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Biologically functional clade C envelope (Env) glycoproteins from the chronically (donor) and newly (re-
cipient) infected partners of four heterosexual transmission pairs in Zambia were cloned and characterized
previously. In each case, the donor viral quasispecies contained Envs that were resistant to autologous
neutralization by contemporaneous plasma, while the recipient Envs were sensitive to neutralizing antibodies
in this donor plasma sample. The donor Envs also varied in length, glycosylation, and amino acid sequence of
the V1V2 hypervariable domain of gp120, while the recipient Envs were much more homogeneous. To assess
the contribution of V1V2 to the neutralization phenotype of the donor Envs, V1V2 domains from neutraliza-
tion-sensitive recipient Envs were replaced with donor V1V2 domains, and the autologous neutralization
sensitivities of the chimeric Envs were evaluated using a virus-pseudotyping assay. Long donor V1V2 domains
regulated sensitivity to autologous neutralization, although the effect was dependent on the Env background.
Short donor V1V2 domains did not confer neutralization resistance. Primary sequence differences in V2 were
also found to influence neutralization sensitivity in one set of recipient Envs. The results demonstrate that
expansion of the V1V2 domain is one pathway to escape from autologous neutralization in subtype C Envs.
However, V1V2-independent mechanisms of resistance also exist, suggesting that escape is multifaceted in
chronic subtype C infection.

In the course of 25 years, human immunodeficiency virus
type 1 (HIV-1), the causative agent of AIDS, has infected
more than 60 million people worldwide (45). Developing coun-
tries have been severely impacted by the pandemic, and it is
well recognized that viral subtypes that are genetically distinct
from those in the United States and Europe circulate in those
regions (30, 36). Recently, there has been a movement toward
the characterization of viruses representative of globally pre-
dominant subtypes, such as A and C, especially with respect to
the envelope (Env) glycoproteins (1, 7, 8, 27, 49, 52), which can
be as much as 35% divergent between viral clades (11). This
extraordinary genetic diversity poses a significant impediment
to vaccine development, in which a major goal is induction of
broad and potent neutralizing antibodies (NAb) (22). It is
therefore important to characterize the mechanisms of escape
from autologous neutralization for viruses representative of
globally predominant clades, as they could be relevant for the
selection and development of immunogens.

The HIV-1 genome encodes two glycoproteins; the surface
subunit gp120 facilitates interactions with receptor molecules,
while the transmembrane subunit gp41 anchors the Env com-

plex in the viral membrane and mediates fusion with the host
cell membrane (16). HIV-1 gp120 contains five “hypervari-
able” domains that tolerate sequence heterogeneity, and espe-
cially in the case of the first two hypervariable domains
(V1V2), accommodate dramatic insertions and deletions and
various patterns of glycosylation (26). The V1V2 domain fa-
cilitates numerous virus entry phenotypes in studies of clade B
viruses, including CD4 independence, tropism, receptor utili-
zation, and neutralization sensitivity (2, 3, 6, 14, 18–21, 23, 28,
29, 33–35, 37, 39–43, 46). The V1V2 domain is thought to
regulate neutralization sensitivity by masking conserved neu-
tralization targets (23–25, 39, 51) and can also present type-
specific neutralization epitopes (9, 10, 12, 15, 17, 31, 38, 47).
Because this polymorphic domain is refractory to structural
characterization, its position and structure on the native Env
trimer have not been defined. A structural model of the unli-
ganded SIVmac239 gp120 molecule places V1V2 in close prox-
imity to the V3 domain on an adjacent protomer (5). This
model is supported by the presence of monoclonal antibodies
that recognize discontinuous epitopes comprised of sequences
in both V1V2 and V3 (9, 13, 53). Upon binding CD4, however,
the V1V2 stem is thought to translocate approximately 40
angstroms to mediate formation of the coreceptor binding site
(5). It is therefore not difficult to envision how V1V2 influ-
ences the exposure of more conserved regions of Env.

We previously investigated the transmission of subtype C
HIV-1 in an African setting by characterizing Envs from eight
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chronically infected subjects (donors) who transmitted infec-
tion heterosexually to their partners (recipients) in Zambia (8).
Inspection of the amino acid sequence of the V1-to-V4 region
of gp120, which includes the hypervariable domains V1V2, V3,
and V4, revealed that Envs with compact hypervariable do-
mains were frequently transmitted and established infection in
the recipients. Furthermore, for the five pairs tested, the newly
transmitted recipient Envs were more sensitive to neutraliza-
tion by plasma from the donor than were the majority of Envs
in the donor quasispecies. In addition, a significant association
between acquisition of length in V1 to V4 and neutralization
resistance against autologous plasma was established for this
set of donor and recipient Envs (P � 0.01; R. Rong, S. Gnana-
karan, J. M. Decker, J. N. Sfakianos, F. Bibollet-Ruche, J. L.
Mokili, M. Muldoon, J. Mulenga, S. Allen, B. H. Hahn, G. M.
Shaw, J. L. Blackwell, E. Hunter, B. T. Korber, and C. A.
Derdeyn, unpublished data).

