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Deciphering antibody specificities that constrain human immunodeficiency virus type 1 (HIV-1) envelope
(Env) diversity, limit virus replication, and contribute to neutralization breadth and potency is an important
goal of current HIV/AIDS vaccine research. Transplantation of discrete HIV-1 neutralizing epitopes into HIV-2
scaffolds may provide a sensitive, biologically functional context by which to quantify specific antibody
reactivities even in complex sera. Here, we describe a novel HIV-2 proviral scaffold (pHIV-2KR.X7) into which
we substituted the complete variable region 3 (V3) of the env gene of HIV-1YU2 or HIV-1Ccon to yield the
chimeric proviruses pHIV-2KR.X7 YU2 V3 and pHIV-2KR.X7 Ccon V3. These HIV-2/HIV-1 chimeras were
replication competent and sensitive to selective pharmacological inhibitors of virus entry. V3 chimeric viruses
were resistant to neutralization by HIV-1 monoclonal antibodies directed against the CD4 binding site,
coreceptor binding site, and gp41 membrane proximal external region but exhibited striking sensitivity to
HIV-1 V3-specific monoclonal antibodies, 447-52D and F425 B4e8 (50% inhibitory concentration of [IC50]
<0.005 �g/ml for each). Plasma specimens from 11 HIV-1 clade B- and 10 HIV-1 clade C-infected subjects
showed no neutralizing activity against HIV-2 but exhibited high-titer V3-specific neutralization against both
HIV-2/HIV-1 V3 chimeras with IC50 measurements ranging from 1:50 to greater than 1:40,000. Neutralization
titers of B clade plasmas were as much as 1,000-fold lower when tested against the primary HIV-1YU2 virus
than with the HIV-2KR.X7 YU2 V3 chimera, demonstrating highly effective shielding of V3 epitopes in the
native Env trimer. This finding was replicated using a second primary HIV-1 strain (HIV-1BORI) and the
corresponding HIV-2KR.X7 BORI V3 chimera. We conclude that V3 is highly immunogenic in vivo, eliciting
antibodies with substantial breadth of reactivity and neutralizing potential. These antibodies constrain
HIV-1 Env to a structure(s) in which V3 epitopes are concealed prior to CD4 engagement but do not
otherwise contribute to neutralization breadth and potency against most primary virus strains. Triggering
of the viral spike to reveal V3 epitopes may be required if V3 immunogens are to be components of an
effective HIV-1 vaccine.

Infection by human immunodeficiency virus type 1 (HIV-1)
is followed by the rapid development of a virus-specific anti-
body response that results in diagnostic antibody seroconver-
sion approximately 3 to 6 weeks later (14, 23). Neutralizing
antibodies (NAbs) reactive with the external region of the
gp120/41 envelope (Env) glycoprotein of primary virus strains
first appear in the plasma approximately 12 to 16 weeks after
virus transmission (83, 97). Such antibodies are directed at the
most exposed epitopes on the Env surface of transmitted/early
founder viruses (49, 90) and they are invariably strain specific
(25, 83, 97). Within 3 to 6 months of infection, these NAb

responses reach high titers and effect potent virus neutraliza-
tion that is detectable in vitro by classical neutralization assays
(1, 35, 57, 66, 67, 75, 77, 80, 83, 97) and in vivo by the rapid
evolution of NAb escape mutants (25, 57, 83, 86, 87, 97). The
same is true for the kinetics of HIV-1-specific cytotoxic T-
lymphocyte (CTL) recognition and escape, which are even
faster than for NAbs (6, 7, 46, 52). Thus, it is not uncommon
for the replicating virus quasispecies to escape completely from
multiple CTL and NAb epitopes distributed across the HIV-1
proteome within 4 months of virus transmission (6, 7, 25, 46,
49, 52, 83, 91, 97; also unpublished data). Much later in infec-
tion, in a small minority of subjects, broadly reactive antibodies
that neutralize heterologous primary virus strains develop (10,
19, 61, 73). What role NAbs of narrow or broad neutralizing
specificity play in virus containment in vivo and in disease
outcome is presently unclear.

