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tional changes (29, 42, 46). Most patients infected with HIV
develop NAbs, and many monoclonal antibodies (MAbs) with
neutralizing activity have been isolated from HIV-infected patients. However only a few of these MAbs display cross-neutralizing reactivity, i.e., can neutralize diverse HIV isolates (4,
8). These are the types of antibodies one would want to elicit
during immunization, but thus far this goal has not been
achieved (1–3, 12, 13, 15–17, 20, 22, 38, 40, 45).
Since the target of NAbs is HIV Env, several variations of
this viral antigen have been tested over the years as immunogens to elicit cross-reactive anti-HIV NAbs. Soluble monomeric gp120 immunogens are ineffective at eliciting such antibodies (18, 19, 24). Overall, soluble oligomeric forms of Env
(comprising the gp120 subunit and the extracellular region of
gp41, termed gp140s) are capable of eliciting cross-reactive
NAbs but of limited breadth (1, 3, 12, 16, 17, 22, 45), although
a recent study indicated that immunization with an Env protein
(designated R2) derived from an HIV-infected subject who
developed cross-reactive neutralizing antibody responses resulted in the elicitation of cross-neutralizing antibody responses against many heterologous viruses (47).
Structural and antigenic studies of HIV Env and of certain
broadly reactive NAbs provide valuable information on the
presentation of neutralization epitopes on Env and on their
interaction with NAbs. The immunogenic properties of HIV
Env immunogens are not, however, predictable by using structural or antigenic studies. For instance, even though the SF162
Env contains epitopes recognized by many broadly reactive

The Env glycoprotein (Env) of human immunodeficiency
virus (HIV) plays critical roles in several steps of the viral life
cycle, including its transmissibility, cellular tropism, and replication kinetics, and it is the target of both cell-mediated and
antibody-mediated antiviral immune responses. Env is produced as a single, heavily glycosylated polypeptide that during
intracellular processing is cleaved by cellular enzymes into two
noncovalently associated subunits: a transmembrane subunit
(gp41) and an extracellular subunit (gp120) (14). During processing, the Env oligomerizes into trimers of gp120/gp41 heterodimers (9, 23, 48), and it is this trimeric Env form that
allows the viral lipid envelope to fuse with target cell plasma
membranes expressing appropriate receptor molecules during
the initial steps of infection.
Antibodies to almost every Env region have been isolated
from infected patients (28). However, not every Env region on
the virion-associated trimers is optimally available for antibody
binding (5, 27, 31, 35, 39). In general, neutralizing antibodies
(NAbs) bind to epitopes that are exposed on the virion-associated Env trimer, although NAbs have also been described
that preferentially bind to their epitopes once Env attaches
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Current vaccine efforts to elicit cross-reactive neutralizing antibodies (NAbs) against human immunodeficiency virus (HIV) focus on the engineering of soluble mimetics of the trimeric HIV Env glycoprotein (commonly termed gp140 immunogens). Such immunogens are thought to be more effective than previously tested
monomeric gp120 immunogens at eliciting cross-reactive NAbs. Still, the breadth of neutralizing antibody
responses elicited by gp140 immunogens is narrow. Understanding why antibodies elicited by gp140 immunogens fail to neutralize a wide range of heterologous primary HIV isolates is necessary for improving the
design of such immunogens. We previously reported that antibodies elicited in macaques by SF162 Env-derived
gp140 immunogens fail to neutralize several heterologous “neutralization-resistant” primary HIV type 1
isolates, such as JRFL, ADA, and YU2. Here we show that by replacing the V1 region of Env on these
heterologous viruses with that of SF162, we render them highly susceptible to neutralization by the
SF162gp140-elicited antibodies. We observed that viral neutralization was mediated not only by vaccineelicited anti-V1 but also by anti-V3 antibodies and antibodies directed against as yet unidentified Env regions,
depending on the heterologous Env background. Our study indicates that common neutralization epitopes are
differentially exposed on diverse primary HIV isolates and that the V1 loop contributes to this differential
exposure. Therefore, the antibody responses elicited by soluble gp140 immunogens will have to overcome
several distinct obstacles in order to neutralize diverse primary HIV isolates.
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MAbs (such as IgG1b12, 2G12, 2F5, or 4E10) and the SF162
virus is susceptible to neutralization by such antibodies (33, 34,
37), immunization with SF162 Env-derived immunogens does
not result in the generation of IgG1b12-, 2G12-, 2F5-, or 4E10like antibodies (1, 7, 12).
A large fraction of the homologous neutralizing antibodies
elicited by SF162gp140 bind to the V1 loop of gp120 (12). Such
antibodies are not expected to recognize the V1 loop on heterologous isolates since the V1 loop is highly variable. As a
result, sera from animals immunized with SF162gp140-derived
immunogens display a narrow breadth of neutralizing activities
(12). An alternative possibility is that some of the anti-V1
antibodies elicited by the SF162gp140-derived immunogens
are cross-reactive but their epitopes are differentially exposed
on the V1 loops of heterologous isolates, i.e., they are less
accessible to antibody binding.
By examining the specificities of antibodies elicited by gp140
immunogens and by identifying obstacles that interfere with
the ability of antibodies to interact with their targets on heterologous isolates, a systematic and rational optimization of
the gp140 constructs can be achieved.
Here we examine in detail how the positioning of the V1
loop on heterologous virions influences the neutralizing activity of SF162 gp140-elicited antibodies. Our results indicate that
the V1 loop presents a major hurdle in our efforts to elicit
cross-reactive NAbs by immunization, not only because it is
highly variable and gp140-elicited anti-V1 antibodies do not
bind to the V1 loops of heterologous isolates but also because
it prevents the binding of cross-reactive NAbs to potentially
conserved targets outside the V1 loop.
MATERIALS AND METHODS
Cell lines. Human epithelial cell-like embryonic kidney 293T cells and TZM-bl
cells were propagated as previously described (12).
Antibodies and sera. MAbs P1H6, P3B2, P4D7, and P3C8 were isolated from
mice immunized with SF162⌬V2 gp140, while MAb P3E1 was isolated from mice
immunized with SF162 gp140 (11). IgG1b12 MAb was provided by Dennis
Burton (Scripps Institute). IgGCD4 was purchased from Progenics (Tarrytown,
NY). MAb 2G12 was purchased from Polymun Scientific (Vienna, Austria).
MAb 447D was provided by Susan Zolla-Pazner and Mirek Gorny (New York

