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The monoclonal antibody (MAb) VRC01 was isolated from a slowly progressing HIV-1-infected donor and was shown to neu-
tralize diverse HIV-1 strains by binding to the conserved CD4 binding site (CD4bs) of gp120. To better understand the virologic
factors associated with such antibody development, we characterized HIV-1 envelope (Env) variants from this donor and five
other donors who developed broadly neutralizing antibodies. A total of 473 env sequences were obtained by single-genome am-
plification, and 100 representative env clones were expressed and tested for entry and neutralization sensitivity. While VRC01
neutralizes about 90% of the genetically diverse heterologous HIV-1 strains tested, only selective archival Env variants from the
VRC01 donor were sensitive to VRC01 and all of the Env variants derived from the donor plasma were resistant, indicating
strong antibody-based selection pressure. Despite their resistance to this broadly reactive MAb that partially mimics CD4, all
Env variants required CD4 for entry. Three other CD4bs MAbs from the same donor were able to neutralize some VRC01 escape
variants, suggesting that CD4bs antibodies continued to evolve in response to viral escape. We also observed a relatively high
percentage of VRC01-resistant Env clones in the plasma of four of five additional broadly neutralizing donors, suggesting the
presence of CD4bs-directed neutralizing antibodies in these donors. In total, these data indicate that the CD4bs-directed neu-
tralizing antibodies exert ongoing selection pressure on the conserved CD4bs epitope of HIV-1 Env.

Approximately 25% of HIV-1-infected individuals develop
cross-reactive neutralizing antibodies, and the serum of some

donors potently neutralizes most HIV-1 strains (11, 12, 24, 43, 53,
62, 66, 67, 71). Serum mapping studies and subsequent monoclo-
nal antibody (MAb) isolation have defined several conserved neu-
tralization epitopes on the HIV-1 Env trimer (2, 8, 11, 24, 27, 43,
45, 63, 69–71, 75, 77, 80, 81). One such epitope is the initial site of
gp120 attachment to the cellular receptor CD4 (38, 81). We pre-
viously described the CD4 binding site (CD4bs) MAb VRC01,
isolated from a slowly progressing subtype B-infected donor,
which neutralized 91% of the genetically diverse HIV-1 isolates
tested (75). Biophysical characterization of VRC01 suggested that
it partially mimics the interaction of CD4 with gp120, and the
liganded crystal structures of VRC01 defined specific similarities
in the heavy chain of VRC01 and domain 1 of CD4 as related to
their binding interaction with gp120 (80). Recently, additional
potently neutralizing CD4bs antibodies were identified in a total
of six donors (63, 77), indicating that other HIV-1-infected do-
nors can make similarly potent CD4bs antibodies.

Previous studies have shown that HIV-1 encounters a genetic
bottleneck during transmission, often resulting in a genetically
homogenous population of initial plasma viremia (10, 33, 46, 47,
61, 73). Partially due to the host adaptive immunity, the early
circulating virus evolves into a diverse population over time, with
genetic diversity of up to 10% in the env gene within an infected
individual (36, 65). Autologous virus-neutralizing antibodies gen-
erally develop within the first months or year of infection, and
there is a well-documented antibody-based selection process that
results in ongoing viral escape from autologous neutralizing anti-
bodies (1, 3, 4, 18–20, 26, 40, 50, 51, 54, 57, 58, 72). Thus, circu-
lating plasma viral Env variants are poorly neutralized by concur-
rent serum but are often potently neutralized by serum samples

from later time points. Importantly, the early autologous neutral-
izing antibody response is usually highly strain specific; these an-
tibodies do not appear to target conserved regions of Env and do
not neutralize most heterologous viral isolates (25, 48, 52, 54, 58).
Until recently, few broadly reactive HIV-1-neutralizing antibod-
ies had been isolated (5, 55, 68, 82); thus, the Env quasispecies in
donors with such antibodies have not been characterized.

The isolation of VRC01 and other related MAbs from donor 45
provided the opportunity to study the interaction of these MAbs
with the circulating viral quasispecies. It was not clear if circulat-
ing virus would escape from a neutralizing antibody targeting a
relatively conserved epitope or if broadly reactive antibodies
would evolve in relation to viral escape. To better understand
these events, we performed detailed studies of the plasma viral
quasispecies obtained from donor 45 at three time points (2001,
2006, and 2009). For comparison, we also studied the viral quasi-
species in five additional donors with broadly reactive serum neu-
tralizing antibodies. We used single-genome amplification (SGA)
to derive viral Env sequences and expressed representative se-
quences as Env pseudoviruses to assess their in vitro neutralization
sensitivity to VRC01, as well as several other MAbs isolated from
donor 45. In total, this analysis revealed strong selection pressure
by VRC01 on the circulating viral quasispecies and ongoing viral
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escape and evolution of the antibody response to the CD4bs of
HIV-1 gp120.

MATERIALS AND METHODS
Study subjects. The plasma, serum, and peripheral blood mononuclear
cell (PBMC) samples described in this study were from HIV-1-infected
individuals enrolled in clinical protocols approved by the appropriate
institutional review board of the National Institute of Allergy and Infec-
tious Diseases or the University of Pennsylvania. Donor 45 has never been
on antiretroviral treatment (ART), and all other donor samples were from
time points prior to or after withdrawal from ART. All donors except
B7B5 were considered slow progressors with peripheral blood CD4 T-cell
levels of �350 cells/�l and plasma viral RNA levels of �36,000 copies/ml.
The clinical status of donor B7B5 was not fully characterized, but he was in
the clinically asymptomatic phase of HIV-1 infection.

Antibodies and cells. The anti-CD4bs MAbs VRC01 and VRC03 have
been described previously (75). The CD4-Ig plasmid construct was pro-
vided by Joseph Sodroski (Dana-Farber Cancer Institute), and the fusion
protein was expressed and purified as described previously (75). The anti-
CD4bs MAb b12 was provided by Dennis Burton and Ralph Pantophlet
(The Scripps Research Institute, La Jolla, CA). The donor 45 serum IgG
was purified using protein G UltraLink columns (Thermo Scientific,
Rockford, IL) and following the manufacturer’s instructions. The concen-
trations of purified serum IgG or IgG MAbs were determined using Nano-
Drop (Thermo Scientific) with 1.40 as the extinction coefficient. The
TZM-bl cells were obtained from the NIH AIDS Research and Reference
Reagent Program, as contributed by John Kappes and Xiaoyun Wu. The
Cf2th-CD4.CCR5 and Cf2th-synCCR5 cell lines, canine thymocyte lines
stably transfected to express both human CD4 and CCR5 or only human
CCR5, respectively, were obtained from the NIH AIDS Research and Ref-
erence Reagent Program, as contributed by Tajib Mizabekov and Joseph
Sodroski (Dana-Farber Cancer Institute).

