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Human immunodeficiency virus type 1 (HIV-1) has the ability to adapt to the host environment by escaping
from host immune responses. We previously observed that escape from humoral immunity, both at the
individual and at a population level, coincided with longer variable loops and an increased number of potential
N-linked glycosylation sites (PNGS) in the viral envelope glycoprotein (Env) and, in particular, in variable
regions 1 and 2 (V1V2). Here, we provide several lines of evidence for the role of V1V2 in the resistance of HIV-1
to neutralizing antibodies. First, we determined that the increasing neutralization resistance of a reference
panel of tier-categorized neutralization-sensitive and -resistant HIV-1 variants coincided with a longer V1V2
loop containing more PNGS. Second, an exchange of the different variable regions of Env from a neutraliza-
tion-sensitive HIV-1 variant into a neutralization-resistant escape variant from the same individual revealed
that the V1V2 loop is a strong determinant for sensitivity to autologous-serum neutralization. Third, exchange
of the V1V2 loop of neutralization-sensitive HIV-1 variants from historical seroconverters with the V1V2 loop
of neutralization-resistant HIV-1 variants from contemporary seroconverters decreased the neutralization
sensitivity to CD4-binding site-directed antibodies. Overall, we demonstrate that an increase in the length of
the V1V2 loop and/or the number of PNGS in that same region of the HIV-1 envelope glycoprotein is directly
involved in the protection of HIV-1 against HIV-specific neutralizing antibodies, possibly by shielding under-

lying epitopes in the envelope glycoprotein from antibody recognition.

The HIV-1 envelope glycoprotein (Env) is a major target of
the humoral immune response in HIV-1-infected individuals.
Antibodies directed against Env can be detected early in in-
fection and are able to neutralize autologous virus variants
with increasing titers over time in most patients (1, 35, 40, 51).
HIV-1 Env has developed multiple mechanisms to evade neu-
tralizing antibodies, including the inaccessibility of relevant
epitopes due to the trimeric structure of Env, the density of
glycosylation, and the presence of occluding variable loops on
the outer domain of Env (11, 14, 17, 22, 51). Moreover, some
epitopes for neutralizing antibodies only emerge after the con-
formational changes that occur upon the engagement of Env
with the CD4 receptor, when spatial constraints between cell
and viral membrane no longer allow binding of the relatively
large immunoglobulins to Env (21, 22, 23, 29, 52).

The HIV-1 Env is synthesized as a gp160 precursor protein,
which is subsequently cleaved into two subunits, surface pro-
tein gp120 and transmembrane protein gp41. Three subunits of
gp120 bind noncovalently to three subunits of gp41 to form a
trimeric complex on the surface of the virion. Gp120 is com-
posed of five conserved regions (C1 to C5) that are inter-
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spersed with 5 variable regions (V1 to V5) (47). The conserved
regions form a central core consisting of an inner domain,
which interacts with gp41 and is important for trimer forma-
tion, and an outer domain, which interacts with the (co)recep-
tors. The variable regions can be highly diverse, both between
viruses from different patients and within the viral quasispecies
of one patient, and form flexible loop structures on the outer
domain of gp120 (54).

Neutralizing antibody pressure results in the rapid selection
of escape variants with changes in their variable loops, such as
large insertions, deletions, and changes in the number of po-
tential N-linked glycosylation sites (PNGS). In particular, the
length and glycosylation characteristics of the V1V2 loop seem
to play a role in resistance against neutralizing antibodies (8, 9,
10, 33, 41, 42, 43, 46, 49, 52), possibly by shielding underlying
regions of Env from antibody recognition (18, 37) and, espe-
cially, in the protection against anti-V3 and anti-CD4-binding
site antibodies (12, 30, 37, 43).

We previously reported on the adaptation of the HIV-1 Env
to humoral immunity at a population level, reflected in an
increasing resistance of recently transmitted HIV-1 to neu-
tralizing antibodies over a time course of 20 years (6). The in-
creased neutralization resistance of recently transmitted
HIV-1 from contemporary seroconverters, which is most obvi-
ous for CD4-binding site-directed antibodies, coincided with
changes in the viral envelope, mainly a longer V1 loop with an
increased number of PNGS (6, 17a).

In our present study, we investigated whether these changes
in Env are indeed causally related to the differences in neu-
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tralization sensitivity of HIV-1 variants. For this reason, we
first compared the molecular characteristics of Envs of refer-
ence viruses that are categorized from tier 1 to tier 3 based on
their decreasing neutralization sensitivity (26, 27, 31, 45). We
also examined whether changes in the V1V2 loop are directly
responsible for increased neutralization resistance by generat-
ing chimeric viruses in which Env fragments were exchanged
between neutralization-sensitive and neutralization-resistant
HIV-1 variants that were isolated from a single individual early
and late in infection, respectively, and between neutralization-
sensitive and neutralization-resistant HIV-1 variants from his-
torical and contemporary seroconverters, respectively. The re-
sults from these studies strongly suggest that the V1V2 loop of
the envelope glycoprotein is directly involved in the protection
of HIV-1 from CD4-binding-site-directed neutralizing anti-
bodies, possibly by shielding the targeted epitopes.