Because expanded V1V2 domains were common in the qua-
sispecies of the donors and often tracked with neutralization
resistance (8), we hypothesized that autologous NAb could be
driving changes in this region. To test whether donor V1V2
domains directly modulate sensitivity to autologous neutraliza-
tion, the recipient Env was utilized as a genetically related,
neutralization-sensitive molecular scaffold with which to probe
potential neutralization determinants in V1V2. Chimeric Envs
in which the V1V2 domain of a recipient Env was replaced
with different V1V2 domains derived from the matched donor
Envs were created for four transmission pairs, and neutraliza-
tion sensitivity to contemporaneous donor plasma was evalu-
ated using a pseudovirus reporter assay. Here, we provide
strong evidence that expansion of V1V2 results from pressure
exerted by autologous NAb in some cases. Moreover, this study
describes a direct mechanism of neutralization resistance in
chronic subtype C infection and provides indirect evidence that
there are additional and perhaps more complex NAb resis-
tance pathways.

MATERIALS AND METHODS

Env clones. Details of the Zambia cohort, sample collection, and processing
have been described previously (8, 32, 44). The Envs studied here were derived
from four heterosexual transmission pairs from this cohort (8). All Envs are
subtype C. All amino acid positions are based on HXB2 gp160 numbering. For
this study, Envs were given designations based on the donor and the recipient.

Construction of chimeric Envs. PCR amplification and cloning of the donor
and recipient Envs from pairs 53, 55, 106, and 109 have been described previously
(8). The env genes are in the cytomegalovirus-driven expression vector pCR3.1
(Invitrogen), which is used to generate viral pseudotypes. V1V2 chimeric Envs
were constructed using the following domain exchange strategy: the donor V1V2
domains were PCR amplified using primers that anneal to well-conserved se-
quences that flank V1V2 (Fig. 1A). These primer sequences and their HXB2
locations were as follows: pairs 53 and 109, forward primer 5�-ACCCCACTCT
GTGTCACTTTA-3� (HXB2 nucleotides [nt] 6591 to 6611) and reverse primer
5�-TTGTGTTATGGTTGAGGTATTAC-3� (HXB2 nt 6833 to 6811); pair 106,
forward primer 5�-TGTAAAGTTGACCCCACTCTG-3� (HXB2 nt 6581
to 6601) and reverse primer 5�-GGCTGAGGTATTACAATTTATTAATC-3�
(HXB2 nt 6826 to 6801); pair 55, forward primer 5�-CCACTCTGTGTCACTT
TAAAC-3� (HXB2 nt 6594 to 6614) and reverse primer 5�-AAAAGAGACCT
TTGGACAGGC-3� (HXB2 nt 6854 to 6834).

The recipient Env backbones (minus the V1V2 domain) with pCR3.1 vector
sequences were PCR amplified using primers that anneal to conserved regions
adjacent to the V1V2 primers. These primers amplify away from V1V2 (Fig. 1B).
A 5� phosphate group (Phos) was added to these primer sets during synthesis to
facilitate ligation to the V1V2 amplicon. The primer sequences and their HXB2
locations were as follows: pair 53, forward primer 5�-Phos-GCCTGTCCAAAG

GTCTCTTTTGAT-3� (HXB2 nt 6834 to 6857) and reverse primer 5�-Phos-
CAATTTTACACATGGTTTTAGGCTTTGG-3� (HXB2 nt 6590 to 6563);
pair 106, forward primer 5�-Phos-ATGACACAAGCCTGTCCAAAGGTC-3�
(HXB2 nt 6827 to 6850) and reverse primer 5�-Phos-CATGGCTTTAAGCTTT
GATCCCATA-3� (HXB2 nt 6580 to 6556); pair 109, forward primer 5�-Phos-G
CCTGTCCAAAGGTCTCTTTTGAC-3� (HXB2 nt 6834 to 6857) and reverse
primer 5�-Phos-CAATTTTACACATGGCTTTAGGCTTTG-3� (HXB2 nt 6590
to 6564); pair 55, forward primer 5�-Phos-ATGACACAAGCCTGTCCAAAG
GTC-3� (HXB2 nt 6855 to 6878) and reverse primer 5�-Phos-CATGGCTTTA
AGCTTTGATCCCATA-3� (HXB2 nt 6593 to 6569).