Viral RNA extraction, cDNA synthesis, and genomic DNA extrac-
tion. A 140-�l volume of each plasma or serum sample was used to extract
viral RNA using the QIAamp viral RNA minikit (Qiagen, Valencia, CA).
The RNA was eluted in 50 �l of elution buffer and subjected to first-strand
cDNA synthesis immediately using the SuperScript III reverse transcrip-
tase (Invitrogen Life Technologies, Grand Island, NY). cDNA synthesis
was done in a final volume of 100 �l including 50 �l viral RNA, 5 �l of a
deoxynucleoside triphosphate (dNTP) mixture (each at 10 mM), 1.25 �l
antisense primer envB3out (5=-TTGCTACTTGTGATTGCTCCATGT-
3=) at 20 �M, 20 �l 5� first-strand buffer, 5 �l dithiothreitol at 100 mM,
5 �l RNaseOUT (Invitrogen), and 5 �l SuperScript III reverse transcrip-
tase. RNA, primers, and dNTPs were heated at 65°C for 5 min and then
chilled on ice for 1 min, and then the entire reaction mixture was incu-
bated at 50°C for 60 min, followed by 55°C for an additional 60 min.
Finally, the reaction was heat inactivated at 70°C for 15 min and then
treated with 1 �l RNase H at 37°C for 20 min. The QIAamp DNA Blood
minikit (Qiagen) was used to extract the donor 45 PBMC genomic DNA.
The synthesized cDNA and the extracted genomic DNA were subjected to
the first-round PCR immediately or stored frozen at �80°C.

SGA. The nested PCR of HIV-1 env SGA was described previously (33,
41, 61). Briefly, the synthesized cDNA or genomic DNA was serially di-
luted and distributed in replicates of 12 to 16 PCRs in ThermoGrid 96-
well plates (Denville Scientific, Metuchen, NJ) to identify a dilution where
PCR-positive wells constituted about 30% of the total number of reac-
tions. At this dilution, most of the wells contain amplicons derived from a
single cDNA or DNA molecule. Additional PCR amplifications were per-
formed using this dilution in full 96-well plates. PCR amplification was
carried out using the Platinum Taq High Fidelity PCR system (Invitro-
gen). The final 20-�l reaction volume was composed of 2 �l 10� buffer,
0.8 �l MgSO4, 0.4 �l dNTP mixture (each at 10 mM), 0.2 �l each primer
at 20 �M, 0.1 �l Platinum Taq High Fidelity polymerase, and 1 �l tem-
plate DNA. The primers for the first-round PCR were envB5out (5=-TAG
AGCCCTGGAAGCATCCAGGAAG-3=) and envB3out (5=-TTGCTACT

TGTGATTGCTCCATGT-3=). The primers for the second-round PCR
were envB5in (5=-CACCTTAGGCATCTCCTATGGCAGGAAGAAG-3=)
and envB3in (5=-GTCTCGAGATACTGCTCCCACCC-3=). The cycler
parameters were 94°C for 2 min, followed by 35 cycles of 94°C for 15 s,
55°C for 30 s, and 68°C for 4 min and by a final extension of 68°C for 10
min. The product of the first-round PCR (1 �l) was subsequently used as
the template in the second-round PCR under the same conditions but
with a total of 45 cycles. The amplicons were inspected on a precast 1%
agarose gel (Embi Tec, San Diego, CA). All PCR procedures were carried
out in a designated PCR clean hood using procedural safeguards against
sample contamination.

DNA sequencing. Amplicons were directly sequenced by BigDye Ter-
minator chemistry (Applied Biosystems, Foster City, CA) by ACGT, Inc.
(Wheeling, IL). Both DNA strands were sequenced using partially over-
lapping fragments. Individual sequence fragments for each amplicon were
assembled and edited using Sequencher 5.0 (Gene Codes, Ann Arbor,
MI). All chromatograms were inspected for sites of mixed bases (double
peaks), which would be evidence of priming from more than one template
or the introduction of PCR error in early cycles. Any sequence with evi-
dence of double peaks was excluded from further analysis.

Sequence alignments, diversity, and phylogenetic analysis. The env
sequences containing unproductive mutations (such as those that cause stop
codons and frameshifts) or large deletions (�24 nucleotides) in conserved
regions were removed from subsequent sequence analysis and env cloning.
The 28 PBMC-derived donor 45 env sequences were checked for hypermu-
tation using Hypermut (59) at the Los Alamos HIV sequence database (http:
//www.hiv.lanl.gov/content/sequence/HYPERMUT/hypermut.html), and
none was hypermutated using the intradonor plasma-derived sequence
45_01A14 as a reference. A total of 473 env sequences from the study donors
suitable for full analysis were used to generate a neighbor-joining tree as fol-
lows. The 473 donor gp160 protein sequences together with the subtype B
reference sequence HXB2 were aligned using MUSCLE for multiple-se-
quence comparison by log expectation (13, 14). The protein distance matrix
was calculated by protdist using the Jones-Taylor-Thornton model (32). The
tree was constructed by Neighbor using the neighbor-joining method (37).
The nucleotide sequences were analyzed as follows. The donor gp160 nucle-
otide sequences, together with HXB2, were initially aligned with ClustalW
(39) and then hand checked using BioEdit (http://www.mbio.ncsu.edu
/bioedit/bioedit.html) to improve the alignments according to the codon
translation. Each donor nucleotide sequence alignment was submitted to
dnadist for calculation of the pairwise nucleotide sequence distance. The F84
model (17, 34) of nucleotide substitution was used for these calculations.
After gap stripping, each donor nucleotide sequence alignment was evaluated
for potential natural recombination using the recombination analysis tool at
http://cbr.jic.ac.uk/dicks/software/RAT/ (15). Of the total of 473 sequences
evaluated, none was scored as recombinant using a lower threshold of 80%
and an upper threshold of 92% sequence identity. Each donor nucleotide
sequence alignment with HXB2 was also submitted to PAUP-easy with
built-in MODELTEST (56) for maximum-likelihood analysis. For the 186
donor 45 gp160 sequences aligned with HXB2, the likelihood model selected
was GTR�G�I and the settings were as follows. There were six substitution
types. The substitution rates were as follows: A ↔ C, 1.2361; A ↔ G, 2.9959;
A ↔ T, 0.4754; C ↔ G, 0.3293; C ↔ T, 2.9959; G ↔ T, 1.0000. The nucleotide
frequencies were as follows: A, 0.35390; C, 0.18020; G, 0.25000; T, 0.21590.
The among-site rate variation was as follows: proportion of invariable sites,
0.5152; distribution of rates at variable sites, gamma (discrete approxima-
tion); shape parameter (alpha), 0.5707; number of rate categories, 4; repre-
sentation of average rate for each category, mean; molecular clock, not en-
forced. All phylogenetic analysis was performed at using software programs
implemented at the NIAID Biocluster. The trees were displayed with Dendro-
scope (30).