MATERIALS AND METHODS

Viral variants. The viral variants used to construct the chimeric NL4-3/Env
viruses were isolated from HIV-1-infected men who have sex with men of the
Amsterdam Cohort Studies (ACS) on HIV and AIDS and were all HIV-1
subtype B. None of the individuals received combination antiretroviral therapy
during the sampling period used for this study. Clonal virus variants were ob-
tained from peripheral blood mononuclear cells (PBMC) as previously described
(44, 50). From patient ACH19642, one virus that was sensitive to autologous
neutralization was isolated from PBMC obtained 29 months after seroconversion
(SC) (GenBank accession number GU455427), and one virus that had escaped
from autologous neutralization was isolated from PBMC obtained 144 months
post-SC (GenBank accession number HQ902005). These virus variants were
used to exchange different regions of Env in order to investigate the effects of
these regions on autologous-neutralization sensitivity. In addition, 5 recently
transmitted viruses from individuals who seroconverted between 1985 and 1989
(historical seroconverters) (GenBank accession numbers EU43976, EU44098,
EU44014, HQ902003, and HQ902004) that were sensitive to neutralization by
HIVIG (a pool of purified IgG obtained in 1995 from chronically HIV-1-infected
individuals) and 5 recently transmitted viruses from individuals who serocon-
verted between 2003 and 2006 (contemporary seroconverters) (GenBank acces-
sion numbers HQ901998 to HQ902002) that were resistant to neutralization by
HIVIG were selected from a previous study (6) to analyze the effects of the
V1V2 loops on neutralization sensitivity.

To prevent a change in neutralization sensitivity of the virus variants during in
vitro culture, the number of virus passages in PBMC was kept to a minimum (2).

The Amsterdam Cohort Studies are conducted in accordance with the ethical
principles set out in the declaration of Helsinki, and written consent was ob-
tained prior to data collection. The study was approved by the Academic Medical
Center institutional medical ethics committee.

Preparation of chimeric viruses. Chimeras of gp160 proteins were created
using a PCR overlap strategy followed by recombination of the PCR product into
an HIV-1 backbone. The variable region inserts of env and the flanking regions
of env were amplified in separate reactions using an Expand high fidelity PCR
system (Roche Applied Science). Separate PCR products were then combined by
PCR overlap into a chimeric gp160 product that spanned from nucleotide (nt)
5658 to nt 9171 of reference strain HXB2. All primer combinations are listed in
Table S1 in the supplemental material. Chimeric NL4-3/Env viruses were pro-
duced by homologous recombination of the env PCR products with a pNL4-3
vector (a kind gift from J. Alcami). In short, pNL4-3 was restricted with Xbal
(HXB2 nt 6114) and Xhol (HXB2 nt 8898) and was subsequently cotransfected
with an env PCR product into 293T cells in a 24-well plate using the calcium
phosphate method. After 2 days, phytohemagglutinin (PHA)-stimulated PBMC
from healthy seronegative blood donors were added to the culture, and the next
day the PBMC were transferred to a culture flask. Supernatants were harvested
when positive for p24, as determined using an in-house p24 antigen capture
enzyme-linked immunosorbent assay (48). The presence of the correct env in
NL4-3 was confirmed by sequencing.

PBMC-based antibody neutralization assay. The chimeric NL4-3/Env viruses,
in which different regions of Env were exchanged between a virus that was
sensitive to autologous neutralization and a virus that had escaped autologous
neutralization, were tested for their relative neutralization sensitivities against
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autologous serum obtained 77 months post-SC, the serum pool from HIV-
negative individuals, HIVIG, and monoclonal antibodies (MAbs) 447-52D, b12,
2G12, 4E10, and 2F5. The chimeric NL4-3/Env viruses in which the V1V2
regions were exchanged between virus variants from historical and contemporary
seroconverters were tested for their relative neutralization sensitivities against
HIVIG and MAbs VRCO1, b12, 447-52D, and 2F5.