The PCR amplification conditions for the recipient Env backbones were 1
cycle of 95°C for 3 min; 35 cycles of 95°C for 1 min, 50°C to 60°C for 30 s (the
optimal annealing temperature was determined for each primer set), 72°C for 10
min; 1 cycle of 72°C for 15 min; and storage at 4°C. The amplification conditions
for the V1V2 domain were the same, except the extension time at 72°C was
reduced to 30 s. The 25-�l PCR mixtures contained 50 ng of each primer, 10 ng
of the plasmid template, 2.5 mM MgCl2, 0.2 mM deoxynucleoside triphosphate,
and 1� reaction buffer. pfuTurbo DNA polymerase (Stratagene) was used to
generate the blunt-ended PCR amplicons, which were digested with DpnI to
remove contaminating template DNA and gel purified from an agarose gel using
the QIAquick Gel Extraction Kit (QIAGEN) prior to ligation. Each donor V1V2
DNA fragment was then ligated to the purified recipient env backbone to pro-
duce a V1V2 chimera (Fig. 1C) using T4 DNA ligase (5 U/�l; Roche) at 4°C
overnight. The ligation reaction mixture (usually one-third of the volume) was
transformed into maximum-efficiency XL2-blue supercompetent cells (1 � 109

CFU/�g DNA; Stratagene) so that the DNA volume did not exceed 5% of the
cell volume. The entire transformation was plated onto LB-ampicillin agar
plates, generally resulting in 10 to 50 colonies per ligation reaction.

A PCR screen was performed to identify colonies in which the fragments
ligated together in the correct orientation using forward primer EnvA (8) and the
reverse primer that was used to amplify the V1V2 domain. Colonies that were
positive by PCR screen were inoculated into LB-ampicillin broth for overnight
cultures, and the plasmid was prepared using the QIAprep Spin Miniprep Kit.
Plasmids were then screened for biological function as previously described (8,
27). Briefly, 100 ng of pCR3.1-Env DNA was cotransfected into 293T cells, along
with 200 ng of an Env-deficient subtype B proviral plasmid, pSG3�Env, using
Fugene-6 according to the manufacturer’s instructions (Hoffman-La Roche).
Seventy-two hours later, the transfection supernatant was transferred to JC53-
BL13 (TZM-bl) indicator cells. At 48 h postinfection, each well was scored
positive or negative for blue foci using �-galactosidase staining. For clones that
produced functional Env pseudotypes, the plasmids were retransfected into 293T
cells on a larger scale to produce a working pseudotype virus stock. The trans-

FIG. 1. Construction of V1V2 chimeric Envs. V1V2 chimeric Envs
were constructed using a domain exchange strategy. (A) Each donor
V1V2 domain (gray box) was PCR amplified from the env gene using
primers (arrows) that annealed to conserved sequences flanking V1V2
and amplified inward. (B) The recipient Env (open box) plus plasmid
vector was PCR amplified using primers (arrows) that annealed to sites
adjacent to those of the V1V2 primers and amplified outward. (C) The
two fragments were blunt-end ligated together to produce the chimeric
recipient Env in pCR3.1 containing a donor V1V2 domain (white and
gray boxes).
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fection supernatants were collected at 72 h posttransfection, clarified by low-
speed centrifugation, aliquoted into 0.5-ml or smaller portions, and stored at
�80°C. The titer of each pseudotyped virus stock was determined by infecting
JC53-BL cells with fivefold serial dilutions of virus as described previously (8,
27). All V1V2 chimeras were confirmed by nucleotide sequencing.

PCR-based site mutagenesis. To investigate whether amino acid sequence
differences in the V2 domain accounted for the difference in neutralization
phenotype between Envs 55 recipient 1 (recip1) (F4a) and recip2 (F28a), mu-
tations were created in the V2 domain of recip2. A Thr was changed to Ile, and
a Lys was changed to Glu using PCR-based site mutagenesis (see Fig. 6A).
Briefly, we designed four primers that either did or did not contain each of the
two mutations (substituted nucleotides are underlined). The primer sequences
and their HXB2 locations were as follows: reverse primer A with mutation,
5�-TAGTGGTACTATATCAAGTATATC-3� (HXB2 nt 6776 to 6753); reverse
primer B without mutation, 5�-TAGTGGTACTATATCAAGTGTATC-3�
(HXB2 nt 6776 to 6753); forward primer C with mutation, 5�-CTTGATATAG
TACCACTAGAACCACC-3� (HXB2 nt 6759 to 6791); forward primer D with-
out mutation, 5�-CTTGATATAGTACCACTAAAACCACC-3� (HXB2 nt 6759
to 6791).

recip2 was PCR amplified using primers B and C to mutate Thr to Ile, primers
A and D to mutate Lys to Glu, and primers A and C to create the double mutant.
The blunt-ended PCR amplicons were generated with pfuTurbo DNA polymer-
ase and ligated to the recipient Env backbones using the strategy described
above. The strategies for the PCR screen, the biological-function screen, and
production of virus stock were the same as those described above. All mutations
were confirmed by nucleotide sequencing.