V1V2 length and gp120 glycosylation analysis. The V1V2 length and
the number of putative N-linked glycosylation sites (PNGS) were deter-
mined for all of the 473 Env sequences from the six study donors. For
comparison, a set of prealigned 897 subtype B Env protein sequences
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(B_database) was downloaded (with the file name HIV1_FLT_2010_
env_PRO) from the Los Alamos HIV database (http://www.hiv.lanl.gov
/content/sequence/HIV/mainpage.html). The criteria for this data set
were subtype B, intact gp120 sequences, and one sequence per donor.
Because all of the study donors were chronically infected, another set of
2,121 chronic Env sequences (B_chronic) isolated by SGA and used in a
recent study (21) at the Los Alamos National Laboratory (LANL) was also
included, with one sequence removed because of V1V2 deletion (Gen-
Bank accession number HQ217183). These sequences were downloaded
from the journal website http://www.plospathogens.org/article/info%3
Adoi%2F10.1371%2Fjournal.ppat.1002209#s5 (with the file names
journal.ppat.1002209.s012.doc and journal.ppat.1002209.s013.doc). The
criteria for this data set were subtype B, isolated by SGA, not on ART, and
a minimum of 2 years of infection time.

Cloning of HIV-1 env genes. Representative env sequences from the
study donors were selected for cloning from the env phylogenetic trees.
Because only 12 env sequences were amplified from donor B7B5, we
cloned all 12 env sequences from that donor. The second-round env PCR
products containing full-length rev and env genes were directionally
cloned into the expression vector pcDNA3.1D (Invitrogen Life Technol-
ogies) under the control of the T7 promoter. Each rev and env expression
plasmid was maxiprepped (Qiagen), and its sequence was verified. Of a
total of 33 env sequences cloned from donor 45, 29 (88%) were functional
in mediating virus entry and all 71 env sequences cloned from other do-
nors were functional in mediating virus entry.

Viral stocks and neutralization assay. The HIV-1 Env pseudovirus
stocks were generated and titrated as described previously (42). Briefly,
viral stocks were prepared by transfecting 293T cells (6 � 106 in 50 ml
growth medium in a T-175 culture flask) with 10 �g of rev and env ex-
pression plasmid and 30 �g of an env-deficient HIV-1 backbone vector
(pSG3�env) using Fugene 6 transfection reagents (Invitrogen). The pseu-
dovirus-containing culture supernatants were harvested 2 days after
transfection, filtered (0.45 �m), and stored at �80°C. The 50% tissue
culture infectious dose (TCID50) of a single thawed aliquot of each batch
of pseudovirus was determined with TZM-bl cells. Briefly, 11 serial 5-fold
dilutions of pseudovirus were made in quadruplicate wells in 96-well cul-
ture plates to infect TZM-bl cells. Virus infectivity was measured 2 days
later by luciferase activity in cell lysates (Promega, Madison, WI). Wells
producing luminescence (measured in relative luminescence units
[RLU]) �3� the background were scored as positive. The TCID50 was
calculated as described previously (31).

Neutralization was measured using HIV-1 Env pseudoviruses to infect
TZM-bl cells as described previously (42, 64, 76). Briefly, 40 �l of virus
was incubated for 30 min at 37°C with 10 �l of serially diluted test anti-
body or CD4-Ig in duplicate wells of a 96-well flat-bottom culture plate.
To keep assay conditions constant, sham medium was used in place of
antibody in specified control wells. The antibody and CD4-Ig concentra-
tions were defined at the point of incubation with virus supernatant. The
virus input was set at a multiplicity of infection of 0.01 to 0.1, which
generally results in 100,000 to 400,000 RLU in the luciferase assay. Neu-
tralization curves were fitted by nonlinear regression using a five-param-
eter Hill slope equation programmed into JMP 5.1 statistical software
(SAS Institute Inc., Cary, NC). The 50% inhibitory concentration (IC50)
was reported as the antibody concentration required to inhibit infection
by 50%. The IC50 cutoff was 50 �g/ml for MAbs and CD4-Ig and 1,000
�g/ml for serum IgG because these were the highest concentrations tested.

CD4-independent entry assay. To assess CD4-dependent and -inde-
pendent viral entry, Env pseudoviruses were generated by small-scale
293T transfections using the HIV-1 pNL4-3 �Env backbone containing a
luciferase reporter gene. Briefly, 2 � 105 293T cells were plated in 3 ml
growth medium in a 6-well culture plate 1 day before transfection. Trans-
fection was carried out with 1 �g of rev and env expression plasmid and 3
�g of pNL4-3 �Env luciferase backbone using Fugene 6 transfection re-
agents (Invitrogen). The culture medium was replaced with 2 ml fresh
medium on the following day. The pseudovirus-containing culture super-

natants were harvested 1 day later and used freshly to infect Cf2th-
CD4.CCR5 and Cf2th-synCCR5 cells. Briefly, 100 �l each of undiluted or
serially 2-fold diluted viral stock in triplicate wells was incubated with 20
�l medium containing 1 � 104 Cf2th-CD4.CCR5 or Cf2th-synCCR5 cells
at 37°C. The culture was fed with 80 �l fresh complete medium on the
following day. Virus entry was measured 1 day later by determining the
luciferase activity in cell lysates. The previously reported CD4-indepen-
dent env mutant ADA.�197 (35) and its parental wild-type env ADA were
used as controls.

Statistical analysis. To compare the V1V2 lengths and the numbers of
gp120 PNGS of Env sequences, a one-way analysis of variance (ANOVA)
was used, followed by Dunnett’s multiple-comparison test using either
B_database or B_chronic as the control group. The nonparametric equiv-
alent tests (Kruskal-Wallis one-way ANOVA followed by Dunn’s multi-
ple-comparison test) gave the same statistical significance. Unpaired t test
was used to compare the means of two groups. The Pearson and Spearman
tests were used to evaluate potential correlations between two variables.
All statistical analyses were performed using GraphPad Prism version 5.0
(GraphPad Software Inc.).

Nucleotide sequence accession numbers. The 473 full-length env nu-
cleotide sequences determined in this study are available in GenBank un-
der accession numbers JQ609684 to JQ610156.