PBMC were obtained from buffy coats from 10 healthy seronegative blood
donors and pooled prior to use. Cells were isolated by Ficoll-Isopaque density
gradient centrifugation and then stimulated for 3 days in Iscove’s modified
Dulbecco medium supplemented with 10% fetal bovine serum, penicillin (100
U/ml), streptomycin (100 U/ml), ciproxin (5 wg/ml), and PHA (5 pg/ml) at a cell
concentration of 5 X 10%ml. After inoculation, the cells (1 X 10%ml) were grown
in the absence of PHA in medium supplemented with recombinant interleukin-2
(20 U/ml; Chiron Benelux, Amsterdam, the Netherlands) and Polybrene
(hexadimethrine bromide, 5 pg/ml; Sigma, Zwijndrecht, Netherlands). To
prevent possible complement-mediated antibody inhibition of virus infection,
complement in human sera and fetal bovine serum was inactivated by a
30-min incubation at 56°C.

From each virus isolate, an inoculum of 20 50% tissue culture infective doses,
in a total volume of 50 pl for serum or HIVIG and a total volume of 100 pl for
MABbs, was incubated for 1 h at 37°C with decreasing concentrations of serum
(range, 1:50 to 1:3,200), HIVIG (range, 23 to 1,500 p.g/ml), MAb VRCO1 (range,
0.078 to 5 wg/ml), or MAb b12, 2G12, 4E10, 447-52D, or 2F5 (range, 0.03 to 25
pg/ml) in 96-well microtiter plates. Subsequently, 10° PHA-stimulated PBMC
were added to the mixtures of virus with serum. After 4 h of incubation with
serum or HIVIG, PBMC were washed once in 100 ul phosphate-buffered saline,
after which fresh medium was added. On day 7, virus production in culture
supernatants was analyzed in an in-house p24 antigen capture enzyme-linked
immunosorbent assay (48). Experiments were performed in triplicate. For serum
neutralization experiments, background measurements were performed using
pooled sera from uninfected individuals. Neutralization sensitivities were ex-
pressed as the MAb concentration or reciprocal serum dilution that established
50% inhibition (ICsy) of virus infection, as determined by linear regression.

Sequence analyses. The gp120 sequences of 116 reference viruses, categorized
into tiers 1 to 3 (26, 27, 31, 45), were obtained from the Los Alamos Sequence
Database (http://www.hiv.lanl.gov/).

envs of clonal HIV-1 variants and chimeric NL4-3 viruses were amplified from
DNA that was isolated from in vitro-infected healthy donor PBMC. env PCR
products were subsequently sequenced as described previously (3, 5, 39). The
nucleotide sequences of all virus clones were aligned using ClustalW in the
software package BioEdit (19) and edited manually. The reference sequence
HXB?2 was included in the alignment to number each aligned residue according
to the corresponding position in this reference sequence. Potential N-linked
glycosylation sites (PNGS) were identified using the N-glycosite tool at the
HIV database website (http://www.hiv.lanl.gov/content/sequence/GLYCOSITE
/glycosite.html) (53).

Statistical analyses. Statistical analyses were performed using the SPSS 16
software package. The differences in amino acid length and number of PNGS
between viruses from the three tier groups were evaluated for statistical signif-
icance by a Jonckheere-Terpstra test, while differences between viruses from two
of the tier groups were assessed by a Student’s ¢ test. Correlations between
neutralization sensitivity and calendar year of isolation of the tier-categorized
reference HIV-1 variants were evaluated for statistical significance by Spear-
man’s correlation. Differences in neutralization sensitivities to HIVIG and MAbs
of the V1V2 exchange chimeras compared to the neutralization sensitivities of
the corresponding NL4-3/Env chimeras containing the wild-type Env were eval-
uated for statistical significance by a Wilcoxon signed rank test.

RESULTS

Env characteristics that coincide with neutralization sensi-
tivity in a reference panel of tier-categorized HIV-1 variants
with various neutralization sensitivities. We have previously
reported that escape from humoral immunity, both at the in-
dividual and at a population level, coincides with an increase in
envelope glycoprotein length, mainly of the V1V2 loop, and an
increase in the number of potential N-linked glycosylation sites
(PNGS) within that same region. Here, we first analyzed
whether these molecular differences coincide with HIV-1 neu-
tralization sensitivity in general. To this end, we analyzed the
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length of Env and number of PNGS in Env in a reference panel
of HIV-1 variants that were classified as tier 1 to tier 3 based
on their neutralization sensitivities. These reference panels are
being used for the assessment of the neutralizing ability of sera
and monoclonal antibodies and are supposed to represent ge-
netically and geographically diverse subsets of viruses with
neutralization phenotypes that are representative of primary
isolates. To better evaluate the neutralizing activity of a serum
or monoclonal antibody, a tiered algorithm has been designed
in which tier 1 viruses are the most sensitive and tier 3 viruses
are the most resistant to antibody neutralization (26, 27, 31,
45). A total of 116 reference viruses that were categorized into
tier 1 to tier 3 by Seaman et al. and by Li et al. and Mascola et
al. (29 tier 1 viruses, 71 tier 2 viruses, and 16 tier 3 viruses) (26,
27, 31, 45) were analyzed. We found that the length of Env and
the number of PNGS in Env were significantly increased in
viruses that were more resistant to antibody neutralization.
This increase was most obvious between the tier 2 and tier 3
viruses (Fig. 1). These differences in length and number of
PNGS could be attributed to the variable but not the constant
regions of gp120. Of the variable regions, we only observed a
significant correlation between neutralization sensitivity and
the length and number of PNGS of the Env V1V2 loops
(Fig. 1).