Neutralization assay. All neutralization assays were performed using viral
pseudotypes to infect JC53-BL13 (Tzm-bl) indicator cells that produce lucifer-
ase, as described previously, and with the modifications described below (8, 27,
48). The neutralizing-antibody activity of plasma collected from donors was
evaluated against virions pseudotyped with recipient Envs containing chimeric
V1V2 regions in parallel with the parental donor and recipient Envs. In previous
studies, a 50% inhibitory concentration (IC50) was calculated for each plasma-
Env combination from the virus infectivity curve. However, for the present study,
to evaluate the neutralization sensitivities of donor, recipient, and chimeric Envs
together, it was necessary to conserve limited amounts of donor plasma. There-
fore, the lowest plasma dilution tested in some cases was 1:100 instead of 1:20,
which was used previously, and 50% inhibition was not achieved for all Envs.

Nucleotide sequence accession numbers. The Env nucleotide sequences (ei-
ther V1 to V4 or full length) have been deposited in GenBank under the
following accession numbers: pair 53, AY424004, AY424008, AY424010,
AY424024, and AY423984; pair 106, AY424151 to -153, AY424155, and
AY424138; pair 109, AY424138, AY424141, AY424128 and -129, and AY424133
and -134; pair 55, AY423971, AY423973, AY423938 and -939, AY423944, and
AY423946.

RESULTS

To investigate whether exchange of the V1V2 domain from
donor Envs influenced the neutralization sensitivity of the re-
cipient Env to donor plasma, we created V1V2 chimeras using
Envs from four different clade C transmission pairs (53, female
to male [FTM]; 106, male to female (MTF); 109, MTF; and 55,
MTF). Each set of V1V2 chimeras was generated from donor
and recipient Envs from the same transmission pair; interpair
V1V2 exchanges were not performed. The result for each set
of donor V1V2 exchanges is presented in the figures (see Fig.
2 through 5) and in the text below, organized by transmission
pair.

Pair 53, FTM: long V1V2 domains facilitate resistance to
autologous NAb. In FTM transmission pair 53, most of the
donor Envs with long V1V2 domains were resistant to autol-
ogous NAb (8). The V1V2 domain of a representative neutral-
ization-sensitive recipient Env was therefore replaced with a
long domain from a neutralization-resistant donor Env. The
first donor Env evaluated (Fig. 2, donor 1) encoded a V1V2
domain that was 19 amino acids longer than that of the recip-
ient Env, with three additional potential N-linked glycosylation

(N-gly) sites (Fig. 2A). This donor Env was highly resistant to
autologous NAb relative to the recipient Env (Fig. 2B). Its
infectivity at the highest plasma concentration tested (1:100)
was 83% of the control infection lacking plasma. By contrast,
the recipient Env pseudotype was sensitive to neutralization by
donor plasma and was almost completely neutralized at 1:100
dilution, with only 5% of its infectivity remaining (Fig. 2B).
The chimera carrying the donor 1 V1V2 domain in the recip-
ient Env background had a phenotype similar to that of the
parental donor 1 Env (Fig. 2B). A similar result was observed
for the donor 3 V1V2 domain (Fig. 2D), which was the same
length as that of donor 1 but had a different sequence (Fig.
2A). Thus, for donor 1 and donor 3, the length and perhaps
glycosylation of the V1V2 region determined neutralization
resistance.

The V1V2 domain of donor 2 was identical to that of donor
1 (Fig. 2A), but donor 2 was almost as sensitive to neutraliza-
tion by donor plasma as the recipient Env (Fig. 2C). Never-
theless, as might be predicted, when the donor 2 V1V2 domain
was placed into the recipient Env background, a neutraliza-
tion-resistant phenotype was produced (Fig. 2C). Thus, the
divergence in neutralization sensitivity between Envs donor 1
and donor 2 must reflect sequence differences outside of
V1V2. A comparison between the complete gp160 amino acid
sequences of these two Envs revealed 1 amino acid difference
in gp120 (at position 269 in C2) but 12 differences scattered
throughout gp41 (data not shown). Thus, the effect of the
neutralization resistance-conferring V1V2 domain was over-
ridden by one or more sensitive epitopes in donor 2. These
results provide a striking illustration of the context-dependent
nature of the V1V2 domain. Env donor 4 had a compact V1V2
domain that was identical to that of the recipient (Fig. 2A), but
this Env was nevertheless neutralization resistant (Fig. 2E). In
this case, the compact V1V2 did not regulate the resistant
phenotype of donor 4, since the recipient chimera carrying this
V1V2 domain was as sensitive as the wild-type recipient (Fig.
2E). For donor 4, neutralization resistance required determi-
nants located in regions outside of V1V2.