To better understand what contributions NAbs make to vi-
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rus containment in natural HIV-1 infection and potentially in
vaccinated subjects, attention has turned to defining epitope
specificities of NAbs in polyclonal human serum (19, 35, 61, 62,
68, 86, 87). There is evidence that early in infection, NAbs are
generally directed against the surface-exposed hypervariable
loop structures of the gp120 ectodomain, especially variable
region 1 (V1), V2, and possibly V4 (25, 40, 65, 68, 78, 86, 86,
101). This accounts for the strain-specific neutralizing reactiv-
ity of these early responses and the ability of HIV-1 to rapidly
escape NAb-mediated elimination by any of several molecular
mechanisms including epitope variation, conformational mask-
ing, and glycan shielding (10, 73). A second set of HIV-1
Env-specific antibodies elicited early in infection that also have
neutralizing potential are antibodies directed against the core-
ceptor-binding surface of gp120 (18, 35). These antibodies are
termed CD4-induced (CD4i) because their target epitopes are
formed only after the binding of CD4 to gp120 and structural
rearrangement of the inner domain and bridging sheet of
gp120. CD4i antibodies are made in most (�90%) HIV-1-
infected subjects and often reach high titers in the plasma (18).
Because the coreceptor binding region of HIV-1 gp120 is func-
tionally and antigenically conserved, CD4i antibodies exhibit
far greater cross-reactivity than those that target most variable
regions. This cross-reactivity extends to different HIV-1 viruses
not only within a clade but also between clades and even
between HIV-1 and HIV-2 (18, 91). However, CD4i NAbs
exhibit low (if any) potency against primary virus strains be-
cause prior to Env-CD4 engagement their epitopes are not
formed, and subsequent to CD4 engagement, their epitopes
are sterically concealed at the virus-cell interface, preventing
antibody access (56). A third set of NAbs develops much later
in infection and then only in a small subset of individuals.
These are potent, broadly reactive NAbs whose target epitopes
include the CD4-binding site (CD4bs) of gp120, the mem-
brane-proximal external region (MPER) of gp41, or conserved
carbohydrate epitopes on gp120 (10, 73). Examples of this set
of NAbs include the human monoclonal antibodies (MAbs)
b12, 2F5, 4E10, and 2G12. These human MAbs, however, are
atypical in that they exhibit long third complementarity-deter-
mining regions of the heavy chain, heavy chain dominant rec-
ognition, reactivity with host lipids, or a heavy chain variable
region domain-swapped dimeric structure (11, 12, 38, 70, 92,
105). The scarcity of potent, broadly neutralizing human MAbs
is consistent with the infrequency of potent, broadly neutral-
izing polyclonal antibodies in patients with chronic HIV-1 in-
fection (10, 73).

NAbs specific for gp120 V3 constitute a fourth group of
antibodies whose roles in HIV-1 natural history and as poten-
tial contributors to vaccine-elicited antibody protection are not
yet fully explored. The HIV-1 V3 is a disulfide-bound structure
that emanates from the outer domain of gp120 and determines
target cell specificity through direct interactions with the che-
mokine coreceptor (generally CCR5 or CXCR4) (16, 17, 37,
42, 44, 84, 85). It is also thought to play a role in antibody
evasion by conferring neutralization resistance through its qua-
ternary interactions with neighboring protomers within the
Env trimer complex (42, 55, 94, 100, 103). As a consequence of
these critical roles in virus-coreceptor binding and antibody
evasion, the HIV-1 V3 is highly conserved in loop length and,
to a degree, in primary amino acid sequence and secondary

