT GGQTNETNNTE TFR 10.72 2748.72 >50 100 0.05 38.46 4.86 83.18 8.64 360.05 8.24 91.20
16 CNE48-N463A NLTNNVKT GGQT---ANTE IFR 0.87 223.08 >50 100 1.26 969.23 22.39 382.82 4.84 201.67 9.04 100
17 cnE23 NLTDNART GGT-NLTAELNQTE IFR 19.50 100 4.05 100 0.04 100 >50 100 2.40 100 10.34 100
18 CNE23-V5-30 NLTDNART GGTTNNT---NNTE IFR 0.62 3.18 5.01 123.70 0.08 200 >50 100 0.72 30.04 12.03 116.41
19 CNE23-N460A NLTBNAK'I' GGT-ALTAELNQTE IFR 1.05 5.38 2.04 50.41 0.05 128 >50 100 0.79 33.10 10.34 100
20 CNE23-N463A NLT:DNAKT GGT—;LTAELAQTE IFR 7.94 40.72 2.04 50.41 0.07 165 >50 100 2.51 104.66 10.34 100
21 CNE23-N460/463A NLTDNAKT GGT-ALTAELAQTE IFR 0.23 1.19 1.4 34.88 0.13 321 >50 100 0.79 33.10 10.34 100
22 CNE30 NLTNNART GGTTNNT---NNTE IFR 0.72 100 6.41 100 0.09 100 1.56 100 2.80 100 15.00 100
23 CNE30-V5-23 NLTNNAKT GGT-NLTAELNQTE IFR 5.01 695.83 7.03 109.65 0.24 266.67 16.22 1039.92 4.80 171.43 18.04 120.23
24 CNE30-N460A NLTNNART GGTTANT---NNTE IFR 0.32 43.89 6.41 100.00 0.16 176.10 50.01 3205.77 3.31 118.26 15.00 100
25 CNE30-N463A NLTNNAKT GGTTNNT---ANTE IFR 0.26 36.53 2.45 38.29 0.11 126.99 28.84 1848.74 3.89 138.94 15.00 100
26 CNE30-N460/463A NLTNNART GGTTANT---ANTE IFR 0.08 10.97 1.87 29.17 0.79 882.59 28.84 1848.74 3.89 138.94 15.00 100

inserting the CNE47 V5 region either alone (clone 13), with
V5/B24 (clone 14), or together with loop D (clone 15) increased
VRCO1 resistance to a degree comparable with that of wild-type
CNE47 (Table 1 and Fig. 24). Within each group of chimeric
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pseudoviruses, we found the degree of change was the same
regardless of whether V5 was exchanged alone or in combina-
tion with 824 and the loop D region (Table 1 and Fig. 2A4). As
expected, exchanging only the loop D region between CNE47
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FIGURE 2. Comparisons of mutant viruses containing either swapped regions (A) or single alanine substitutions (B) in terms of neutralization sensi-
tivity to or binding affinity with VRCO1. Mutant CNE47 viruses containing the CNE48 V5 region (clones 3-5) became more sensitive to VRCO1, although
swapping only the loop D region (clone 2) did not measurably affect sensitivity. Conversely, mutant CNE48 viruses containing the CNE47 V5 region (clones
13-15) showed greater resistance to VRCO1. Altering only the loop D region had a minimal effect on sensitivity (A, upper panels). Differences in ELISA binding
profiles complemented the observed trend in neutralization sensitivities, although changes were not as pronounced (A, lower panels). Among CNE47 mutant
viruses containing single alanine mutations, only CNE47-N460A (orange) showed significantly increased neutralization sensitivity to VRCO1 relative to wild-
type (B, upper panels). The CNE48 Env had only one PNGS, Asn-463, for analysis in the V5 region (CNE48-N463A), and mutation here did not alter neutralization
sensitivity (B, upper panel). Again, trends across ELISA binding profiles reflected those for neutralization sensitivity, with changes less pronounced (B, lower

panels).

(clone 2) and CNE48 (clone 12) did not alter resistance profiles
(Table 1 and Fig. 2A4) as both clones share almost identical
sequence. In terms of binding affinity, although changes
between chimeric pseudoviruses were not as pronounced as
those measured for neutralization sensitivity, significant devia-
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tions from wild type were primarily detected when V5 regions
were swapped (Fig. 2A and Table 1). Taken together, these
results provide strong evidence that the V5 region is the key
determinant of VRCO1 neutralization sensitivity and binding
affinity in these viral strains.
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To further support this hypothesis, we studied two geneti-
cally unrelated CRF08_B'C envelope clones, CNE23 and
CNE30, derived from separate individuals. When tested against
VRCO1 as pseudovirus constructs, CNE23 was significantly
more resistant to neutralization (IC5, = 19.50 ug/ml) relative
to CNE30 (IC,, = 0.72 pg/ml) (Table 1). Following the
described methods, V5 regions were exchanged between clones
and analyzed for changes in neutralization sensitivity. The chi-
meric clones showed a 30-fold decrease in IC., values for
CNE23 (clone 18) and a near 7-fold increase for CNE30 (clone
23), compared with their respective wild-types (Table 1). These
results aligned with our initial findings and confirmed that the
V5 region plays a key role in the interaction between VRCO1
and the CRF08_B’C HIV-1 envelope glycoprotein.