Pair 106, MTF: an unusually long V1V2 domain can confer
neutralization sensitivity. The first donor Env (donor 1) eval-
uated from MTF pair 106 carried a V1V2 domain of 95 resi-
dues, the longest in the eight transmission pairs originally stud-
ied (8). The V1 loop alone was 54 amino acids in length,
resulting from a series of tandem repeats encoding seven N-gly
sites (Fig. 3A). Yet this Env was as sensitive to neutralization
to donor plasma as the recipient Env, with only 25% infectivity
remaining at the 1:100 dilution of plasma (Fig. 3B). When the
donor 1 V1V2 domain was placed into the recipient Env,
resulting in an insertion of 29 amino acids and five N-gly sites,
the chimera became as sensitive to NAb as donor 1 (Fig. 3B).
Thus, for this donor Env, the unusually long and heavily gly-
cosylated V1V2 domain was the major determinant of neutral-
ization sensitivity. Unlike donor 1, donor 2 had a V1V2 do-
main similar in size and sequence to that of the recipient Env
(Fig. 3A), and donor 2 was neutralization resistant (Fig. 3C).
Substitution of the donor 2 V1V2 domain into the recipient
resulted in neutralization sensitivity similar to that of the wild-
type recipient (Fig. 3C), arguing that for this donor Env, neu-
tralization resistance also required sequences outside of V1V2.
Env donor 3 carried a very short V1V2 domain (Fig. 3A) but
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was relatively resistant to neutralization (Fig. 3C). When this
V1V2 domain was transferred to the recipient Env, resulting in
a loss of eight amino acids and four N-gly sites, it caused a
sixfold increase in neutralization sensitivity (Fig. 3C). Thus,
this donor Env had also acquired resistance in regions outside
of V1V2.

Pair 109, MTF: a donor V1V2 domain caused context-de-
pendent changes in phenotypically different recipient Envs.
For MTF pair 109, V1V2 chimeras were constructed in two

recipient Env backbones that were identical with respect to the
V1V2 domain (Fig. 4A) and neutralization sensitivity to donor
plasma (Fig. 4B). However, recip1 was more sensitive to inhi-
bition by soluble CD4 than recip2 (Rong et al., unpublished).
The V1V2 domain from resistant Env donor 1 (Fig. 4B) was
placed into the two phenotypically different recipient Envs,
resulting in an increase of 10 amino acid residues and one
N-gly site (Fig. 4A). In this case, disparate phenotypes were
observed in the two V1V2 chimeras (Fig. 4B). In one recipient

FIG. 2. Effect of donor Env V1V2 exchange on neutralization sensitivity for FTM transmission pair 53. (A) A predicted amino acid alignment
of the V1V2 domain (residues HXB2 131 to 196) for donor (top) and recipient (bottom) Envs is shown. Each Env clone is designated by the
transmission pair identifier, source (donor or recipient), and a number. All donor and recipient Envs were derived from uncultured patient
peripheral blood mononuclear cells. Potential N-linked glycosylation sites (NXS or NXT, where X is any residue except proline) are underlined.
Dashes indicate gaps in the sequence relative to the longest donor sequence. The length of each V1V2 domain from cysteine to cysteine is shown.
“R” indicates that the Env was resistant to neutralization by donor plasma, while “S” indicates that the Env was sensitive. (B to E) Infectivity curves
in the presence of donor plasma are shown for each set of parental donor (filled circles), recipient (filled triangles and diamonds), and
V1V2-chimeric (open triangles and diamonds) Env pseudotypes. Virus infectivity (as a percentage of the control lacking plasma) is graphed against
the reciprocal dilution factor of the contemporaneous donor plasma on a log10 scale. Each experiment was performed twice independently with
duplicate wells. The error bars show the standard deviation for each data point.
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Env, this V1V2 domain conferred resistance to the level of the
donor Env parent, with 60% of infectivity remaining at 1:100
dilution (Fig. 4B). The other recipient-based V1V2 chimera,
however, was as neutralization sensitive as the wild-type recip-
ient Envs, with only 30% of infectivity remaining at 1:100
dilution (Fig. 4B). This result illustrates another striking ex-
ample of the context-dependent nature of V1V2-mediated
NAb resistance, where residues outside of V1V2 can modulate
its impact.

Env donor 2 carries a long V1V2 domain (Fig. 4A), but this
pseudotype is more sensitive to neutralization by donor plasma
than the recipient Envs (Fig.4Cs). When this V1V2 domain
was exchanged, resulting in the addition of six residues and the
shift of two N-gly sites from V2 to V1, a 10-fold increase in
sensitivity was produced for both recipient-based chimeras
(Fig. 4C). Thus, in this case, the long V1V2 domain contained
determinants of neutralization sensitivity that could be trans-

located to both recipient Envs and was unaffected by sequence
differences outside of V1V2.