and tertiary structure (78, 106). Thus, while tolerant of some
sequence diversity, V3 is more conserved than are other vari-
able regions of the glycoprotein such as V1, V2, V4, and V5.
The antigenic and immunogenic properties of V3 have been
the subject of substantial prior investigation. Early work fo-
cused on laboratory-adapted, T-cell line derived (TCLA) vi-
ruses that exhibited CXCR4 tropism. The V3 region of such
viruses was found to be highly immunogenic and to be a sen-
sitive target of V3-specific NAbs (33, 45, 69, 71, 81, 88). Cer-
tain viruses of the CCR5 phenotype, including the brain-de-
rived HIV-1YU2 molecular clone (60), were also found to be
moderately sensitive to V3 NAbs as were some other HIV-1
strains that were variably laboratory adapted (5, 58, 72).
Conversely, most primary (non-laboratory adapted) CCR5-
tropic viruses, including molecularly derived transmitted/
early founder viral Envs from more than 50 subjects acutely
infected with clade B virus (49), were found to be resistant to
neutralization by V3-specific NAbs, including the human
MAbs 447-52D and F425 B4e8. If, however, the V3 region of
primary HIV-1 viruses was exchanged for the V3 region of a
neutralization-sensitive HIV-1 strain (e.g., HIV-1SF162), then
the resulting HIV-1 Env V3 chimeras were rendered sensitive
to V3-specific NAbs (53, 54).

Given the importance of V3 in virus biology and immune
evasion, important questions remain concerning its immuno-
genicity and antigenicity in vivo. For example, how immuno-
genic is the V3 region of different HIV-1 clades in natural
human infection? How cross-reactive are V3-specific NAbs
with viruses from the same or different clades? Do V3-specific
NAbs, along with CD4i antibodies, constrain the HIV-1 Env to
a CD4-dependent phenotype? Do V3-specific NAbs contribute
to the neutralization breadth of polyclonal human serum
against different primary virus strains in natural infection? And
do V3-specific antibodies have the potential to contribute to
vaccine efficacy? To address these questions, investigators have
pursued different strategies to detect HIV-1 V3 NAbs. One
approach has been to isolate human MAbs from infected in-
dividuals for analysis of V3-specific neutralizing activity (26–
29, 53). This has the advantage of generating replenishable
reagents for definitive structure-function studies, but it has the
disadvantage that it cannot illuminate the relative contribu-
tions of V3 antibodies compared with other antibody specific-
ities to neutralization by complex polyclonal serum. A second
strategy has been to use V3 (or other) epitope-containing
peptides to remove or enrich NAb activities in patient serum
(19, 62, 68). This approach, however, is limited to NAbs with
linear epitopes that have sufficient affinity for peptide binding
outside the context of the native glycoprotein trimer. A third
strategy has been to make site-directed mutations in NAb
epitopes in Env glycoproteins and to use these proteins as
probes in binding, absorption, or infectivity experiments (54,
61, 62, 72). A fourth approach has been to make reciprocal
exchanges between homologous regions of different HIV-1
Env glycoproteins to look for gain or loss of NAb sensitivity
(54, 68, 76, 86, 87, 89). The last three approaches share a
common limitation in that V3 neutralizing activity is analyzed
against a backdrop of other HIV-1 gp120/41 neutralizing re-
activities, making a clear dissection of V3-specific NAb activity
challenging.