University,). Macaque sera were collected from animals previously immunized
with SF162gp140-derived immunogens (12).
Env-expressing plasmids. The full-length SF162 env gene was cloned in the
pEMC* vector (25, 32). The Env glycoproteins encoding genes of JR-FL, YU-2,
and ADA were provided by J. Sodroski (Dana Faber Cancer Institute, Harvard,
MA).
Replacement of the V1 loop of JRFL, ADA, YU2, HxB2, and 89.6 with that of
SF162. The V1 loop amino acid sequences of the six wild-type (WT) Envs
examined here are shown in Fig. 1A.
(i) Introduction by mutagenesis of FseI and NotI restriction sites. In order to
replace the V1 loops of the heterologous Envs with that of SF162, FseI and NotI
restriction sites flanking the V1 region were inserted in the env genes of SF162,
JRFL, ADA, YU2, HxB2, and 89.6. The FseI restriction site was created by inserting
nine nucleotides in the 5⬘ end of the V1 region of each env gene by using the
QuikChange II site-directed mutagenesis kit (Stratagene). The following primers
were used: for SF162, SF162 FseI F (5⬘-CATTGCACTAATTTGGGCCGGCCTA
AGAATGCTACTAATACC-3⬘) and SF162 FseI R (5⬘-GGTATTAGTAGCATT
CTTAGGCGGGCCCAAATTAGTGCAATG-3⬘) (the restriction site is shown in
bold; one extra nucleotide [underlined] was inserted directly after the restriction
site in order to maintain the SF162 env open reading frame); for JRFL, JRFL
FseI F (5⬘-AATTGCAAGGATGTGGGCCGGCCTAATGCTACTAATACC-3⬘)
and JRFL FseI R (5⬘-GGTATTAGTAGCATTAGGCCGGCCCACATCCTTGC
AATT-3⬘); for ADA, ADA FseI F (5⬘-AATTGCACTGATTTGGGCCGGCCAA
GGAATGTTACTAAT-3⬘) and ADA FseI R (5⬘-ATTAGTAACATTCCTTGGC
CGGCCCAA ATCAGTGCAATT-3⬘); for YU2, YU2 FseI F (5⬘-AATTGCACTG
ATTTAGGCCGGCCAAGGAATGCTACTAAT-3⬘) and YU2 FseI R (5⬘-ATTA
GTAGCATTCCTTGGCCGGCCTAAATCAGTGCAATT-3⬘); for 89.6, 89.6 FseI
F (5⬘-TGCACTAATTTGGGCCGGCCAAATATCACTAAGAATACT-3⬘) and
89.6 FseI R (5⬘-AGTATTCTTAGTGATATTTGGCCGGCCCAAATTAGTGCA3⬘); and for HxB2, HxB2 FseI F (5⬘-AAGTGCACTGATTTGGGCCGGCCAAAG
AATGATACTAATACC-3⬘) and HxB2 FseI R (5⬘-GGTATTAGTATCATTCTT
TGGCCGGCCCAAATCAGTGCACTT-3⬘).
The NotI site was created in a similar fashion using the QuikChange II
site-directed mutagenesis kit (Stratagene). The restriction site is shown again in
bold. The following primers were used: for SF162, SF162 NotI F (5⬘-GAGATG
GACAGAGGATGCGGCCGCGAAATAAAAAATTGC-3⬘) and SF162 NotI R
(5⬘-GCAATTTTTTATTTCGCGGCCGCATCCTCTGTCCATCTC-3⬘);
for
JRFL, JRFL NotI F (5⬘-ACGATGGAGAGAGGATGCGGCCGCGAA ATAA
AAAACTGC-3⬘) and JRFL NotI R (5⬘-GCAGTTTTTTATTTCGCGGCCGCA
TCCTCTCTCCATCGT-3⬘); for ADA, ADA NotI F (5⬘-GAGGGAATGAGAG
GATGCGGCCGCGAAATAAAAAACTGC-3⬘) and ADA NotI R (5⬘-GCAGTT
TTTTATTTCGCGGCCGCATCCT CTCATTCCCTC-3⬘); for YU2, YU2 NotI
F (5⬘-ACGATGGAGAAAGGATGCGGCCGCGA AATAAAAAACTGC-3⬘)
and YU2 NotI R (5⬘-GCAGTTTTTTATTTCGCGGCCGCATCCTTTCTCCAT
CGT-3⬘); for 89.6, 89.6 NotI F (5⬘-ATGATGGAGAAAGGATGCGGCCGCG
AAATAAAAAATTGC-3⬘) and 89.6 NotI R (5⬘-GCAATTTTTTATTTCGCG
GCCGCATCCTTTCTCCATCAT-3⬘); and for HxB2, HxB2 NotI F (5⬘-ATAAT
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FIG. 1. Amino acid sequence of WT and chimeric Envs. (A) The amino acid composition of the V1 loops from the various WT Envs used is
indicated. (B) The amino acid sequences of the chimeric Envs expressing the SF162 V1 loop (Env/162V1 constructs) is shown.
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bone. The ratio of gp160-expressing:pNL4-3-expressing vectors used during
transfection varied depending on the type of vector that carried the env gene. For