Pair 55, MTF: differences in primary sequence influence
neutralization sensitivity. The results described above for pair
53 and 109 Envs suggested that it was the length and perhaps
glycosylation of this region rather than differences in the pri-
mary sequence of V1V2 that defined neutralization sensitivity.
For MTF pair 55, donor V1V2 domain exchanges were per-
formed using two recipient Envs that differed by 10-fold in
neutralization sensitivity to donor plasma (Fig. 5B), despite
very homogeneous sequences. These two recipient Envs dif-
fered by two residues in V2 (Fig. 5A) and one residue in the
gp41 cytoplasmic tail at position 721 (data not shown). When
the V1V2 domain from neutralization-resistant Env donor 1
was placed into both recipient Envs, adding one amino acid,
the two chimeras had equivalent neutralization sensitivities
(Fig. 5B). This result hinted that the amino acid differences in

FIG. 3. Effect of donor Env V1V2 exchange on neutralization sensitivity for MTF transmission pair 106. See the legend to Fig. 2 for details.
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V2 between the recipient Envs were responsible for the ob-
served differential sensitivities to donor plasma. The chimeras
did not, however, reproduce the full resistance of donor 1 (Fig.
5B), arguing again that additional determinants of neutraliza-
tion resistance exist outside of V1V2 in this donor Env. The

V1V2 domain of Env donor 2 was one residue shorter than the
recipient’s (Fig. 5A). Exchange of the donor 2 V1V2 domain
again resulted in equivalent neutralization sensitivities for the
two chimeras (Fig. 5C). Thus, unlike the results observed with
the previous three pairs, differences in the primary sequence of

FIG. 4. Effect of donor Env V1V2 exchange on neutralization sensitivity for MTF transmission pair 109. See the legend to Fig. 2 for details.

FIG. 5. Effect of donor Env V1V2 exchange on neutralization sensitivity for MTF transmission pair 55. See the legend to Fig. 2 for details.
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the recipient Envs appeared to have more dramatic effects on
neutralization sensitivity.

Recipient 55F: a single amino acid in the V2 domain mod-
ulates neutralization sensitivities of the recipient Envs. Even
though recip2 was 10-fold more sensitive to neutralization by
donor plasma than recip1, each time a donor V1V2 exchange
was performed, the two recipient chimeras had equivalent neu-
tralization sensitivities (Fig. 5B and C). We hypothesized that
primary sequence differences in the V2 domain were respon-
sible for the difference in neutralization sensitivity of the re-
cipient Envs and that a single amino acid difference in the
cytoplasmic tail had no effect. To test this, two mutations were
created in the V2 region of the more neutralization-sensitive
Env recip2, singly and in combination, to determine whether
they could account for the decreased neutralization sensitivity
of recip1. In the first mutant, Thr was changed to Ile, and in the
second, Lys was changed to Glu (Fig. 6A). In the third mutant,
both changes were introduced (Fig. 6A). Recip2 was the most
sensitive to donor NAb (Fig. 6A). The Thr-to-Ile change alone
(recip2-I) had a small effect on NAb sensitivity (Fig. 6B),
decreasing the sensitivity by approximately twofold. The Lys-
to-Glu change (recip2-E) had a more dramatic effect, decreas-
ing the sensitivity of recip2 by sixfold (Fig. 6B). The recip2
pseudovirus carrying both mutations (recip2-IE) had a pheno-
type similar to that of recip1, which was approximately eight-
fold less sensitive to NAb (Fig. 6B). Thus, these two noncon-
servative amino acid differences, which presumably arose
during acute/early infection, determined the neutralization
phenotypes of the two recipient Envs.

DISCUSSION

In a previous study, we compared Envs from viruses that
were transmitted between eight sets of heterosexual partners in
Zambia (8). We first analyzed the length and glycosylation of
the gp120 V1-to-V4 region and observed that the viral quasi-
species in each chronically infected donor partner contained
V1V2 and V4 domains that varied in length and glycosylation,
while Envs with compact, homogeneous V1V2 and V4 do-
mains were frequently transmitted. We next evaluated the sen-
sitivities of the donor and recipient Envs to neutralization by
donor plasma for five of the eight pairs. While the donor
quasispecies contained Envs that were resistant to autologous
neutralization, the newly transmitted Envs in the recipients
were uniformly sensitive to neutralization by plasma from the
linked donor partner. In the present study, we created V1V2-
chimeric Envs for four of these five transmission pairs to de-
termine whether neutralizing antibodies drive the expansion of
V1V2 in chronic infection. A strength of this study is the
approach used, where unaltered donor V1V2 domains were
transferred into a highly related, neutralization-sensitive “mo-
lecular scaffold” to determine their effects on autologous NAb
sensitivity. Using this approach, three basic predictions were
tested. First, for neutralization-resistant donor Envs that had a
long V1V2 domain, we predicted that this region would confer
neutralization resistance. Second, for neutralization-resistant
donor Envs that had a short V1V2 domain, we predicted that
the V1V2 domain would not contain determinants of resis-
tance (i.e., that resistance determinants would be located else-