RESULTS
Study subjects. The main goal of this study was to assess the viral
quasispecies of donor 45, from whom the broadly neutralizing
MAbs VRC01 and VRC03 were isolated (75). We had previously
shown that a major fraction of donor 45 serum neutralizing activ-
ity was directed to the CD4bs (43), and this was confirmed by the
isolation of the VRC01 and VRC03 CD4bs neutralizing MAbs. We
also isolated two additional MAbs from donor 45 (VRC06 and
VRC06b) that are clonal relatives of VRC03. Donor 45 plasma
samples from three time points (2001, 2006, and 2009) were used
for Env isolation. For comparison to donor 45, five additional
donors with potent cross-reactive serum neutralizing activity were
studied (Table 1). The neutralizing activity of these serum samples
has been previously described (12, 43, 45). The serum samples
from donors 1 and B7B5 were previously shown to contain a ma-
jor fraction of neutralizing antibodies directed to the CD4bs of
gp120 (43, 45); hence, these two donors were chosen as being
generally similar to donor 45. Donor 1 plasma samples from 1995,
2001, and 2006 were studied. Donor B7B5 serum from only one
time point (1988) was available for study. The neutralizing anti-
body specificities of serum samples 18, N26, and N90 could not be
clearly defined, but most of their neutralizing activity did not ap-
pear to be directed to the CD4bs. A sample taken at one time point
from each of these three donors was studied.

Analysis of env diversity. A total of 473 full-length env genes
encoding gp160 were amplified and sequenced from viral RNA
present in plasma or serum or from proviral DNA integrated in
PBMC genomic DNA (median of 73 sequences per donor; range,
12 to 186). All sequences belonged to HIV-1 subtype B. The rela-
tionship of these sequences was examined by phylogenetic analy-
sis. In a neighbor-joining phylogenetic tree (Fig. 1A), the viral Env
protein sequences formed distinct donor-specific lineages with no
evidence of cross-donor contamination. The maximum within-
donor env distance at any time point ranged from 3.4% to 9.4% or
from 0.23 to 1.45%/year based on the estimated infection time
(Table 1). These values reflect the env sequence diversity and di-
versification rate in these donors and are within the range re-
ported previously (65). In donor 1, a predominant env sequence,
representing 20 (51%) of the 39 sequences in 1995, was identified
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(light blue in Fig. 1A), but this sequence was not found at later
time points. The viral quasispecies from donor 45 PBMC obtained
in 2001 and from plasma samples obtained in 2001, 2006, and
2009 was studied. A maximum-likelihood tree with a total of 186
env sequences from donor 45 was constructed (Fig. 1B). Most of
the sequences from the two 2001 time points (red and green in Fig.
1B) intermingled, with a few integrated proviral DNA sequences
(shown in red) clustering toward HXB2, which was displayed as
the outgroup root. Most of the sequences derived from the 2006
plasma (shown in blue) formed a separate major branch of the
tree. The sequences derived from the 2009 plasma sample (shown
in purple) were within the same major tree branch as those from
2006, but most of these formed a distinct subcluster. These data
indicate a continuous env evolutionary pattern in donor 45 during
the 9-year time span between 2001 and 2009.

Analysis of gp120 N-linked glycosylation sites and V1V2
lengths. During the course of infection, N-linked glycosylation
sites are often added to the variable regions of gp120, sometimes as
a consequence of length additions in V1V2 (6, 7, 9, 10, 60). In
some cases, these changes in Env were paired with increased viral
resistance to autologous or heterologous antibody neutralization
(6, 10, 60, 72, 74, 78). Therefore, increased numbers of N-linked
glycosylation sites and increased V1V2 lengths have been sug-
gested as part of the viral mechanisms for immune evasion. The
V1V2 length and the number of PNGS were also determined for
all of the 473 Env sequences from the six study donors (Fig. 2). For
comparison, we used a set of 897 subtype B sequences in the HIV
database (B_database, described in Materials and Methods). Be-
cause this set contained sequences from donors with unknown
infection times and included sequences from cultured viruses, we
added another set of 2,121 chronic subtype B infection sequences
(B_chronic, described in Materials and Methods) isolated by SGA
and used in a recent study at the LANL (21). Notably, the average
V1V2 length was comparable between the B_database and
B_chronic sequences; however, the average V1V2 length of Env
variants from four of the six broadly neutralizing study donors
was significantly greater than that in both the B_database and
B_chronic groups (P � 0.0001, one-way ANOVA, Fig. 2, left). The

average number of PNGS was also comparable between the B_da-
tabase and B_chronic sequences; however, the average number of
PNGS among Env variants from five of the six study donors was
significantly higher than in both the B_database and B_chronic
groups (P � 0.0001, one-way ANOVA, Fig. 2, right). Because an
extended V1V2 region with an increased number of glycosylation
sites in gp120 has been described as a characteristic of Env se-
quences from chronically infected individuals (9, 60), our data
suggest that donors with broadly reactive serum neutralizing an-
tibodies are further enriched for longer V1V2 regions with more
gp120 N-linked glycans.

Neutralization sensitivity of Env variants from the VRC01
donor. Representative env genes from the VRC01 donor were
cloned and expressed as Env pseudoviruses to test for neutraliza-
tion sensitivity. We first examined the concurrent serum IgG neu-
tralization of Env variants amplified from 2001, 2006, and 2009
plasma samples (Fig. 3, left panels; Table 2). Most of the 2001 Env
clones were only weakly neutralized by the concurrent serum IgG
(IC50, �100 �g/ml) but were potently neutralized by serum IgGs
from 2006 and 2009. Similarly, the 2006 Env clones were poorly
neutralized by the concurrent and earlier 2001 serum IgG but were
potently neutralized by the 2009 serum IgG. Thus, even in a donor
with a broadly reactive serum neutralizing antibody such as
VRC01, there is ongoing autologous virus escape from serum neu-
tralizing antibodies, similar to the pattern described for more
strain-specific autologous neutralizing antibodies (25, 48, 57,
58, 72).