Our laboratory has pursued a different strategy for detecting

VOL. 83, 2009 HIV-2/HIV-1 CHIMERAS FOR DETECTION OF V3 ANTIBODIES 1241



epitope-specific NAb responses based on the observation that
while the tertiary and quaternary structures of HIV-1 and
HIV-2 Env gp120/gp41 trimers are similar (15), the primary
amino acid sequences of these glycoproteins share only �40%
homology and are largely non-cross-reactive with respect to
surface-accessible NAb epitopes (8, 18, 98). We hypothesized
that by employing the structurally related native HIV-2 Env
glycoprotein as a molecular scaffold on which to display dis-
creet HIV-1 neutralizing epitopes in a biologically functional
context, we could obtain a clear distinction of HIV-1 epitope-
specific NAb reactivities even in complex human or animal
anti-HIV-1 immune serum. A particular advantage to this ap-
proach is that the assay endpoint is virus neutralization, and
thus only those antibodies specific for the HIV-1 epitope of
interest and capable of neutralizing the functional Env trimer
are detected. We first demonstrated the feasibility of this ap-
proach by creating HIV-2/HIV-1 Env chimeras modified by
site-directed mutagenesis or by larger exchanges of portions
(or all) of the gp41 MPER sequences containing epitopes for
2F5, 4E10, and Z13 (34; F. Bibollet-Ruche, H. Li, J. M.
Decker, et al., presented at the Keystone Symposium on HIV
Vaccines, Keystone, CO, 2006; F. Bibollet-Ruche, H. Li, J. M.
Decker, et al., presented at the AIDS Vaccine 2005 Confer-
ence, Montreal, Canada, 2005) and by making site-directed
mutations in the HIV-2 gp120 bridging sheet to facilitate bind-
ing of HIV-1 CD4i antibodies (18). These infectious chimeras
enabled us to detect HIV-1 MPER and coreceptor (CD4i)-
specific NAbs in patients with HIV-1 infection and in humans
and animals vaccinated with HIV-1 Env immunogens (18, 19,
24, 34, 35, 61; F. Bibollet-Ruche et al., presented at the Key-
stone Symposium on HIV Vaccines, Keystone, CO, 2006; F.
Bibollet-Ruche et al., presented at the AIDS Vaccine 2005
Conference, Montreal, Canada, 2005; J. M. Decker, F. Bi-
bollet-Ruche, H. Li, et al., presented at the Keystone Sympo-
sium on HIV Vaccines, Keystone, CO, 2006). Here, we extend
this work by describing a strategy for creating HIV-2/HIV-1 V3
chimeras, by determining the phenotypic properties of these
chimeras using a battery of HIV-2 and HIV-1 Env-specific
ligands, and by demonstrating the utility of the chimeras for
detecting V3-specific NAbs in plasma from humans infected by
subtype B or subtype C HIV-1.

(This work was completed in partial fulfillment of the re-
quirements for the Ph.D. degree [K.L.D.]).

MATERIALS AND METHODS

Molecular cloning and mutagenesis. (i) Construction of pHIV-2KR.P1. Over-
lapping HIV-2KR half-genomic constructs (5�-pRTsac; 3�-pKTM) were obtained
as a gift from D. Looney. The HIV-2KR long terminal repeat (LTR) sequence
was amplified from the pKTM plasmid using primers that incorporate MluI and
ApaI restriction sequences flanking the U3 and U5 regions (ATTACGCGTTG
GATGGGATGTATTACAGTGAG and TTTGGGCCCTAACTTGCTTCTAA
CTGGCAGCT; Operon Biotechnologies, Inc., Huntsville, AL) using an Expand
High Fidelity PCR System according to the manufacturer’s instructions (Roche
Applied Science, Indianapolis, IN). Amplification products were subsequently
digested with MluI and ApaI and cloned into the pCR XL TOPO vector (In-
vitrogen Life Technologies, Carlsbad, CA) to yield pHIV-2KR.LTR. pRTsac,
pKTM, and pHIV-2KR.LTR constructs were digested with AgeI (unique restric-
tion site located within the R region of the LTR sequence) and SacI (unique
restriction site located within the vpr gene sequence) and ligated to yield a
full-length pHIV-2KR.P1 proviral construct.