env genes cloned in the pEMC* vector (SF162-derived env genes), that ratio was
1:20. For env genes cloned in the pSV7d vector (ADA-, HxB2-, YU-2-, and
JRFL-derived env genes), the ratio was 1:1. For 89.6-derived env genes (cloned
in vector E7), the ratio was 1:50. The p24 antigen concentration of each
pseudovirus preparation was determined with the HIV type 1 p24 Antigen
Capture Assay kit (AIDS Vaccine Program; NCI-Frederick Cancer Research
and Development Center).
Entry assays. The ability of each Env construct to mediate virus-cell fusion was
evaluated using TZM-bl cells as targets as previously described (12). Briefly,
twofold serial dilutions of the various single-round competent virions (starting at
30 ng p24) were added to polybrene-treated cells (3 ⫻ 103 cells per well of a
96-well U-bottomed tissue culture plate; Falcon). Following a 72-h incubation,
the cell-associated luciferase was determined as previously described using a
Fluoroskan Ascent FL luminometer (Thermo Labsystems) and the Ascent software for Fluoroskan Ascent FL (12, 25, 32). The results were processed, analyzed, and plotted using GraphPad Prism 4.03 software.
Virus neutralization. The neutralization susceptibilities of virions expressing
the various Envs to MAbs and sera from macaques immunized with SF162gp140
was determined using TZM-bl cells as targets as previously described (12, 25, 32).
Briefly, 3 ⫻ 103 TZM-bl cells were plated per well in a 96-well flat-bottomed cell
culture cluster (Corning Incorporated) and incubated at 37°C with 5% CO2 for
approximately 24 h. Viruses were preincubated with an equal volume of serially
diluted MAb or sera (in complete Dulbecco’s modified Eagle’s medium) for 90
min at 37°C in 96-well U-bottomed tissue culture plate (Falcon). For each MAb
or serum dilution, duplicate wells were used. The cells were first treated with
Polybrene (2 g/ml) for 30 min at 37°C and incubated either alone or with virus
in the absence of MAbs (negative and positive controls for entry, respectively).
In neutralization assays with sera from SHIVSF162P4-infected rhesus macaques
(6, 12), each virus was also incubated with sera collected from the same animals
prior to immunization (prebleed, which serves as an internal control for potential
nonspecific inhibition of HIV entry). The virus/antibody mixture was incubated
with cells for 72 h at 37°C. At that point, the cell supernatant was removed and
cell-associated luciferase was determined as discussed above. After subtracting
the average number of relative light units (RLU) in the negative control wells
from all of the values, the percent neutralization was calculated as follows:
[(average number of RLU in the positive control wells ⫺ number of RLU in the
presence of MAb or serum)/average number of RLU in the positive control
wells] ⫻ 100.
The contribution of anti-V1- and anti-V3-directed antibodies present in immune sera was determined as previously described (12). Briefly, serial dilutions
of sera were incubated with peptide (10 g/ml) for 1 h at 37°C and then with
single-round competent virus for 1 h at 37°C. This mixture was then incubated
with polybrene-treated TZM-bl cells for 72 h at 37°C, and cell-associated luciferase was determined. The percent reduction in neutralization in the presence of
peptide was determined at the serum dilution that resulted in 80% inhibition of
infection in the absence of peptide.