In line with our previous observation that HIV-1 is evolving
toward a more neutralization-resistant phenotype over calen-
dar time, we here observed a correlation between the neutral-
ization resistance of the tier-categorized reference viruses and
the year in which these viruses were isolated, albeit the corre-
lation was not very strong (Spearman r = 0.369, P = 0.001;
data not shown).

Regions in the envelope glycoprotein that are involved in
escape from neutralizing activity in autologous serum. Within
a patient, HIV-1 has the ability to adapt to the humoral im-
mune response and to escape from the neutralizing antibodies
in serum. Here, we examined the effects of changes in different
regions of Env on the sensitivity to neutralization by autolo-
gous serum through the introduction of gp41 or the variable
region(s) V1, V1V2, V3, or V4 from a neutralization-sensitive
virus that was isolated early in infection into the envelope
background of a virus variant that was isolated late in infection
and that had escaped from the neutralizing activity in serum.

Overall, amino acid sequence variation in Env between these
two viruses was 14.5%, with much higher variations of 76.7%,
44.1%, and 38.5% in variable loops V1, V4, and V5, respec-
tively. The V2 loop, V3 loop, and gp41 were more conserved,
with 17.9%, 5.4%, and 8.4% difference in amino acid sequence,
respectively. The variation in V1 was due to both single amino
acid substitutions and an insertion of 7 amino acids in the
autologous-neutralization-resistant virus, and these sequence
changes also resulted in the introduction of two additional
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PNGS. Beside these changes, the autologous-neutralization-
resistant virus had six additional PNGS in other regions of Env:
one in the V2 loop, two in the C2 region, two in the V4 loop,
and one in the C4 region. Moreover, the V4 loop in the
autologous-neutralization-resistant virus was 2 amino acids lon-
ger than that same loop in the autologous-neutralization-sen-
sitive virus.

Chimeric NL4-3/Env viruses that harbored the Env of the
autologous-neutralization-resistant virus in which gp41 or one
of the variable loop(s) V1, V1V2, V3, or V4 was exchanged
with the same region from the autologous-neutralization-sen-
sitive virus were all replication competent. The reciprocal chi-
meric NL4-3/Env viruses in which the different regions of Env
of the autologous-neutralization-resistant virus were placed in
the background of Env of the autologous-neutralization-sensi-
tive virus were replication incompetent, despite the correct
construction of the chimeric env PCR products as verified by
sequencing.

Replacement of the V1 loop or the V1V2 loop of the
neutralization escape variant by the shorter, potentially less
densely glycosylated loops of the neutralization-sensitive virus
resulted in a reversion toward a neutralization-sensitive phe-
notype to levels comparable with those of the original neutral-
ization-sensitive virus variant (Table 1). Introduction of the V4
loop from the neutralization-sensitive virus into the Env back-
ground of the neutralization-resistant virus resulted in only a
small increase in sensitivity to neutralization by autologous
serum, while the exchange of V3 or gp41l had no effect on
neutralization sensitivity. A serum pool from HIV-1-negative
individuals was used as a negative control for the neutraliza-
tion assay and did not show any neutralization of the chimeric
NLA4-3/Env viruses.

We also tested the neutralization sensitivities of the chimeric
NLA4-3/Env viruses to HIVIG (a pool of purified IgG obtained
in 1995 from chronically HIV-1-infected individuals) (25) and
MADs bl2, 2G12, 2F5, and 4E10. In addition, sensitivity to
neutralization by MAb 447-52D was tested, since a change in
sensitivity to this V3-directed antibody may point to unin-
tended conformational changes in the chimeric NL4-3/Env
viruses. The virus that was sensitive to neutralization by autol-
ogous serum was also sensitive to neutralization by MAbs b12,
2G12, 2F5, and 4E10, while the virus that was resistant to
neutralization by autologous serum was also resistant to neu-
tralization by all of these antibodies except MAb 2G12. Re-
placement of the V1V2 loop in the neutralization-resistant
escape variant by the V1V2 loop of the neutralization-sensitive
virus resulted in a chimeric virus that was sensitive to neutral-
ization by MADb b12. This change in phenotype was not ob-
served when only the V1 loop was replaced, indicating that the
V2 loop is involved in the neutralization resistance to MAb b12
of the neutralization-resistant escape variant (Table 1). The