(ii) Construction of pHIV-2KR.X4. Unique silent restriction sites were intro-
duced using a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla,

CA) into the env gene of the pKTM construct using the following primer pairs:
XhoI restriction sequence, GAGTATAATGGACTCGAGAAATCAGCTA and
TAGCTGATTTCTCGAGTCCATTATACTC; SnaBI restriction sequence, GC
GCCCAATACGTAACTGTTTTCTATGGC and CCATAGAAAACAGTTAC
GTATTGGGCGCA; XmaI restriction sequence, CTTTACACAACCCGGGA
AAGGTTCAGATGCAGAA and CTGCATCTGAACCTTTCCCGGGTTGT
GTAAAG; and XbaI restriction sequence, GTAGTACAATTACTATCTAGA
CTTAGAAAGG and CCTTTCTAAGTCTAGATAGTAATTGTACTAC.
The resulting modified 3� half-genome was designated pKTMKR.X4. pRTsac,
pKTMKR.X4, and pHIV-2KR.LTR constructs were digested with AgeI and SacI and
ligated to yield a full-length pHIV-2KR.X4 proviral construct. Additionally, a sub-
clone containing a 1.3-kb N-terminal env fragment incorporating the XhoI, SnaBI,
and XmaI restriction sequences was created in the pGEM-T Easy cloning vector
according to the manufacturer’s protocol (Promega, Madison, WI) and is designated
pGEM HIV-2KR.X4 (forward primer, GGGACTCGGGATATGTTATGAACGG;
reverse primer, CCTTATATGGCACGGTGCATAATTGC).

(iii) Construction of pHIV-2KR.X7 MN V3. Molt 4/8 cells chronically infected
with a chimeric virus containing an HIV-2KR genome and an HIV-1MN V3 loop
substitution (pHIV-2KR-MNV3) were obtained as a gift from D. Looney and
cultured in RPMI 1640 medium (Gibco/Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, UT) and 1% L-glutamine
and penicillin-streptomycin (PS; Gibco/Invitrogen, Carlsbad, CA) at 37°C with
5% CO2. Genomic DNA was isolated according to the DNeasy protocol (Qia-
gen, Inc., Valencia, CA); chimeric env sequences were amplified by bulk PCR
according to the Expand High Fidelity PCR System protocol (Roche Applied
Science, Indianapolis, IN) and cloned into an HIV-2 screening vector, pBlue-
Script HIV-27312A, developed by our laboratory. Fourteen of the molecularly
cloned pHIV-2KR-MNV3 env genes were sequenced, and the nonsynonymous
substitutions E204K, T360A, and Y668H were identified in all clones. One
pHIV-2KR-MNV3 env clone was identical to the parental pHIV-2KR.P1 env except
for three changes (E204K, T360A, and Y668H) and contained a V3 region
exactly matching that of HIV-1MN (accession number M17449). This env gene
was amplified using primers containing the SnaBI and XbaI restriction sites and
was subsequently cloned into the full-length HIV-2KR.X4 backbone to yield
pHIV-2KR.X7 MN V3. Additionally, a subclone containing a 1.3-kb N-terminal
env fragment was created in the pGEM-T Easy cloning vector according to the
manufacturer’s protocol (Promega, Madison, WI) and is designated pGEM
HIV-2KR.X7 MN V3 (forward primer, GGGACTCGGGATATGTTATGAA
CGG; reverse primer, CCTTATATGGCACGGTGCATAATTGC).

(iv) Construction of pHIV-2KR.X7. E204K and T360A nonsynonymous sub-
stitutions were incorporated into the pGEM HIV-2KR.X4 subclone using a
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) fol-
lowing the manufacturer’s protocol. Primer sequences are as follows: E204K
change, ACATCAGTCATCACAAAGTCATGTG and CACATGACTTTGT
GATGACTGATG; T360A change, TTGAGGAACCAACGACGCACAGA
AAATTAAC andGTTAATTTTCTGTGCGTCGTTGGTTCCTC. The re-
sultant subclone, pGEM HIV-2KR.X7, was then digested by XhoI and XmaI
restriction and ligated into the pHIV-2KR.X7 MN V3 proviral clone to yield a
full-length construct containing three gp160 adaptations (E204K, T360A, and
Y668H) and a wild-type HIV-2KR V3 sequence, designated HIV-2KR.X7.