RESULTS
Neutralization susceptibility of viruses expressing the chimeric Envs. Pinter et al. reported that replacement of the
entire V1V2 region of JRFL with that of SF162 renders the
virus susceptible not only to V1 and V2 antibodies but also to
anti-V3 antibodies (30). This substitution had no effect on
neutralization by antibodies such as b12 or 2G12. We wanted
to determine whether substitution of the V1 loop alone would
have similar effects on the neutralization susceptibilities of all
the additional isolates studied here, including JRFL.
(i) Susceptibility to neutralization by MAbs. To evaluate the
effect of V1 loop substitution on the overall neutralization
susceptibilities of different Envs, we employed four anti-V1directed MAbs (P1H6, P3C8, P4D7, and P3B2), two anti-V3directed MAbs (P3E1 and 447D), one anti-CD4-binding-site
MAb (IgG1b12), the chimeric IgGCD4 protein, and the antiglycan-directed MAb 2G12. A summary of the neutralization
results with all the heterologous and chimeric Envs is pre-
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GGAGAAAGGATGCGGCCGCGAGATAAAAAAC-3⬘) and HxB2 NotI R
(5⬘-GTTTTTTATCTCGCGGCCGCATCCTTTCTCCATTAT-3⬘).
Introduction of these two restriction sites was verified first by enzymatic digestion with the FseI and NotI enzymes and then by sequencing.
(ii) Amplification of SF162 V1. Forward primer 216 (5⬘-AACCCACAAGAA
ATAGTATTG-3⬘) and reverse primer 218 (5⬘-ATCATTACACTTTAGAATC
GC-3⬘) were used to amplify (“Hot start” Platinum Pfx DNA polymerase; Invitrogen) a region of approximately 450 bp from the SF162 FseI/NotI (F/N)
construct. The PCR product was separated from the plasmid by agarose gel
electrophoresis. The QIAquick gel extraction kit (Qiagen) was used to recover
the 450bp amplified product from the agarose gel. The purified PCR product
containing V1 of SF162 (51 bp) flanked by the FseI and NotI cleavage sites was
simultaneously digested with the FseI and NotI restriction enzymes. This double
digestion creates a fragment with a 3⬘ FseI protruding site, a fragment with a 5⬘
NotI protruding site, and a small middle fragment containing the V1 region of
SF162 (SF162 V1). This last fragment was purified.
(iii) Creation of chimeric clade B env genes that contain V1 of SF162. Following double digestion of the JRFL F/N, ADA F/N, YU-2 F/N, 89.6 F/N, and
HxB2 F/N env sequences and the elimination of the V1 sequences, the SF162V1
F/N fragment was inserted into these constructs. The entire env genes were then
sequenced. These chimeric constructs were designated as follows: the name of
the heterologous Env, the introduced SF162 V1, and the existence of the FseI
and NotI sites (for example: JRFL/162V1 F/N).
(iv) Elimination of the FseI and NotI restriction sites from the chimeric env
genes. The FseI and NotI sites were removed from the above-mentioned chimeric Envs (Fig. 1B).
Two rounds of mutagenesis PCR were performed on the chimeric env genes to
eliminate the FseI and NotI sites from the above-described constructs. We first
removed the FseI site and then the NotI site. The primers used for removing the