Asparagine Residue at Position 460 (Asn-460) within the V5
Region Facilitates VRCOI Resistance—To investigate the rela-
tive contribution of individual residues within the Env protein
to the VRCO1 resistance, we generated a series of CNE47 and
CNE48 pseudoviruses containing single alanine substitutions
in the V5 region, and we analyzed for changes in binding and
neutralization sensitivity compared with wild type. As shown in
Table 1 and Fig. 2B, substitutions at positions 461, 462, and 463
in CNE47 (clones 7-9) did not significantly impact neutraliza-
tion sensitivity. However, substituting asparagine for alanine at
position 460 alone (clone 6) or in combination with Asn-463
(clone 10), substantially lowered the IC,, from 9.27 to 1.61 or
1.26 ug/ml, respectively (Table 1). Interestingly, although ala-
nine substitution at position 462 would also preclude glycosyl-
ation at Asn-460, there was no change in the neutralization
sensitivity of such a mutant (clone 8). This suggests that the
asparagine residue itself, irrespective of glycosylation, confers
VRCO1 resistance. Furthermore, eliminating the other PNGS
alone at position 463 (clones 9 and 16) did not measurably
impact neutralization in either CNE47 or CNE48 mutants. Col-
lectively, these results indicate that Asn-460 is the major deter-
minant of observed resistance, and although glycosylation may
enhance this effect, it is not necessarily required. The contribu-
tions of other residues within the V5 and loop D regions are
either relatively small or barely detectable.

To further confirm the role of Asn-460 in VRCO1 resistance
in genetically unrelated strains, we generated a series of CNE23
and CNE30 pseudoviruses containing single alanine substitu-
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tions in the V5 region, and we analyzed for changes in binding
and neutralization sensitivity compared with wild type. As
shown in Table 1, substituting asparagine for alanine at position
460 alone (clone 19) or in combination with Asn-463 (clone 21)
substantially lowered the IC,, for CNE23 from 19.50 to 1.05 or
0.23 pg/ml, respectively (Table 1). A moderate reduction in
IC,, was found when substituting asparagines at position 463
(clone 20). Furthermore, despite being a sensitive strain to
VRCO01, alanine substitutions at 460 or 463 alone or in combi-
nation in CNE30 resulted in further increases to VRCO1 neu-
tralization (clones 24 —26). These results are consistent with
our initial findings and highlight the major role of Asn-460 in
facilitating strain sensitivity to VRCO1 neutralization, whereas
that for Asn-463 is detectable but relatively minor.

Neutralization Sensitivity Is Determined by the Binding Affin-
ity with VRCOI—As shown above, greater VRCO1 resistance
corresponded with a weaker binding affinity in both wild-type
and chimeric CNE47 and CNE48 clones. To test the strength of
this correlation, we analyzed the binding affinity (EC.,) with
VRCO01 and sCD4 of recombinant Env clones illustrated above
(Fig. 3). For each strain, wild-type, chimeric, and single mutant
pseudoviruses were divided into two groups based on whether
their observed VRCO1 neutralization sensitivities fell above
(resistant) or below (sensitive) an IC,, of 5 ug/ml, and then we
evaluated the degree of association with their respective EC,,
values. As expected, for both CNE47 and CNE48 pseudovi-
ruses, binding affinity EC,, was significantly lower for the
VRCO01-sensitive group than for resistant pseudoviruses (Fig.
34, p = 0.01), although a couple of outlier strains were also
found. However, cross-analysis between sCD4 binding and
VRCO1 neutralization sensitivity failed to show any statistical
association (Fig. 3B, p = 0.44).