We then examined the neutralization sensitivity of donor 45
Env variants to the CD4bs MAbs isolated from this donor (autol-
ogous MAbs) (Fig. 3, right panels; Table 2). Almost all of the
plasma-derived Env variants from each time point were highly
resistant to VRC01, with only two 2006 clones (45_06A3 and
45_06C7) showing moderate sensitivity (IC50s of �10 �g/ml).
Three archival Env clones, 45_01dG5, 45_01dH1, and 45_01dH5,
derived from proviral DNA of a 2001 PBMC sample and chosen
based on phylogenetic analysis (Fig. 1B) were fully sensitive to
VRC01. These three sequences were not found in the tested donor
plasma by our method of SGA and DNA Sanger sequencing. One

TABLE 1 Characteristics of the donor samples included in this study

Donor (yr of diagnosis)
and sample date

Sample
type Type of analysis ARTa

No. of
CD4
cells/�l

No. of
viral RNA
copies/ml

No. of env
sequences

Mean env
distance � SD
(%)

Maximum env
distance (%)

No. of
functional env
clones

45 (1990)
2/8/2001 Plasma env SGA, cloning Naive 727 11,416 71 3.81 � 1.37 7.39 9
7/30/2001 PBMC env SGA, cloning Naive 656 9,858 28 4.87 � 1.27 7.75 3
7/14/2006 Plasma env SGA, cloning Naive 638 9,129 32 3.93 � 1.59 7.24 8
8/19/2008 PBMC MAb isolation Naive 530 8,588 Not applicable Not applicable Not applicable Not applicable
6/2/2009 Plasma env SGA, cloning Naive 686 5,153 55 2.83 � 1.25 6.21 9

1 (1985)
8/16/1995 Plasma env SGA, cloning Naive 1,160 14,650 39 1.53 � 0.95 3.43 8
7/11/2001 Plasma env SGA, cloning Naive 568 10,526 25 2.49 � 1.58 6.61 6
11/8/2006 Plasma env SGA, cloning Off 545 19,260 27 2.69 � 1.25 5.09 7

B7B5 (1983), 6/20/1988 Serum env SGA, cloning Naive Unknown Unknown 12 5.07 � 1.86 7.24 12
18 (1991), 4/20/1999 Plasma env SGA, cloning Naive 462 24,648 80 2.07 � 0.79 3.66 13
N26 (1986), 9/27/2007 Plasma env SGA, cloning Naive 387 35,912 67 5.44 � 2.37 9.42 14
N90 (1985), 5/29/2008 Plasma env SGA, cloning Naive 912 8,216 37 3.22 � 1.25 5.34 11
a All donors were either ART naïve or off ART at the time that blood specimens were collected.
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2001 Env clone (45_01A14) was fully sensitive to VRC03, but
other Env variants from all time points were resistant to VRC03.
In contrast, five of the nine 2001 Env clones were sensitive to
VRC06 or VRC06b, suggesting that these closely related MAbs
may have evolved after the 2001 time point. By 2006, all tested Env
sequences were resistant to VRC06 and VRC06b, with three 2009
sequences sensitive to VRC06. Because the 2009 serum IgG was
potent against the 2006 Env clones and this neutralization activity
was not recapitulated by the known donor MAbs, these data sug-
gest that there are unidentified antibodies in the 2009 serum that
potently neutralized the 2006 Env variants.

Neutralization sensitivity of Env variants from other donors
to VRC01. In addition to donor 45, we cloned representative env
sequences from five other subtype B-infected donors who devel-
oped broadly neutralizing antibodies (Table 1). We expressed rep-
resentative Env clones as Env pseudoviruses and examined the
viral neutralization sensitivity to VRC01 (Fig. 4A) and to VRC03,
VRC06, VRC06b, and b12 (Table 3). Prior serum mapping studies
indicated that donors 1 and B7B5 had a major fraction of neutral-
izing antibodies to the CD4bs, and we observed that 81% and 42%
of the Env clones, respectively, were resistant to VRC01. In con-
trast, all of the Env clones from neutralizing donor N90 were
VRC01 sensitive. Somewhat surprisingly, a substantial percentage

of the sequences from donor N26 (64%) and donor 18 (38%) were
also VRC01 resistant.

VRC01 escape Env variants are still sensitive to CD4-Ig neu-
tralization and require CD4 for efficient entry. As previously
noted, the heavy chain of MAb VRC01 partially mimics the bind-
ing interaction of CD4 with viral gp120. The VRC01 binding
epitope largely overlaps the binding surface of CD4 in the outer
domain of gp120; however, VRC01 makes fewer contacts than
CD4 in the inner domain and bridging sheet regions (80). We
therefore asked if mutations that confer VRC01 resistance would
compromise the CD4-gp120 interaction and lead to reduced
CD4-Ig sensitivity or to the evolution of Env clones that could
enter cells without CD4, as previous studies have reported rare
HIV-1 strains that are capable of CD4-independent entry (29, 35,
79). To test these possibilities, we first looked at the Env variants’
sensitivity to CD4-Ig neutralization (Tables 2 and 3; Fig. 4B). De-
spite high levels of Env resistance to VRC01 in five of the six study
donors, most of the donor Env variants were sensitive to CD4-Ig.
Comparison of the VRC01-senstive (n 	 40) and VRC01-resis-
tant (n 	 60) Env variants did not reveal any difference in CD4-Ig
sensitivity (P 	 0.89, unpaired t test, Fig. 4C, left). In addition, the
VRC01 and CD4-Ig neutralization IC50s did not reveal any corre-
lation (P 	 0.97, Pearson test; Fig. 4C, right). To test if the VRC01-

FIG 1 Phylogenetic trees of HIV-1 envelope sequences. (A) Neighbor-joining tree showing the phylogenetic clustering of Env protein sequences from six
HIV-1-infected donors. A total of 473 gp160 sequences from the six subtype B-infected donors were aligned with the reference sequence HXB2. The tree was
constructed based on sequence distance and unrooted and then rooted at HXB2 for visualization. The gp160 sequences were derived at a single time point for
donors 18, N90, N26, and B7B5; at three time points for donor 1; and at four time points for donor 45. The donor identification is indicated at each donor’s major
branch node. Representative sequences indicated by a dot were cloned and expressed. A predominant sequence from donor 1 is shown in light blue from the 1995
time point (indicated by a bracket); one such sequence was cloned as indicated with an identification number. (B) Maximum-likelihood tree of envelope
sequences from donor 45. A total of 186 gp160 nucleotide sequences from four temporal samples were aligned with the reference sequence HXB2. The tree was
constructed as unrooted and then rooted at HXB2 for visualization. The gp160 sequences are color coded as follows: red, 2001 provirus; green, 2001 plasma; blue,
2006 plasma; purple, 2009 plasma. The major branch colors follow the color of most of the sequences on the branch. Representative sequences indicated by a dot
and an identification number were cloned and expressed. The horizontal branch scale is indicated for each tree.