FseI site were as follows: JRFL-RF F (5⬘ AATTGCAAGGATGTGAAGAAT
GCTACTAATACC 3⬘) and R (5⬘ GGTATTAGTAGCATTCTTCACATCCTT
GCAATT 3⬘); ADA-RF F (5⬘ AATTGCACTGATTTGAAGAATGCTACTA
ATACC 3⬘) and R (5⬘ GGTATTAGTAGCATTCTTCAAATCAGTGCAATT
3⬘); YU-2-RF F (5⬘ AATTGCACTGATTTAAAGAATGCTACTAA TACC 3⬘)
and R (5⬘ GGTATTAGTAGCATTCTTTAAATCAGTGCAATT 3⬘); 89.6-RF
F (5⬘ AATT GCACTAATTTGAAGAATGCTACTAATACC 3⬘) and R (5⬘
GGTATTAGTAGCATTCTTCAAATTAGTGCAATT 3⬘); and HxB2-RF F (5⬘
AAGTGCACTGATTTGAAGAATGCTACTAATACC 3⬘) and R (5⬘ GGTAT
TAGTAGCATTCTTCAAATCAGTGCACTT 3⬘). Each mutagenesis reaction
was performed using the QuikChange II site-directed mutagenesis kit (Stratagene) and 60 ng of plasmid as a template. Bovine serum albumin (0.4%) was
also added to each master mix. The reaction conditions consisted of 1 cycle at
95°C for 30 s (initial denaturation), followed by 18 cycles of successive denaturation, annealing, and elongation steps performed at 95°C for 30 s, 55°C for 1 min,
and 68°C for 7.5 min, respectively, and 1 final cycle at 70°C for 7 min (final
elongation). All reactions were digested with DpnI overnight, and the mixture
was used to transform competent cells (One Shot MAX Efficiency DH5␣-T1R;
Invitrogen). Prior to transformation, 1 l of ␤-mercaptoethanol (1:10 dilution in
H2O; Sigma) was added directly to the competent cells, followed by 10 min of
incubation on ice.
The primers used to remove the NotI sites were as follows: JRFL-RN F (5⬘
GAGATGGACAGAGGAGAAATAAAAAACTGC 3⬘) and R (5⬘ GCAGTTT
TTTATTTCTCCTCTGTCCATCTC 3⬘), used to remove the NotI restriction
site from JRFL/162V1 without FseI, ADA/162V1 without FseI, and YU-2/162
without FseI env genes. Primers 89.6-RN F (5⬘ GAGATGGACAGAGGAGAA
A TAAAAAATTGC 3⬘) and R (5⬘ GCAATTTTTTATTTCTCCTCTGTCCA
TCTC 3⬘) were used to remove the NotI restriction site from 89.6/162V1 without
the FseI env gene, and primers HxB2-RN F (5⬘ GAGATGGACAGAGGAG
AGATAAAAAACTGC 3⬘) and R (5⬘ GCAGTTTTTTATCTCTCCTCTGTCC
ATCTC 3⬘) were used to remove the NotI restriction site from HxB2/162V1
without FseI. Sixty nanograms of plasmid DNA was used as a template for each
reaction. The thermocycler conditions were the same as the ones described
above for the first mutagenesis. Following mutagenesis, the entire env genes were
sequenced.
For clarification purposes, the chimeric Envs containing SF162 V1 are designated as JRFL/162V1, HxB2/162V1, ADA/162V1, YU-2/162V1, and 89.6/162V1
(Fig. 1B). The nucleotide sequences of the entire Env genes of all of these
constructs were verified by direct sequencing.
Generation of single-round competent virions expressing SF162-, JRFL-,
ADA-, YU-2-, 89.6-, and HxB2-derived envelopes. Luciferase reporter pseudoviruses, capable of a single round of replication and expressing various envelope
gp160 glycoproteins, were generated as previously described (12, 25, 32) using
the pNL4-3 luciferase-positive, Vpr-negative, Env-negative construct as a back-
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TABLE 1. Susceptibilities of WT and chimeric viruses to neutralization by MAbs
IC50 (g/ml) of MAb for virusa