FIG. 6. Effects of V2 mutations on neutralization sensitivities of 55F recipient Envs. (A) A predicted amino acid alignment of the V1V2 domain
with the mutations created in F28a (recip2) is shown. Potential N-linked glycosylation sites are underlined. Dots indicate identical sequence relative
to recip2, and mutated residues are shown in boldface. (B) Infectivity curves are shown for recip2 (filled triangles), recip1 (filled diamonds), and
mutants recip2-I (open triangles), recip2-E (open circles), and recip2-IE (open diamonds) Env pseudotypes against 55M donor plasma dilutions.
Virus infectivity (as a percentage of the control lacking plasma) is graphed against the reciprocal plasma dilution on a log10 scale. Each experiment
was performed at least twice independently with duplicate wells. The error bars show the standard deviation for each data point.
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where). Finally, some donor Envs had a long V1V2 domain but
were nevertheless neutralization sensitive. For these, we pre-
dicted that the V1V2 domain contained a neutralization
epitope and would transfer increased sensitivity to the recipi-
ent Env.

In the panel of biologically functional donor Envs studied
here, the V1V2 domains ranged in length from 56 to 95 amino
acids and contained between 3 and 11 N-gly sites. Of 11 donor
V1V2 domains that were evaluated, 7 were longer (and usually
more glycosylated) than the matched recipient Env. Of these
seven long V1V2 domains, five conferred resistance to NAb.
The other two increased the neutralization sensitivity of the
recipient Env, possibly because they contained a neutralization
epitope. Two V1V2 domains were the same length as the
matched recipient Env, and exchange of these domains did not
change the neutralization sensitivity of the recipient Env. Two
donor V1V2 domains were shorter than the matched recipient
Env, and both of these increased neutralization sensitivity.
Thus, the main mechanism by which V1V2 appears to confer
protection from NAb is by masking, although this effect was
dependent on the Env background. The data also suggest that
masking is dependent on the size and glycosylation of V1V2.

The donor Env quasispecies has the capacity to stand a high
degree of polymorphism in V1V2 without loss of function.
Furthermore, the recipient Envs can tolerate insertion of a
wide range of V1V2 domains without loss of function and in
the absence of any compensatory changes. Many studies have
shown that alteration of glycosylation sites or insertion/dele-
tion of amino acid residues in V1V2 can influence a number of
molecular interactions critical to virus entry. Although infor-
mative in their own context, mutagenesis studies of a single
variant may not fully reflect the natural variation of V1V2
within a quasispecies. A further consideration is that previous
studies have been based solely on subtype B viral isolates, some
of which were laboratory-adapted strains. In addition, few
studies have assessed the role of V1V2 in escape from autol-
ogous NAb, using instead monoclonal antibodies or heterolo-
gous patient plasma or serum samples. In the current study, we
probed the determinants of NAb sensitivity contained within
naturally occurring V1V2 domains as they pertain to four dif-
ferent subtype C viral quasispecies from chronic infection.
Overall, the V1V2 domain can exert a powerful influence on
sensitivity to NAb in this setting.

A notable finding that was observed in Envs from two dif-
ferent transmission pairs was the highly context-dependent
nature of the effects of the V1V2 domain. Other studies have
also reported that V1V2 acts in a context-dependent manner.
For instance, SF162 can tolerate deletion of V2 without affect-
ing replication, but in two other Envs, V2 deletion resulted in
a loss of function (41). This study suggested that the functional
contributions of V1V2 can differ based on the Env back-
ground. For FTM pair 53, long V1V2 domains clearly confer
resistance when transferred to the recipient Env, and the effect
of this V1V2 domain is global, in that V1V2 appears to protect
against the entire NAb pool. However, resistance-conferring
determinants in V1V2 can be overridden by the presence of
neutralization-sensitive sequences in other Env domains.
These results suggest that some neutralization epitopes cannot
be masked by the V1V2 domain.

Another example of the context-dependent nature of V1V2

was observed when a long V1V2 domain from MTF pair 109
was transferred into two different recipient Envs. This long
V1V2 domain conferred full phenotypic resistance to one re-
cipient Env. In the other recipient Env background, however,
this V1V2 domain had the opposite effect. The two recipient
Envs differed by only two residues in gp120 (one in V3 and one
in C3) that did not appear to influence their NAb sensitivity to
donor plasma in the context of the native recipient V1V2
domain. In contrast, the long donor V1V2 domain yielded a
chimeric Env that was sensitive to these differences. The only
residue that was uniquely associated with the neutralization-
sensitive Env background of recip1 was a Leu at position 309,
located within the V3 crown adjacent to the GPGQ motif. All
other pair 109 Envs showed an Ile at this position, and this Ile
was highly conserved within subtype C sequences in the data-
base (http://www.hiv.lanl.gov). The recipient Env with Leu sub-
stituted is also phenotypically unique in that it is highly sensi-
tive to inhibition by soluble CD4 and relatively resistant to
inhibition by anti-CD4 antibody (Rong et al., unpublished).
These results argue for an interaction between V1V2 and V3
that is necessary for the masking effects of the long V1V2
domain, which could be disrupted by the uncommon Leu in the
V3 of recip1. The significance of this unusual amino acid res-
idue for early infection is under investigation.