(v) Construction of HIV-2KR.X7 YU2 V3 and HIV-2KR.X7 Ccon V3. Substitution
of additional HIV-1 V3 sequences was completed using a modified version of the
QuikChange Site-Directed Mutagenesis protocol (Stratagene, La Jolla, CA). 5�
Phosphorylated (Phos) primers were designed to anneal to the HIV-2KR back-
bone immediately flanking the HIV-2KR.X7 V3 region and containing the desired
HIV-1 V3 substitutions as follows: HIV-1YU2 V3, GAGCATTGTATACAACA
GGAGAAATAATAGGAGATATAAGACAAGCACATTGCTGGTTCGGA
GGTG and (Phos)TCCCTGGTCCTATATTTATACTTTTTCTTGTATTGTT
GTTGGGTCTTGTACAATGCATTGTGAGATTAT; HIV-1Ccon V3, ACATT
CTATGCAACAGGAGACATAATAGGAGATATAAGACAAGCACATTG
CTGGTTCGGAGGTGATTGG and (Phos)TTGTCCTGGTCCTATCCTT
ATACTTTTTCTTGTATTATTGTTGGGTCTTGTACAATGCATTGTGAG.
Fifteen pmol of each primer and 100 ng of template pGEM HIV-2KR.X7 MN V3
plasmid were used for each PCR mutagenesis reaction. PCR conditions were as
follows: 95°C for 1 min (1 cycle); 95°C for 50 s, 50°C for 50 s, and 68°C for 6 min
(18 cycles); and 68°C for 7 min (1 cycle). PCR products were digested with 10 U
of DpnI (New England Biolabs, Ipswich, MA) at 37°C for 1 h to cleave template
DNA and heat inactivated at 72°C for 30 min. Amplification products were
ligated to yield a chimeric env construct with appropriate V3 substitutions and
subsequently cloned into the full-length pHIV-2KR.X7 backbone using the XhoI
and XmaI restriction sequences.

(vi) Molecular cloning. pHIV-2KR.X4, pHIV-2KR.X7, pHIV-2KR.X7 MN V3,
pHIV-2KR.X7 YU2 V3, and pHIV-2KR.X7 Ccon V3 plasmid DNA was trans-
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formed into XL2-Blue MRF� Ultracompetent cells (Stratagene, La Jolla, CA),
plated on LB agar plates supplemented with 5 �g/ml kanamycin and cultured
overnight at 30°C. Single colonies were selected and grown overnight in liquid
LB broth containing 5 �g/ml kanamycin at 30°C with shaking at 225 rpm,
followed by plasmid isolation. Each molecular clone was confirmed by nucleotide
sequencing.

Virus stocks. A total of 3 � 106 293T cells were seeded into 10 cm2 tissue
culture dishes and cultured overnight in complete Dulbecco’s modified Eagle
medium (DMEM; Gibco/Invitrogen, Carlsbad, CA) supplemented with 10%
FBS and 1% PS (D10 medium) at 37°C with 5% CO2. The following day, 6 �g
of proviral DNA was transfected into 293T cells using Fugene 6 (Roche Applied
Science, Indianapolis, IN) as specified by the manufacturer and cultured in D10
medium at 37°C for 48 h. Supernatants containing infectious virus were har-
vested, cleared of cellular debris by low-speed centrifugation, and used directly
or stored at �80°C for future use.