FIG 2 Comparisons of V1V2 lengths (left) and numbers of gp120 PNGS (right) among the subtype B sequences from the HIV-1 database (B_database), from
chronic infection (B_chronic), and from the six study donors as one group or individually. The blue horizontal bars indicate the group means, and the actual
mean values are indicated at the top of the columns. The number of sequences for each group or individual is indicated in parentheses below the group or donor
identification. One-way ANOVA P values are indicated, with the asterisks indicating groups that are significantly different (P � 0.05) from both the B_database
and B_chronic groups in subsequent Dunnett’s multiple-comparison tests.
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resistant Env variants can enter cells in a CD4-independent man-
ner, we made luciferase-containing Env pseudoviruses of all 29
donor 45 env clones and examined their entry into CD4� CCR5�

cell line Cf2th-synCCR5 (22) and its CD4� CCR5� counterpart
Cf2th-CD4.CCR5 (28, 49). All of the Env variants entered the
CD4� cell line Cf2th-CD4.CCR5 efficiently but not the CD4� cell
line Cf2th-synCCR5, indicating that these Env variants were able
to escape VRC01 neutralization yet retain efficient interaction
with the viral cellular receptor CD4. Data from nine env clones
from the 2009 plasma of donor 45 are shown in Fig. 5.

DISCUSSION

The CD4bs of gp120 is an attractive target for HIV-1 vaccine de-
sign because it is functionally conserved and contains epitopes of
potently neutralizing antibodies. The isolation of VRC01 and sim-
ilar CD4bs MAbs demonstrates that the immune system is capable
of generating antibodies to this region of gp120. To characterize
the circulating Env variants that coexist with VRC01 and to un-
derstand how the HIV-1 env gene evolves under the selection pres-
sure of a broadly reactive antibody, we isolated Env variants from
the VRC01 donor and studied their neutralization sensitivities.
While numerous published studies have shown that autologous
plasma virus is often resistant to concurrent serum neutralization
(4, 19, 26, 40, 50, 54, 57, 58, 72), there had not previously been a
detailed assessment of the Env quasispecies in a donor with a
broadly reactive serum neutralizing antibody such as VRC01.

Using SGA followed by DNA Sanger sequencing, we found that
plasma-derived Env variants from donor 45 from three time
points, spanning from 2001 to 2009, displayed almost uniform
resistance to VRC01 neutralization, indicating a strong selection
pressure on the viral Env quasispecies by VRC01 and related au-
tologous CD4bs antibodies. While the Env SGA and Sanger se-
quencing approach has an inherent limitation in the overall depth
of the sequences identified, our data show that the vast majority of
the viruses circulating in plasma were VRC01 resistant. Donor 45
was first found to be HIV-1 infected in 1990; thus, the time points
studied here were in excess of 10 years after HIV-1 infection. The
VRC01 MAb was isolated from IgG� memory B cells from a 2008
PBMC sample (Table 1), but since memory B cells may circulate
for a long time, it is not clear when VRC01 first developed. Our
finding that all nine plasma Env variants from 2001 were VRC01
resistant suggests that VRC01 arose prior to 2001. It was only
through the isolation of HIV-1 env sequences from proviral DNA
that we were able to identify archival Env clones that are highly
sensitive to VRC01, with IC50s of �1 �g/ml. Thus, it seems un-
likely that donor 45 was infected with a VRC01-resistant virus but
rather likely that the Env variants evolved to escape from this
potently neutralizing antibody.

The neutralization sensitivity of some of the VRC01 escape
variants to MAbs VRC03, VRC06, and VRC06b suggests the pos-
sibility of continuous evolution of CD4bs neutralizing antibodies
in response to viral escape. VRC03 was isolated from the same

FIG 3 Analysis of neutralization sensitivity of Env variants taken from donor 45 at three time points to autologous serum IgG (left panels) and autologous CD4bs
MAbs VRC01, VRC03, VRC06, and VRC06b (right panels). The horizontal bars indicate the group geometric means. The three symbols highlighted in red in the
2001 Env plots indicate the archival Env variants derived from proviral DNA.
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PBMC samples as VRC01, and its liganded structure has been
solved (75, 77). While the VRC03 heavy chain derives from the
same IGHV1-2*02 allele as VRC01, it has a different light chain,
indicating that it arose from a different B-cell clone. The crystal
structure of VRC03 in complex with a gp120 core revealed that the
antibody forms contacts with the bridging sheet between the inner
and outer domains of gp120, which is part of the coreceptor bind-
ing site (77). Therefore, we speculate that the donor immune sys-
tem responded to VRC01 escape variants by generating antibody
specificities extending from the VRC01 epitope toward the core-
ceptor binding region and resulting in efficient neutralization of
some VRC01 escape variants. MAbs VRC06 and VRC06b are
clonal relatives of VRC03 and will be described in detail in a sep-
arate report (Yuxing Li et al., unpublished data). The sensitivity of
some 2001 viral Env clones (which are all resistant to VRC01) to

VRC03, VRC06, and VRC06b suggests that these MAbs might
have evolved later than VRC01. Indeed, suboptimal 454 pyrose-
quencing of the IgG� memory B-cell heavy-chain transcripts
from the 2008 PBMC sample identified a population of antibody
sequences with �90% identity to VRC03 but not VRC01-related
sequences (77), suggesting the presence of greater numbers of
memory B cells for VRC03 than VRC01 in 2008. We are currently
optimizing PCR and sequencing conditions to analyze donor 45
longitudinal samples to determine the dynamics of these neutral-
izing antibody clones.

Although MAbs VRC03, VRC06, and VRC06b were able to
neutralize VRC01 escape Env variants in donor 45, the neutraliza-
tion breadth of these MAbs against heterologous viruses (�60%)
was less than that of VRC01 (90%) (75). Therefore, the develop-
ment or maintenance of these MAbs after VRC01 in donor 45 was

TABLE 2 Neutralization IC50s of autologous serum IgG, autologous CD4bs MAbs, and CD4 surrogate protein CD4-Ig for donor 45 Env variants

env isolation time, source,
and env clone or
parameter

Neutralization IC50 (�g/ml) or breadth

Autologous serum IgG Autologous CD4bs MAbs
CD4 surrogate
CD4-Ig2/8/2001 7/14/2006 6/2/2009 VRC01 VRC03 VRC06 VRC06b

2001, provirus
45_01dG5 3.8 10.9 9.5 0.020 0.010 0.019 0.010 0.256
45_01dH1 58.6 61.4 77.0 3.6 2.2 6.9 3.9 0.870
45_01dH5 11.6 18.4 16.8 0.049 0.028 0.149 0.207 �50
Breadtha (n 	 3) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 3 (100) 2 (67)