V1V2 masking of neutralization epitopes has been described
for subtype B Envs, and this domain accounts for the overall
neutralization-resistant phenotype of JRFL (39). V1V2 mask-
ing is also operative in the context of anti-V3 NAb responses in
subtype A patient plasma samples (23, 24), suggesting that this
could be a widespread and effective mechanism for blocking
NAb epitopes in V3 and other conserved targets. Substitution
of the JRFL V1V2 domain into the neutralization-sensitive
strain SF162 rendered this Env resistant to neutralization by
patient sera and monoclonal antibodies targeted to multiple
gp120 domains. Interestingly, the JRFL and SF162 V1V2 do-
mains are the same length, but JRFL contains three additional
N-gly sites. In the present study, increases in length were
accompanied by increases in the number of N-gly sites, so it
is possible that increased glycans are as important as in-
creased length. In contrast, large V1V2 domains from two
donor Envs transferred increased sensitivity to the recipient
Env. It is possible that these large V1V2 domains contained
a potently neutralized epitope. Alternatively, the large,
heavily glycosylated structures could result in a conforma-
tion that exposes distant neutralization epitopes. These ex-
changes also produced dramatic shifts in the positions of
glycans relative to the native recipient V1V2 domain, which
could also influence neutralization sensitivity, as has been
reported by others (4, 6, 14, 28, 29, 50).

Clearly, there are also examples of V1V2-independent
mechanisms of NAb escape in these subtype C Envs from
chronic infection. Exchange of short V1V2 domains was not
associated with resistance in any case, even when transferred
from donor Envs that were themselves resistant to NAb. This
in itself is strong evidence for V1V2-independent mechanisms
of escape. Four donor Envs were NAb resistant despite having
compact V1V2 domains, and these V1V2 domains did not
confer NAb resistance on the matching recipient Env (Fig.
2E, 3C and D, and 5C). Even in donors like 53F where NAb
resistance could be effectively achieved by lengthening
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V1V2 (Fig. 2B, C, and D), one donor Env had acquired
resistance independently of V1V2 (Fig. 2E). These obser-
vations are consistent with a previously established associ-
ation between maximum-likelihood branch length in the
V1-to-V4 region (a measure of sequence divergence outside
of the hypervariable domains) and sensitivity to donor NAb
(P � 0.0002; Rong et al., unpublished). The results argue
that NAb can drive expansion of V1V2 in chronic infection,
but there are other pathways to neutralization resistance,
probably because not all neutralization epitopes are effec-
tively masked by V1V2 (Fig. 2C and 4A).

Env sequences in newly clade C-infected recipients are usu-
ally homogeneous, differing at most by a few residues in the
entire gp160 sequence (8, 27). In recipient 55F, there were two
residues located in V2 that influenced sensitivity to donor
NAb. The most dramatic effect was observed by changing a
positively charged Lys residue present in the V2 domain of the
more neutralization-sensitive recipient Env. When the charge
was reversed by mutating Lys to a negatively charged Glu, this
recipient Env became sixfold less sensitive to NAb. The neg-
atively charged Glu may facilitate some level of epitope mask-
ing or may directly disrupt an epitope in the V2 domain.
Further support for the importance of this charged residue
comes from the observation that one of the 55M donor V1V2
domains has a negatively charged Asp residue at this position
(Fig. 5A, donor 1), and exchange of this domain tracks with the
less sensitive recip1 (Fig. 5B). On the other hand, the other
donor Env V1V2 domain lacks the negative charge, and its
V1V2 domain tracks with the more sensitive recip2 (Fig. 5C).
The charge differences in V2 notwithstanding, both donor
Envs also contain NAb resistance determinants outside of
V1V2, illustrating the complexity of resistance in chronic in-
fection.

In summary, the data demonstrate that V1V2 can have
dramatic yet context-dependent effects on the autologous neu-
tralization sensitivities of patient-derived subtype C Envs. Ex-
change of long V1V2 domains conferred neutralization resis-
tance in five cases, but in two cases it increased neutralization
sensitivity, suggesting that this domain could also be a target
for NAb in subtype C infection. Short V1V2 domains did not
confer neutralization resistance, suggesting that a size-depen-
dent conformational masking of neutralization epitopes can
occur. Importantly, we have observed four clear cases where
V1V2 did not contain determinants of NAb resistance. Taken
together, the data suggest that there are intricate pathways to
resistance against autologous NAb in subtype C infection that
involve V1V2, as well as other Env domains. Identification of
the neutralization epitopes targeted in subtype C infection will
be necessary to understand how to effectively neutralize viruses
of this subtype.
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