MAb

YU2

Epitope

89.6

JRFL

HxB2

ADA

SF162

P1H6
P3C8
P4D7
P3B2
P3E1
447-52D
IgGCD4
B12
2G12

V1
V1
V1
V1
V3
V3
CD4bs
CD4bs
Glycan

0.4
0.3
0.9
1
0.2
0.04
0.04
0.01
0.3

WT

162V1

WT

162V1

WT

162V1

WT

162V1

WT

162V1

—
—
—
—
—
—
0.6
10
—

0.1
3
7
8
—
2
0.04
1
—

—
—
—
—

0.03
0.02
0.1
0.3
0.2
<0.01
0.01
0.001
0.06

—
—
—
—
—
20
0.03
0.005
0.1

0.7
2.5
4
1.5
10
0.5
0.01
0.003
0.05

—
—
—
—
—
0.2
0.02
⬍0.01
0.03

0.04
0.2
1
1
—
0.01
<0.01
⬍0.01
0.03

—
—
—
—
—
—
0.8
1
0.3

20
—
—
—
—
20
0.6
0.5
0.03

7
0.01
0.01
0.001
0.03

sented in Table 1. The anti-V1 MAbs tested here neutralized
SF162 but none of the other WT viruses. This is expected, since
these MAbs were isolated from mice immunized with
SF162gp140-derived constructs and are specific for the SF162
V1 region (11). As anticipated, the replacement of the V1 loop
on these Envs with that of SF162 rendered all viruses expressing the chimeric Envs susceptible to anti-V1 MAb neutralization. In certain cases, viruses expressing the chimeric Envs
were even more susceptible to anti-V1 MAb neutralization
than the SF162 virus. For example, the 50% inhibitory concentration (IC50) for MAb P1H6 against SF162 was 0.4 g/ml,
while the IC50 for the HxB2/162V1 virus was 0.04 g/ml (Table
1). These results, although expected, indicate that the introduced SF162V1 loop did not become masked by other regions
or glycosylation sites present on the different heterologous Env
backgrounds.
Replacement of the heterologous V1 loops by that of SF162
also altered the neutralizing susceptibility to antibodies that
recognize epitopes outside the V1 loop. For example, viruses
expressing these chimeric Envs became susceptible to neutralization by certain anti-V3 MAbs, such as the human anti-V3
MAb 447D and the mouse anti-V3 MAb P3E1. The epitope of
P3E1 overlaps that of 447D, and both MAbs recognize V3
sequences that contain the GPGR motif (11), which is present
on all Envs examined here. For example, incorporating the
SF162 V1 into all the heterologous Envs examined here rendered the viruses highly susceptible to 447D-mediated neutralization. Most likely the 447D epitope is present but not exposed within these WT Env trimers because of the particular
positioning of the homologous V1 loops. P3E1 neutralized
only the 89.6- and JRFL-derived chimeric Envs expressing the
SF162 V1 loop. This result suggests therefore that the P3E1
epitope (and potentially other V3 loop epitopes) is oriented
differentially among the heterologous Envs examined here.
All viruses expressing the WT Envs were susceptible to neutralization by IgGCD4 and b12. Replacement of the V1 loops
by that of SF162 did not alter the neutralization susceptibilities
of the viruses, with the exception of YU2, which became more
(by approximately 1 log10) susceptible to IgGCD4 and b12
neutralization.
MAb 2G12, which binds to a complex epitope formed by
glycans in the C3 and V4 regions of gp120, neutralized (with