FIG. 1. Envelope glycoprotein characteristics of tier-categorized reference HIV-1 variants. The numbers of amino acids in the different regions
of Env (from top to bottom: gp120, all variable regions, variable regions 1 and 2, variable region 1, and variable region 2) are depicted in the left
panels, while the numbers of potential N-linked glycosylation sites (PNGS) are depicted in the right panels. The tier-categorized reference viruses
are grouped according to their neutralization sensitivity, with tier 1 being the most neutralization sensitive and tier 3 the most neutralization
resistant. Horizontal bars represent the mean values. The associations between numbers of amino acids or PNGS and neutralization resistance
between viruses from the three tier groups were evaluated for statistical significance by the Jonckheere-Terpstra test and between two tier groups

by Student’s ¢ test.
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TABLE 1. Neutralization sensitivities of original and chimeric NL4-3/Env viruses in which gp41 or gp120
variable regions have been exchanged
1Cs (1/serum dilution)” 1Cs (pg/ml)
Env in chimeric NL4-3/Env virus .
Autologous serum - HIVICEANE  njapb b1y MAD2G12  MAD2FS MAb4EI)  MAb 472D HIVIG
mo post-SC serum
Env of sensitive virus 510 <50 34 0.6 1.9 11.0 >25 >1,500
Env of resistant virus <50 <50 >25.0 1.2 >25.0 >25.0 >25 >1,500
Env of resistant virus with V1 of 837 <50 >25.0 0.1 >25.0 11.3 >25 >1,500
sensitive virus
Env of resistant virus with V1V2 of 680 <50 1.7 1.0 >25.0 >25.0 >25 >1,500
sensitive virus
Env of resistant virus with V3 of 71 <50 >25.0 1.2 >25.0 14.7 >25 >1,500
sensitive virus
Env of resistant virus with V4 of 153 <50 >25.0 2.4 >25.0 >25.0 >25 >1,500
sensitive virus
Env of resistant virus with gp41 of <50 <50 >25.0 0.5 6.5 >25.0 >25 >1,500

sensitive virus

“1Cs0, 50% inhibitory concentration; SC, seroconversion.

virus that was sensitive to neutralization by autologous serum
was also sensitive to neutralization by the gp41-directed MAbs
2F5 and 4E10. This phenotype could be transferred to the
envelope of the virus that resisted neutralization by autologous
serum by exchange of the gp41 region. All original and chime-
ric NL4-3/Env viruses were resistant to neutralization by MAb
447-52D and HIVIG (Table 1), suggesting that the exchange of
gp41 or variable regions did not change the overall Env con-
formation of these viruses or result in an overall better acces-
sibility of epitopes.

Effect of VIV2 loops on the neutralization sensitivity of
HIV-1 over calendar time. We previously observed that re-
cently transmitted HIV-1 variants from historical seroconvert-
ers were more sensitive to neutralizing antibodies than recently
transmitted viruses from contemporary seroconverters and
that the viruses from contemporary seroconverters had a lon-
ger V1V2 loop and more PNGS in this region than recently
transmitted viruses from historical seroconverters (6) (Table
2). To determine if these Env characteristics are indeed in-

volved in the neutralization sensitivity of these viruses, we
constructed a total of 36 replication-competent chimeric NL4-
3/Env viruses in which the V1V2 loop was reciprocally ex-
changed between 5 recently transmitted viruses from historical
seroconverters and 5 recently transmitted viruses from con-
temporary seroconverters. Our attempt to generate 14 of these
chimeric NL4-3/Env viruses failed. This was due either to an
inability to generate chimeric env PCR products in which the
V1V2 was properly exchanged (n = 4) or to our inability to
clone the chimeric env PCR products into the NL4-3 back-
ground (n = 10). For accurate evaluation of the viral pheno-
type, all wild-type (wt) env genes (n = 10) were also cloned into
the background of NL4-3.

The 36 chimeric NL4-3/Env viruses that were successfully
generated, now harboring envelope genes that were chimeric
for the V1V2 region, were tested for their sensitivities to neu-
tralization by HIVIG and MAbs b12, VRCO01, 2F5, and 447-
52D, which were compared to the neutralization sensitivities of

TABLE 2. Neutralization sensitivities and Env characteristics of the HIV-1 variants that were isolated from
historical and contemporary seroconverters”