2001, plasma
45_01A8 310 47.6 13.0 �50 �50 �50 �50 1.3
45_01A10 �1,000 26.2 12.3 �50 �50 0.248 0.925 3.6
45_01A14 121 39.8 21.0 �50 0.453 �50 1.5 1.7
45_01A21 �1,000 22.9 65.6 �50 �50 �50 �50 4.4
45_01B14 �1,000 14.1 68.2 �50 �50 �50 �50 5.3
45_01E8 11.0 0.823 15.9 �50 �50 9.4 �50 0.265
45_01E11 201 129 146 �50 �50 2.3 1.8 0.698
45_01E17 109 33.0 83.2 �50 �50 3.6 3.3 1.8
45_01F4 47.3 54.2 83.2 �50 �50 7.8 10.7 0.533
Breadth (n 	 9) 6 (67) 9 (100) 9 (100) 0 (0) 1 (11) 5 (56) 5 (56) 9 (100)

2006, plasma
45_06A1 689 �1,000 17.2 �50 �50 �50 �50 3.4
45_06A2 �1,000 �1,000 9.0 �50 �50 �50 �50 2.8
45_06A3 �1,000 �1,000 9.6 17.5 �50 �50 �50 2.5
45_06A4 542 109 225 �50 �50 �50 �50 6.0
45_06A8 254 �1,000 22.4 �50 �50 �50 �50 0.614
45_06A10 640 �1,000 14.5 �50 �50 �50 �50 5.3
45_06C7 �1,000 �1,000 �1,000 31.2 �50 �50 �50 3.3
45_06C8 �1,000 165 205 �50 �50 �50 �50 1.4
Breadth (n 	 8) 4 (50) 2 (25) 7 (88) 2 (25) 0 (0) 0 (0) 0 (0) 8 (100)

2009, plasma
45_09A5 �1,000 462 879 �50 �50 �50 �50 �50
45_09A6 �1,000 447 905 �50 �50 5.5 38.4 �50
45_09A10 �1,000 �1,000 �1,000 �50 �50 �50 �50 5.2
45_09B3 �1,000 �1,000 456 �50 35.7 3.2 �50 4.0
45_09C5 �1,000 �1,000 564 �50 �50 �50 �50 2.7
45_09C8 �1,000 �1,000 743 �50 �50 �50 �50 �50
45_09C20 211 178 209 �50 �50 �50 �50 0.809
45_09C26 �1,000 �1,000 �1,000 �50 �50 �50 �50 5.5
45_09TA1 �1,000 785 560 �50 �50 2.3 �50 9.1
Breadth (n 	 90) 1 (11) 4 (44) 7 (78) 0 (0) 1 (11) 3 (33) 1 (11) 6 (67)

a Breadth is shown as the number (percentage) of Env variants sensitive to the corresponding serum IgG, MAb, or CD4-Ig.
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specific to the relevant autologous viruses but not necessarily as-
sociated with better neutralization breadth of “irrelevant” heter-
ologous viruses circulating globally. This highlights the complex-
ity of underlying factors that influence the broadening of antibody
neutralization (16, 23). Although most of the donor 45 Env vari-
ants from 2001 plasma was neutralized by VRC03, VRC06, and
VRC06b, Env variants from 2006 plasma were resistant, suggest-
ing that the virus was able to escape these newly developed anti-
body variants. Note that the 2006 Env variants remained highly
sensitive to the 2009 serum IgG, indicating the presence of un-
identified antibody specificities, including the possibility of those
outside the CD4bs, in this serum that likely arose in response to
the escaped variants.

We also analyzed Env variants from five additional subtype
B-infected individuals who developed strong broadly neutralizing

antibody responses. We previously reported that the serum sam-
ples of donors 1 and B7B5 contained a major fraction of CD4bs-
directed neutralizing antibodies (43, 45); thus, we hypothesized
that Env sequences from these two donors would contain some
VRC01-resistant clones. However, we were surprised to find a
majority of Env clones in donor N26 also resistant to VRC01, as
our mapping did not definitively indicate CD4bs neutralizing an-
tibodies in this donor. This was in contrast to donor N90, whose
Env isolates were fully sensitive to VRC01 neutralization, suggest-
ing a lack of VRC01-like antibody pressure in this donor. Overall,
the rather high level of VRC01-resistant clones in four of five
donors (other than donor 45) suggests that the CD4bs-directed
neutralizing antibodies similar to VRC01 may not be uncommon
in donors whose serum samples are broadly neutralizing.

Lastly, we observed that viral variants fully resistant to VRC01

FIG 4 Comparisons of VRC01 (A) and CD4-Ig (B) neutralization sensitivities of Env variants derived from the six study donors indicated on the x axis. The blue
horizontal dashed line indicates an IC50 of 50 �g/ml, which was used as the cutoff for neutralization sensitivity. The values below the donor designations are the
numbers and percentages of Env variants resistant to VRC01 or CD4-Ig neutralization. (C) Plot of log-transformed CD4-Ig neutralization IC50s for VRC01-
sensitive (n 	 40) and VRC01-resistant (n 	 60) Env variants (left). The mean of each group is indicated by a blue horizontal bar. The log-transformed VRC01
and CD4-Ig neutralization IC50s are plotted for each individual Env variant (right, n 	 100). The P values and the corresponding statistical analyses are indicated.
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TABLE 3 Neutralization IC50s of heterologous CD4bs MAbs and CD4 surrogate protein CD4-Ig for Env variants from five donors

Donor, yr, and env clone
or parameter

Neutralization IC50 or breadth

VRC01 VRC03 VRC06 VRC06b b12 CD4-Ig

1
1995

1_95A21 �50 �50 �50 �50 �50 �50
1_95C1 �50 �50 �50 �50 �50 13.6
1_95C5 0.017 0.020 3.3 0.016 0.023 �50
1_95C10 �50 �50 �50 �50 0.214 3.7
1_95TC1 �50 �50 �50 �50 �50 �50
1_95TC6 �50 �50 �50 �50 �50 �50
1_95TC13 �50 �50 �50 �50 0.773 1.4
1_95TC14 14.6 5.0 26.2 7.1 �50 28.0

2001
1_01A10 �50 �50 �50 �50 �50 38.6
1_01A19 �50 �50 �50 �50 �50 1.9
1_01A20 11.5 12.0 �50 �50 �50 2.6
1_01B3 �50 �50 �50 �50 0.920 1.4
1_01B5 0.041 0.111 �50 0.128 0.032 2.6
1_01TB5 �50 �50 �50 �50 �50 3.2

2006
1_06B1 �50 �50 �50 �50 6.1 0.995
1_06B3 �50 0.841 13.1 2.5 �50 19.3
1_06B7 �50 �50 �50 �50 �50 22.8
1_06B9 �50 �50 �50 �50 �50 0.218
1_06C3 �50 �50 �50 �50 0.289 7.8
1_06C5 �50 �50 �50 �50 50.0 2.8
1_06D29 �50 �50 �50 �50 6.3 1.7
Breadtha (n 	 21) 4 (19) 5 (24) 3 (16) 4 (19) 9 (47) 17 (81)