the exception of YU2) the viruses expressing the WT and the
corresponding JRFL, 89.6, and HxB2 chimeric Envs similarly.
The chimeric ADA virus behaved somewhat differently from
JRFL, YU2, 89.6, and HxB2. The WT ADA virus was resistant
to neutralization with all four anti-V1 MAbs tested. Replacement of its V1 loop with that of SF162 rendered the virus
highly susceptible to only one anti-V1 MAb (P1H6). Also, in
contrast to the other viruses, replacement of the V1 loop of
ADA with that of SF162 rendered the virus more susceptible
(by approximately 1 log10) to MAb 2G12. As recorded with the
other viruses, replacement of the V1 loop of ADA with that of
SF162 rendered the virus susceptible to 447D-mediated neutralization.
(ii) Susceptibility to neutralization by sera from SF162gp140immunized macaques. JRFL, ADA, and YU2 are resistant to
neutralization by antibodies elicited by SF162gp140 immunogens (12), but weak anti-HXB2 and anti-89.6 neutralizing antibody responses are recorded for some macaques immunized
with SF162gp140. Here we examined whether these heterologous isolates would become susceptible to neutralization by
such antibodies once their V1 loop was replaced with that of
SF162. Indeed, all chimeric heterologous viruses became
highly susceptible to neutralization by antibodies elicited by
the SF162gp140 immunogen (Fig. 2). In particular, 89.6 and
HxB2 became as susceptible to neutralization as the SF162
virus. In the case of YU2 and JRFL, the viruses expressing the
chimeric Env protein were also highly susceptible to neutralization by the polyclonal sera but to a lesser extent than SF162.
Once again the chimeric ADA virus behaved differently
from the other chimeric viruses, in that it was as resistant to
neutralization as the WT ADA virus. Therefore, presentation
of the V1 loop on the ADA Env protein differs significantly
from that of the other four Envs tested here.
Epitope specificity of NAbs on heterologous Envs. As discussed above, replacement of the V1 loop of JRFL, ADA,
YU2, 89.6, and HxB2 with that of SF162 rendered the viruses
susceptible not only to anti-V1 NAbs but also to anti-V3 NAbs
(Table 1), suggesting a potential role of the V1 loop in regulating access to anti-V3 neutralizing epitopes. Also, in the case
of YU2, substitution of the V1 loop increased the neutralization susceptibility to certain anti-CD4-binding-site (anti-CD4BS) antibodies (Table 1). Immunization with SF162gp140 elic-

Downloaded from http://jvi.asm.org/ on April 10, 2021 by guest

a
Bold numbers indicate changes in neutralization susceptibility of at least fourfold. —, 50% inhibition of infection was not observed with the highest MAb
concentration tested (20 g/ml); ⬍0.01, 50% inhibition of neutralization was not reached even at the lowest MAb concentration tested (0.01 g/ml).
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its the generation of anti-V1 NAbs but also anti-V3 NAbs and
anti-CD4 BS antibodies (12). Therefore, the high susceptibility
of the viruses expressing the chimeric Envs to neutralization by
SF162gp140-elicited serum antibodies could be due (entirely
or in part) to the presence of anti-V3- or anti-CD4-BS-directed
NAbs.
To define the relative contributions of the various antibodies
present in the macaque immune sera to neutralization of the
chimeric viruses, we performed adsorption experiments during
which sera were preincubated with V1- or V3-derived peptides
before they were incubated with virus (Fig. 3). SF162 neutralization was reduced by approximately 40% when the sera were
preincubated with the anti-V1 peptide and by approximately
27% when the sera were preincubated with the anti-V3 peptide. The WT JRFL, ADA, and YU2 viruses were resistant to
neutralization by the SF162gp140-elicited sera, and as expected, serum preincubation with the V1 or V3 peptide did not
have any effect on the neutralization phenotype of these viruses (data not shown). The neutralizing potency of these sera
against the chimeric YU2 virus was completely eliminated following preincubation with the V1 peptide. In contrast, preincubation with the V3 peptide had no effect on the neutralizing