Virl_Js and Yr of ICs (pg/ml) Length (aa) No. of PNGS
Perloq of sc
isolation HIVIG VRCO1 b12 2F5 447-52D A V2 VIV2 A V2 Viv2
Historical
H19999 1985 831.3 0.121 1.12 >25.00 >25 23 39 62 4 2 6
H18766 1988  >1,500.0 0.094  >25.00 7.29 >25 25 38 63 3 2 5
H19768 1986 805.4 0.099 1.46 1.51 >25 25 39 64 3 2 5
H19342 1986 846.3 0.090 1.17 2.17 >25 25 39 64 3 2 5
H19542 1985 632.9 0.524 1.41 0.69 >25 25 42 67 3 3 6
Contemporary
P197 2005 1,009.0 0482  >25.00 0.53 >25 29 39 68 4 2 6
P180 2004  >1,500.0 0.753  >25.00 >25.00 >25 27 41 68 5 2 7
P004 2003  >1,500.0 0.345  >25.00 1.76 >25 33 39 72 5 1 6
P002 2003 1,316.3 >5.000 5.30 0.11 >25 30 46 76 6 5 11
P127 2005  >1,500.0 <0.078 0.21 4.29 >25 38 68 106 4 5 9
P value® 0.042 0.283 0.204 0.883 1.000 0.008 0.230 0.088  0.006  0.380 0.043

“ SC, seroconversion; ICs, 50% inhibitory concentration; aa, amino acid; PNGS, potential N-linked glycosylation site(s).
" Differences in neutralization sensitivity and Env characteristics between the two groups of HIV-1 variants from historical and contemporary seroconverters were

evaluated for statistical significance using Student’s ¢ test.



Vor. 85, 2011

the chimeric NL4-3/Env viruses with the Env of the original wt
viruses.

With the exception of chimeric NL4-3/Env-wtH18766, all
chimeric NL4-3/Env viruses containing wt Envs of HIV-1 from
historical seroconverters were sensitive to neutralization by
HIVIG, VRCO01, and b12 (Table 2). The introduction of a
longer V1V2 loop with more PNGS of HIV-1 from contem-
porary seroconverters into the background of Env of HIV-1
from historical seroconverters increased the levels of resistance
to HIVIG neutralization to >1,500 pg/ml (highest antibody
concentration tested) for 7 out of 18 chimeric NL4-3/Env vi-
ruses and raised the levels of neutralization resistance to a
lesser extent for an additional 6 variants (P = 0.002) (Fig. 2).
For the remaining 5 chimeric NL4-3/Env viruses, the levels of
neutralization sensitivity to HIVIG did not change compared
to those of the chimeric NL4-3/Env wt viruses. The intro-
duction of the V1V2 region of HIV-1 from contemporary
seroconverters into the background of Env of HIV-1 from
historical seroconverters resulted in a >2-fold increase in
neutralization resistance to MAb VRCO01 for 10 out of 18
viruses (P = 0.001) (Fig. 2) and to MAb b12 for 11 out of 18
viruses (P = 0.002) (Fig. 2). For 6 viruses, increased levels of
neutralization resistance were observed for both VRCO01 and
b12. In line with our previous observation that the neutraliza-
tion sensitivity of HIV-1 for 2F5 did not change over the course
of the epidemic (6), the levels of sensitivity to neutralization by
MAD 2F5 were similar for viruses with either wt or chimeric
envs. The comparable sensitivities to neutralization by MAb
447-52D of viruses with wt Env or chimeric Env implied that
the overall conformation of Env, which may result in enhanced
exposure and accessibility of the V3 loop, was intact (Fig. 2).

Replacement of V1V2 in HIV-1 of contemporary serocon-
verters by the V1V2 loop of HIV-1 from historical serocon-
verters resulted in a trend toward increased neutralization
sensitivity to HIVIG (P = 0.091) (Fig. 2) but did not consis-
tently change the neutralization phenotypes for MAbs b12,
VRCO01, and 2F5 compared to the NL4-3 with the correspond-
ing wt Env from viruses of contemporary seroconverters. We
did, however, observe a significant increase in neutralization
sensitivity to MAb 447-52D for these viruses (P = 0.028) (Fig.
2), mainly caused by the chimeric NL4-3/Env viruses con-
structed from wt virus P127.

DISCUSSION

HIV-1 has developed multiple mechanisms to evade neutral-
izing antibodies. The viral envelope glycoprotein can change dra-
matically during the course of infection due to the positive
selection of escape mutations under the immune pressure of
neutralizing antibodies. In particular, the length and glycosyl-
ation characteristics of the V1V2 loop seem to play a role in
resistance against neutralizing antibodies, possibly by shielding
underlying regions of the envelope glycoprotein from antibody
recognition (8, 9, 10, 18, 33, 37, 41, 42, 43, 46, 49, 52).

We recently observed that HIV-1 has become more resistant
to neutralizing antibodies at a population level over a time
course of 20 years (6), which also coincided with an increased
length of the V1 loop of the HIV-1 envelope glycoprotein and
an increased number of PNGS in that same region. The out-
come of that study was seemingly in contrast with a previous
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report that did not observe a change in the number of PNGS
in HIV-1 envelope over the calendar time of the epidemic (53).
The facts that we studied HIV-1 evolution over a longer pe-
riod, that we only compared HIV-1 variants from historical and
contemporary seroconverters rather than including HIV-1
variants from individuals who seroconverted during the in-
between time period, and that we excluded CXCR4-using
HIV-1 variants from the analysis may have contributed to the
discrepancy between these results.