Neutralization Sensitivity of Chimeric Pseudoviruses to b12,
Ibalizumab, and sCD4—W e also investigated whether genetic
substitutions in the V5 regions affected neutralization sensitiv-
ities to reagents known to interfere with the gp120-CD4 recep-
tor interaction, including sCD4, bnmAb b12, and ibalizumab, a
nonimmunosuppressive monoclonal antibody that binds CD4
and has been shown to inhibit entry of diverse HIV-1 isolates.
As displayed in Fig. 4 and Table 1, of the chimeric and alanine
mutant pseudoviruses derived from either the CNE47/CNE48
group or the CNE23/CNE30 group, none had altered infectivity
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FIGURE 4. Comparisons of CNE47- and CNE48-derived mutant viruses in terms of their neutralization sensitivities to b12, sCD4, and ibalizumab and
their binding affinities with sCD4 and the HIV-1 B’C plasma pool. None of these mutations altered b12 neutralization sensitivity or binding affinity with
either sCD4 or the HIV-1 B’C plasma pool compared with parent wild-type (columns I, IV, and V). Pseudoviruses CNE48-N463A and CNE47-N460A/N463A, in
which the PNGS at position 460 and/or 463 was eliminated, showed increased resistance to ibalizumab (C and D, and column ). All of the mutant CNE47
pseudoviruses became more resistant to sCD4 neutralization (A, column Ill) while those CNE48 mutants remained largely unchanged (B, column lll), although

sCD4 binding profiles were unchanged (A, B, column V).

or binding affinity profiles in the presence of either b12 or ibali-
zumab, except for CNE47-N460/N463 (clone 10) and CNE48-
N463 (clone 16) alanine mutant that showed significantly
increased resistance to ibalizumab (Fig. 4D, column II). Fur-
thermore, in terms of maximum inhibition by ibalizumab, only
about 60% of CNE47-N460/N463 (clone 10) could be sup-
pressed versus ~80% of the single knock-out strain CNE47-
N463 (clone 16) compared with wild-type CNE47 (Fig. 4C, col-
umn II). These results provide some additional evidence that
Asn in the V5 region of both CNE47 and CNE48 plays impor-
tant roles in their sensitivity to ibalizumab and are consistent
with an earlier report that the PNGS in the V5 region is critical
for ibalizumab neutralization activity (30, 31).

In terms of sCD4 inhibition, almost all of the CNE47 chime-
ric and alanine mutants (clones 3-9), the CNE48 alanine
mutant (clone 16), and the CNE30 chimeric V5 mutant (clone
23-26) showed increased resistance to sCD4, whereas no
change was observed for any other mutant compared with its
wild type (Table 1 and Fig. 4, column III). It is possible that the
combination of the CNE48 V5 region in a CNE47 background
or CNE23 V5 in a CNE30 background generated a chimeric
CD4-binding domain that was less accessible to sCD4. How-
ever, the reverse process, inserting the V5 region of CNE47 into
the CNE48 background or of CNE30 into the CNE23 back-
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ground, had a small impact on the sCD4 neutralization. Fur-
thermore, these changes were not reflected in the binding pro-
files of monomeric gpl120 with either sCD4 or polyclonal
antibodies in the B’C plasma pool (Fig. 4, columns IV and V). As
awhole, these observations support the hypothesis that genetic
substitutions within the V5 region not only affect pseudoviral
sensitivity to VRCO1 but also the overall structure of the CD4bs,
altering sensitivity to sCD4 neutralization as well.

Structural Analysis Highlights the Role of Asn-460 in Interfer-
ing with the Access of VRCOI to gp120—The crystal structure of
VRCO1 in complex with gp120 monomer (Protein Data Bank
code 3NGB) provides an excellent platform with which to study
the structural basis for natural VRCO1 resistance. To this end,
we used the Rosetta program to model the V5 regions of both
CNE47 and CNE48, generating an ensemble of 10 models for
each strain. These were then docked onto VRCO1 using the
VRCO01-gp120 crystal structure as a template (Fig. 5). Shown in
the expanded right panels of Fig. 5, the Asn-460 residue in the
V5 region of CNE47 sterically interferes with the Arg-61 resi-
due in the CDR H2 region of VRCOL1. In the previously reported
VRCO01-gp120 structure, Arg-61 penetrates the cavity formed
by the V5 region and 824-strands of gp120 (26). The presence
of Asn-460 would be expected to narrow the cavity, making
Arg-61 less accessible to regions of gp120 critical for VRC01
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FIGURE 5. Docking of CNE47 (A) and CNE48 (B) onto VRCO1, focusing on the interaction between the V5 region of gp120 and VRCO1. An ensemble of 10
V5-modeled CNE47 and CNE48 were docked onto VRCO1, as based on the reported crystal structure of VRCO1 with gp120 monomer (26). The heavy chain and
light chain of VRCO1 are shown on the surface with green and cyan colors, respectively. The Arg-61 residue on the heavy chain of VRCO1 that plays significant
roles in binding is colored in yellow. The expanded panels display close-up views of the interaction between VRCO1 Arg-61 and the surrounding residues of the

gp120 V5 region.

binding. Glycosylation of Asn-460 would further block the cav-
ity, increasing resistance to VRCO1.