potency of these sera. A similar result was obtained in the case
of the chimeric JRFL virus. In the case of ADA, the chimeric
virus expressing the SF162 V1 loop was resistant to neutralization by the SF162gp140 sera (Fig. 2), and incubation of sera
with either the V3 peptide or the V1 peptide had no effect on
the neutralization of the chimeric ADA virus which expresses
the SF162 V1 loop (data not shown). As recorded with the
JRFL and YU2 chimeric viruses, preincubation with the V3
peptide did not reduce the neutralizing potency of sera against
the chimeric HxB2 and 89.6 viruses. In contrast, however, to
what we recorded with the chimeric JRFL and YU2 viruses,
preincubation with the V1 peptide reduced the neutralizing
potencies of sera against the HxB2 and 89.6 chimeric viruses by
only 75% and 54%, respectively.
Therefore, antibodies with epitope specificities other than
the V1 and V3 loops are present in the SF162gp140-elicited
sera, and these antibodies can bind their targets on the 89.6
and HxB2 viruses but not on the YU2 and JRFL viruses.
These antibodies could be targeting the CD4-BS of Env.
Overall, our results indicate that different isolates can be
neutralized by different antibodies present in a given immune serum.
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FIG. 2. Neutralization of WT and chimeric viruses by SF162gp140-elicited antibodies. The effect of replacing the V1 loop of the YU2, JRFL,
89.6, HxB2, and ADA viruses with that of SF162 on the susceptibilities of these viruses to neutralization by antibodies elicited in rhesus macaques
immunized with SF162 gp140 (12) is shown. E, SF162WT; f, YU2 WT, JRFL WT, 89.6 WT, HxB2 WT, or ADA WT; 䡺, YU2, JRFL, 89.6, HxB2,
or ADA expressing the V1 loop; }, virions pseudotyped with murine leukemia virus Env.
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DISCUSSION
In this study we aimed to better understand the way HIV
resists neutralization by antibodies elicited by Env gp140 immunogens. Specifically, we examined how the V1 loop of Env
influences the neutralization susceptibilities of heterologous
viruses to antibodies elicited during immunization of macaques
with the SF162gp140 immunogen (36). This immunogen elicits
a polyclonal anti-Env antibody response that includes antibodies to the V1 and V3 loops, the CD4-BS, CD4-induced (CD4i)
epitopes, the gp41 external region, and additional but as of yet
unidentified Env regions (12, 43, 44).
Overall, our study indicates that the V1 loop as expressed on
the surface of virion-associated Env trimers plays a major role
in the resistance of heterologous viruses to neutralization by
gp140-elicited NAbs. With the exception of ADA, when the V1
loop of the heterologous isolates tested here was replaced by
the V1 loop present on the SF162gp140 immunogen, these
isolates became highly susceptible to neutralization by the
SF162gp140-elicited serum antibodies. The protective role of
the V1 loop is through direct and indirect mechanisms. Due to
the high amino acid variability within the V1 loop of HIV Env,
anti-V1 antibodies elicited by SF162gp140 do not bind to het-

erologous V1 loops. Most likely these antibodies recognize
linear epitopes and not common conformational epitopes that
could exist among the isolates studied here. In addition, the V1
loop, due to its orientation within the trimeric HIV Env protein and due to the extent of its glycosylation, limits the accessibility of other Env regions to NAbs elicited by SF162gp140.
As a result, anti-V3 and anti-CD4-BS NAbs elicited by
SF162gp140 do not access their epitopes on heterologous
Envs.
Our results support observations made by others using viruses expressing chimeric Envs between SF162 and JRFL. Pinter et al. (30) showed that the V1V2 Env region of the neutralization-resistant isolate JRFL protects this virus from NAbs
that recognize certain epitopes within the V2 and V3 loops.
Replacement of the entire V1V2 region of JRFL with that of
SF162 (which is a neutralization-susceptible primary isolate)
renders the former virus susceptible to neutralization by
anti-V2 and anti-V3 MAbs. Our results obtained with MAb
447D indicate that its epitope is not well expressed on numerous isolates and that this is due in part to the orientation
and/or glycosylation pattern of the V1 loop. So even though
immunogens such as SF162gp140 may elicit cross-binding
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FIG. 3. Neutralization competition with V1 and V3 derived peptides. V1 and V3 peptides derived from SF162 Env were used to block the
activities of neutralizing antibodies in sera from macaques immunized with SF162gp140 (12). The percent reduction in serum neutralizing activity
in the presence of the V1 or V3 peptide was determined at the concentration resulting in 80% inhibition of infection, as discussed in Materials
and Methods.
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highly susceptible to neutralization by MAb 2G12, something that we
did not observe with the other Envs. This is another indication that
the organization of the ADA Env trimer may differ from that of the
other Envs examined here.
In addition to SF162-based immunogens, other clade B immunogens (22, 41) appear to elicit high titers of V1-directed NAbs.
Our current results are highly relevant to improving the design of
Env-based immunogens. The future design of such immunogens
needs to overcome not only the high immunogenicity of the V1
loop on these constructs but also several structural barriers that
exist on the target Envs that are due to the overall positioning and
glycosylation of the V1 loops on these targets. We believe that the
main target of the antibodies elicited by Env-based immunogens
should be the CD4-BS due to its conserved overall structure.
However, our results indicate that the V1 loops of diverse isolates
are variably positioned over the CD4-BS so that conserved
epitopes within that site are differentially exposed among diverse
isolates. This differential exposure renders the development of a
single Env immunogen, capable of eliciting antibodies that would
overcome the diverse positioning of the V1 loops on heterologous
isolates, extremely difficult.
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