Our observations imply a major role of the V1V2 loop of
Env in the resistance to antibodies, both at an individual and at
a population level (6, 37, 43). This idea is further strengthened
by our present analysis of envelope gp120 sequences of refer-
ence viruses that are categorized from tier 1 to tier 3 based on
their susceptibility to neutralization by antibodies and sera (26,
27, 31, 45). We found that both the length of Env and the
number of PNGS in Env were significantly increased in refer-
ence viruses that were more resistant to antibody neutraliza-
tion (tier 3 viruses) compared to those in reference viruses that
were more sensitive to neutralization (tier 1 and tier 2 viruses).
This association was particularly evident for the V1V2 region
of Env. Although the association between neutralization sen-
sitivity and both Env length and the number of PNGS in Env
was significant for the tier 1- to 3-categorized reference viruses,
the variation in envelope characteristics among viruses from
each tier was quite large, suggesting that other regions are
likely to play a role in neutralization sensitivity as well. In line
with our previous observation that HIV-1 is evolving toward a
more neutralization-resistant phenotype over calendar time
(6), the neutralization resistance of the tier-categorized refer-
ence viruses was also correlated with the year of virus isolation,
albeit the correlation was not very strong.

The association between V1V2 loop characteristics and neu-
tralization sensitivity of tier-categorized reference viruses does
not provide direct proof for a causal relationship. Results from
earlier studies do, however, imply a direct role for the V1V2
loop in the resistance to neutralizing antibodies. Replace-
ment of the V1V2 loop of neutralization-sensitive T cell
line-adapted HIV-1 strains or highly neutralization-sensitive
tier 1 viruses, such as SF162 (12, 13, 34, 37), with the V1V2
loop of a more neutralization-resistant virus resulted in less
neutralization-sensitive chimeric viruses. In our present study,
we used primary HIV-1 variants that are representative of the
viruses that occur in human infection (16). However, our re-
sults with primary viruses are in full agreement with the results
of previous studies (20, 24, 37, 41, 43), confirming that the
V1V2 loop plays an important role in the escape of HIV-1
from neutralizing antibodies over the course of infection. In
the patient we studied longitudinally here, the large increases
in the length of the V1V2 loop and in the number of PNGS in
this same region are likely to reflect the large selective pressure
on this part of the viral envelope glycoprotein. As we did not
map the antibody specificities in the serum of this patient, we
cannot conclude whether the selection of these changes is
driven by direct escape from V1V2-directed antibodies or
whether the increased size of the V1V2 loops may protect part
of the outer domain of gp120 against antibody recognition. In
addition, other regions of Env, such as V4, which have not
been investigated in other studies (20, 24, 37, 41, 43), may also
contribute to the escape of HIV-1 from neutralizing antibod-
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FIG. 2. Neutralization sensitivities of the chimeric NL4-3/Env viruses in which the V1V2 loop was exchanged between viruses from historical
and contemporary seroconverters. The chimeric NL4-3/Env viruses consisting of Env of an HIV-1 variant from a historical seroconverter with the
V1V2 region of an HIV variant from a contemporary seroconverter are depicted in the left panels, and the chimeric NL4-3/Env viruses consisting
of Env of an HIV-1 variant from a contemporary seroconverter with the V1V2 region of an HIV variant from a historical seroconverter are
depicted in the right panels. ICys, determined by linear regression, are indicated for HIVIG and MAbs VRCO01, b12, 2F5, and 447-52D (from top
to bottom), with a red square representing the original wild-type NL4-3/Env virus and each black circle representing a corresponding chimeric
NLA4-3/Env virus in which the V1V2 loop has been exchanged. Differences in neutralization sensitivities to HIVIG and MAbs of the V1V2 exchange
chimeras compared to the neutralization sensitivities of the corresponding NL4-3 chimera containing the wild-type Env were evaluated for
statistical significance by a Wilcoxon signed rank test, and P values are shown at the top of each box.
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ies, as we observed here that exchange of the V4 loop also
influenced neutralization sensitivity.