N26, 2007
N26_07A10 �50 �50 �50 �50 �50 9.5
N26_07A14 �50 �50 �50 �50 �50 0.317
N26_07A16 �50 �50 �50 �50 �50 2.8
N26_07A21 1.6 1.7 �50 10.9 0.640 2.9
N26_07A22 �50 �50 �50 �50 �50 �50
N26_07A38 0.591 �50 �50 �50 1.1 �50
N26_07B9 �50 �50 �50 �50 7.2 3.9
N26_07B10 �50 �50 �50 �50 7.9 �50
N26_07B18 19.0 �50 �50 �50 �50 0.755
N26_07B22 �50 �50 �50 �50 �50 2.9
N26_07B36 �50 �50 �50 �50 �50 3.1
N26_07B41 �50 �50 �50 �50 �50 12.9
N26_07TC39 19.3 �50 �50 �50 �50 44.4
N26_07TC40 0.089 �50 �50 �50 10.4 �50
Breadth (n 	 14) 5 (36) 1 (7) 0 (0) 1 (7) 5 (36) 10 (71)

B7B5, 1988
B7B5_88A1 17.0 38.7 �50 �50 �50 1.5
B7B5_88A2 2.3 6.9 �50 15.5 0.452 25.3
B7B5_88A3 3.1 12.6 �50 �50 0.426 13.7
B7B5_88A4 �50 �50 �50 �50 0.731 0.119
B7B5_88A5 �50 20.0 �50 �50 �50 6.9
B7B5_88A6 3.5 7.5 �50 19.1 0.141 0.970
B7B5_88A7 �50 �50 �50 �50 36.1 9.6
B7B5_88A10 25.9 �50 �50 �50 �50 7.3
B7B5_88TB1 �50 �50 �50 �50 �50 11.4
B7B5_88TB2 9.6 2.2 5.3 1.6 �50 8.8
B7B5_88TB3 11.4 2.7 8.7 1.6 4.4 6.9

(Continued on following page)
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retained their sensitivity to CD4-Ig and required CD4 for entry.
These results suggest that VRC01 escape mutations do not sub-
stantially impair the gp120 interaction with CD4, at least not
enough to have a major impact on viral entry. Our prior studies of
VRC01-resistant viruses demonstrated that mutations in the D-
loop and V5 and regions of gp120 were often responsible for
VRC01 resistance and that some of these mutations were not con-

tact sites for CD4 (44, 80). It remains possible that initial escape
from VRC01 is associated with some loss of binding to CD4 and
that compensatory mutations restore viral entry and replication.
More systematic studies of viral fitness and the affinity of interac-
tion with CD4 are in progress. Donor 45 is a slow progressor, as
are several other donors from whom broadly neutralizing CD4bs
MAbs have been isolated (63, 77). More systematic and unbiased

TABLE 3 (Continued)

Donor, yr, and env clone
or parameter

Neutralization IC50 or breadth

VRC01 VRC03 VRC06 VRC06b b12 CD4-Ig

B7B5_88TB6 �50 �50 �50 �50 �50 2.4
Breadth (n 	 12) 7 (58) 7 (58) 2 (17) 4 (33) 6 (50) 12 (100)

18, 1999
18_99A27 0.661 �50 �50 �50 �50 �50
18_99A34 3.5 1.9 �50 �50 �50 �50
18_99A38 �50 �50 �50 �50 �50 �50
18_99B1 4.8 �50 �50 �50 9.6 13.5
18_99B15 1.9 1.5 �50 �50 �50 �50
18_99B19 0.855 �50 �50 �50 �50 43.1
18_99B27 �50 �50 �50 �50 �50 10.2
18_99B39 �50 �50 �50 �50 �50 28.8
18_99B46 1.6 �50 �50 �50 �50 �50
18_99B48 �50 �50 �50 �50 �50 3.1
18_99B51 1.2 �50 �50 �50 �50 �50
18_99TA3 �50 �50 �50 �50 �50 7.2
18_99TB13 1.1 �50 �50 �50 �50 �50
Breadth (n 	 13) 8 (62) 2 (15) 0 (0) 0 (0) 1 (8) 6 (46)

N90, 2008
N90_08A13 2.5 0.364 19.4 0.349 5.8 0.618
N90_08A15 1.0 0.311 8.1 0.333 1.5 0.679
N90_08A16 1.3 0.354 11.0 0.462 3.5 0.545
N90_08A19 0.372 0.128 6.2 0.354 �50 7.8
N90_08A25 1.3 0.350 5.6 0.413 �50 0.752
N90_08B2 0.703 0.338 3.9 0.361 5.7 0.394
N90_08B4 2.9 0.236 �50 0.380 2.5 2.6
N90_08B6 0.644 0.293 5.3 0.434 3.0 0.255
N90_08B11 0.143 0.055 4.7 0.063 1.6 0.036
N90_08B16 0.328 0.196 7.0 0.259 2.5 0.472
N90_08B17 1.7 0.651 14.5 0.488 3.0 1.7
Breadth (n 	 11) 11 (100) 11 (100) 10 (91) 11 (100) 9 (82) 11 (100)

a Breadth is shown as the number (percentage) of Env variants sensitive to the corresponding corresponding MAb or CD4-Ig or CD4-Ig.

FIG 5 Entry of nine donor 45 Env variants derived from the 2009 plasma into CD4� cell line Cf2Th-CD4.CCR5 (left) and CD4� cell line Cf2Th-synCCR5
(right).
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sampling is required to know if CD4bs neutralizing MAbs are
more commonly found in donors with slow progression.

In summary, our data show that neutralizing antibodies to the
conserved CD4bs exert selection pressure on HIV-1 Env and that
the viruses evolve to escape from such neutralization. The B-cell
response to the CD4bs also evolves by generating antibodies that
neutralize viral escape mutants. Hence, even for this functionally
conserved region of gp120, there is ongoing viral evolution
matched by antibody evolution. The facts that escape from
VRC01-like CD4bs antibodies appears to occur commonly within
a donor but that the large majority of heterologous viral strains are
sensitive to VRC01 suggest some constraint on resistance to such
CD4bs antibodies, although whether there is any measurable fit-
ness cost to VRC01 escape remains to be determined. Finally, the
study of Env species in donors with broadly neutralizing antibod-
ies may reveal clues about the viral antigenic stimulus that led to
the development of this antibody. Such conclusions are difficult in
the case of donor 45, who had been infected for more than 10 years
prior to the time when the samples we studied were taken. Similar
studies of known seroconverter donors with longitudinal sam-
pling could reveal the relationship between the early circulating
Env sequences and the early B-cell clones that ultimately develop
into mature broadly neutralizing antibodies.
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