DISCUSSION

In this study, we identified a CRF08_BC-infected patient har-
boring two genetically related HIV-1 strains (CNE47 and
CNE48) that displayed distinct neutralizing sensitivities to
VRCO1. As these clones share high levels of genetic similarity
compared with those from different infected patients, these
viruses offer a unique opportunity to investigate the key regions
and residues that confer VRCO1 resistance. Our work shows
that changes in the V5 region are critical for VRCO01 sensitivity
between these genetically related strains. Mutagenesis analysis
revealed that Asn-460, a PNGS in this region, is the major
determinant of heightened resistance and weakened binding
affinity with VRCO1. Similar findings were also observed for
two genetically unrelated strains (CNE23 and CNE30). Based
on structural analysis, we hypothesize that steric interference
from the long side chain of Asn-460 is the primary factor alter-
ing the interaction with VRCO1 and that glycosylation may
enhance this effect. In terms of other CD4bs antibodies, none of
the mutations investigated in this study affected sensitivity to
b12. However, more research is needed to determine their

ACEVEN

DECEMBER 14, 2012+VOLUME 287+NUMBER 51

impact on a broader range of antibodies targeting this region,
particularly those with VRCO1-like neutralization activity. Fur-
thermore, most changes to the V5 region did not affect inter-
action with ibalizumab, except for elimination of the single or
double PNGS in the V5 region in CNE48 and CNE47, respec-
tively. This is consistent with recent findings showing that hav-
ing fewer or no PNGS sites in this region are strongly associated
with heightened ibalizumab resistance (30, 31).

It should be noted that there are some limitations to gener-
alization of these findings. First, although our study shows that
the Asn-460 residue in the V5 region is a determining factor in
VRCO1 sensitivity in CRF08_B'C strains, we cannot exclude the
possibility that other regions or residues would play an impor-
tant role in the context of a different strain. In particular, when
analyzed our database with clear phenotype and genotype
information related to VRCO1 neutralization, we found that
among the 146 VRCO1-sensitive strains, 103 (85%) have Asn at
position 460, although among the 21 VRCO1-resistant strains,
18 (71%) have Asn at position 460. Clearly, no correlation was
identified between the Asn-460 per se and VRCO1 resistance.
However, it needs to be noted that removing Asn-460 could
further heighten the overall sensitivity to VRCO1 neutraliza-
tion, as demonstrated for CNE30 in this work, suggesting its
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contribution to overall VRCO1 resistance varies between enve-
lope clones. The resistance mechanism observed in our study is
therefore more likely a strain-specific phenomenon rather than
auniversal explanation. Second, as the length of polymorphism
exists in the V5 region between CNE47 and CNE48 and
between CNE23 and CNE30, observed differences in VRCO01
sensitivity could simply be caused by the insertion of extra res-
idues, thereby altering the overall conformational structure and
weakening VRCO1 binding. For instance, we were surprised to
find that differences in the V5 region increased resistance to
sCD4, suggesting that conformational changes here may have
created a novel binding domain that was less accessible to CD4.

Selection pressure from anti-CD4bs antibodies continues to
drive the genetic and phenotypic diversity of HIV-1 strains
within infected individuals (25, 27, 32—34). The identification
of VRCO1-resistant viruses has been reported in both acutely
and chronically infected patients. Such strains are either the
product of natural occurrence or are selected under VRCO1-
like immune pressures during infection. Although VRCO1 has
potent neutralization capacity against a broad range of heterol-
ogous strains of HIV-1, its coverage is not sufficient to preempt
rapid viral evolution. Nearly all Env variants found in the recent
plasma of the original VRCO1 donor are now resistant to
VRCO01, and as we have shown here, a single mutation at Asn-
460 allows the virus to circumvent neutralization. The level of
resistance to VRCO1, and to anti-CD4bs antibodies as a whole,
is expected to increase as HIV-1 continues to spread and repli-
cate under their selection pressure.

Ultimately, researchers hope to develop novel immunogens
and immunization strategies that can induce potent anti-
CD4bs antibodies (35—41). VRCO1 remains one of the leading
mADb candidates for prevention research and development, and
the natural emergence of HIV-1 resistance poses uncertainty
for its broader use. Nonetheless, detailed analyses of VRCO1
escape mechanisms enhance our understanding of interactions
between the virus and the immune system iz vivo, so that we
can better target strategies to address resistance. More studies
are needed to fully understand how the virus circumvents neu-
tralization; in particular, analyses of a broader range of viral
strains for VRCO1 sensitivity and associated biological proper-
ties. Such research will undoubtedly optimize the development
process and maximize the potential use of VRCO1 in clinical
settings.
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