Our data illustrate that the longer V1V2 loops with more
PNGS on viruses from contemporary seroconverters compared
to those from historical seroconverters are directly related to a
decreased sensitivity to neutralization by HIVIG and CD4-
binding-site-directed antibodies b12 and VRCO1. This implies
that longer, more heavily glycosylated V1V2 loops may occlude
the CD4-binding site and prevent the binding of CD4-binding-
site antibodies. Given the relatively large proportion of HIV-
1-infected individuals that develop CD4-binding-site-directed
antibodies (4, 15, 28), it seems likely that the adaptation of
HIV-1 toward increased neutralization resistance to this anti-
body specificity is a direct consequence of selective antibody
pressure. However, we cannot exclude other mechanisms that
may have influenced this process, such as positive selection for
HIV-1 variants that have an increased binding affinity to the
CD#4 receptor. Indeed, changes in the CD4-binding site result-
ing from competition for binding to the CD4 receptor may at
the same time increase the sensitivity of HIV-1 to neutraliza-
tion by CD4-binding-site-directed antibodies. In this scenario,
the changes we observed in the V1V2 loops may compensate
for the increased exposure of the CD4-binding site to neutral-
izing antibodies. The observation that neutralization sensitivity
to gp41-directed antibodies has not changed over the course of
the epidemic (6) indicates that gp41-directed antibody speci-
ficities are rare or that they do not provide strong selection
pressure on the viral envelope glycosylation. Our data do not
discriminate whether a particular glycan or region of the V1V2
loop is involved in the protection against CD4-binding-site-
directed neutralizing antibodies, nor do they exclude the in-
volvement of other regions of the viral envelope.

The Envs of recently transmitted viruses from five historical
seroconverters and the Envs of recently transmitted viruses
from five contemporary seroconverters showed substantial se-
quence differences within the V1V2 region but also in other
parts of the envelope glycoprotein. Indeed, sequence diversity
in the V4 loop of recently transmitted viruses from historical
and contemporary seroconverters was observed at 44% of the
amino acid positions. Although we did not observe specific
variations between recently transmitted viruses from historical
and contemporary seroconverters in this region, the possibility
that the mutations in the V4 loop might also have contributed
to the increase in neutralization sensitivity cannot be excluded.
The observation that replacement of the V1V2 loop in Env of
HIV-1 from contemporary seroconverters by the V1V2 loop of
viruses from historical seroconverters did not result in a sig-
nificant difference in neutralization sensitivity, while the repli-
cation capacity was unchanged (data not shown), might suggest
that other regions or characteristics of Env could also play a
role in the increase in neutralization resistance in viruses of
contemporary seroconverters.

Despite these unknowns, the results from our study seem to
suggest that escape from neutralizing antibodies might be me-
diated by changes in the variable regions of Env and not nec-
essarily by mutations in the epitopes of the antibodies them-
selves. This is in line with previous observations that escape
from neutralizing antibodies and even cross-reactive neutral-
izing antibodies, which are most likely directed against highly
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conserved regions, does not have a major impact on HIV-1’s
replication capacity (7, 38, 49).

Changing a part of Env, such as the V1V2 loop, might be
incompatible with the original conformation of the envelope
glycoprotein, which may explain why certain chimeric NL4-3/
Env viruses lacked replication competence. Conformational
changes of Env may influence the neutralization sensitivity of
the virus. It has been shown that deletion of the V1V2 loop can
result in a more open conformation of the envelope, with
better exposure of the V3 loop, and that even relatively small
changes in the V1V2 loop may result in a more open envelope
conformation, making the virus more susceptible to anti-V3
antibodies (20, 32, 36). Despite the fact that all of the original
viruses had the epitope for V3 antibody 447-52D (55), they
were all resistant to its neutralizing activity, indicating that the
relevant epitope on the V3 loop was not exposed in these
viruses. However, some of the chimeric NL4-3/Env viruses
were more sensitive to MAb 447-52D, suggesting that the en-
velope conformation of these viruses was more open and no
longer occluding the V3 loop. This was most obvious for the
chimeric NL4-3/Env variants of the original P127 virus, which
were much more sensitive to MAb 447-52D than the original
virus. The V1V2 region in virus P127 was at least 30 amino
acids longer than the V1V2 loop from the other viruses in-
cluded in this study, which may explain the effect of V1V2
exchange on envelope conformation.

In conclusion, we here demonstrate that the increased
length of the HIV-1 envelope V1V2 loop with an increased
number of PNGS is directly responsible for the protection of
HIV-1 against CD4-binding-site-directed neutralizing antibod-
ies, possibly by shielding underlying epitopes in the envelope
glycoprotein from antibody recognition. However, our findings
do not exclude the possibility that changes in other regions of
the HIV-1 envelope may cause a neutralization-resistant phe-
notype as well. For vaccine immunogen design, the properties
of the V1V2 loop should be taken into account to achieve
optimal exposure of certain conserved epitopes. Moreover, as
HIV-1 may continue to evolve, it remains to be established
whether the epitopes that will be included in a vaccine im-
munogen will indeed be accessible on HIV-1 variants that will
be circulating once a vaccine becomes available.
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