Single-cycle entry assay. Virus stocks were prepared as described above. The
day prior to the assay, 6 � 104 TZM-bl cells (catalog item 8129; NIH AIDS
Research and Reference Reagent Program) were seeded into each well of a
24-well tissue culture plate (BD Falcon, Franklin Lakes, NJ) and cultured over-
night in D10 medium at 37°C with 5% CO2. The day of assay, D10 medium was
removed from the TZM-bl monolayer and replaced with 150 �l of DMEM
supplemented with 1% FBS and 1% PS. A total of 150 �l of cleared 293T cell
culture supernatant containing infectious virus was then transferred to the
TZM-bl reporter cells and incubated for 2 h in the presence of 40 �g/ml DEAE-
dextran (Sigma-Aldrich, St. Louis, MO). D10 medium (500 �l) was added, and
cells were cultured for an additional 48 h. Luciferase expression was quantified
according to the Luciferase Assay System protocol (Promega, Madison, WI).
Additionally, 293T transfection supernatants were assayed for HIV-2 Gag pro-
tein p27 by simian immunodeficiency virus (SIV) p27 antigen enzyme-linked
immunosorbent assay (Zeptometrix Corporation, Buffalo, NY) following the
manufacturer’s instructions.

Virus titration. For these studies, 1 � 104 TZM-bl reporter cells were seeded
in D10 medium and cultured in 96-well tissue culture plates (BD Falcon, Fran-
klin Lakes, NJ) overnight at 37°C with 5% CO2. The following day, D10 medium
was removed from the cell monolayers and replaced with 50 �l of DMEM, 6%
FBS, and 1% PS (D6 medium) containing DEAE-dextran hydrochloride at 80
�g/ml (2� final concentration). Serial fivefold serial dilutions of virus stock were
prepared in D10 medium. Fifty microliters of virus stock dilution was then
transferred to the TZM-bl cells, bringing the final volume to 100 �l and the final
DEAE-dextran concentration to 40 �g/ml. Cells were incubated with virus for
48 h at 37°C, lysed, and analyzed for luciferase production using a Luciferase
Assay System (Promega, Madison, WI). Future neutralization and inhibition
experiments were performed using approximately 1 � 105 relative light units
(RLU)/well (96-well format) of virus stock.

Western blot analysis. Virus stocks were prepared as described above. Forty-
eight hours following transfection, 293T supernatants containing infectious virus
were cleared of cellular debris by low-speed centrifugation, filtered through
0.22-�m-pore-size disposable vacuum conical filters (Millipore, Billerica, MA),
and transferred to 1- by 3.5-in. ultracentrifuge tubes (catalog number 344058;
Beckman Coulter, Inc., Fullerton, CA). Two milliliters of 20% sucrose (vol/vol,
in water) was then added below the supernatants, and the samples were sub-
jected to ultracentrifugation at 27,000 rpm for 2 h at 4°C in an Optima XL-100k
Ultracentrifuge fitted with an SW 28 rotor (Beckman Coulter, Inc., Fullerton,
CA). Supernatants were decanted, and pelleted virus was resuspended in 80 �l
of phosphate-buffered saline (Gibco/Invitrogen, Carlsbad, CA). Solubilized pel-
lets were heat inactivated at 56°C for 1 h. Virus pellet preps were normalized by
immunoblotting for the Gag protein p27 using human anti-HIV-2 polyclonal
serum to ensure that an equivalent amount of virus was analyzed in Western
blotting experiments. For each sample, an equivalent amount of purified virus, as
determined by p27 content, was combined with NuPage sample buffer and
reducing agent (Invitrogen, Carlsbad, CA), heated at 99°C for 5 min, loaded into
a NuPage 4 to 12% Bis-Tris acrylamide gel (Invitrogen, Carlsbad, CA), and
subjected to gel electrophoresis. Proteins were transferred to a polyvinylidene
difluoride membrane (Bio-Rad Laboratories, Hercules, CA) following the
NuPage transfer protocol (Invitrogen, Carlsbad, CA) and incubated with block-
ing buffer (5% nonfat dry milk in phosphate-buffered saline) for 1 h at room
temperature. Western blots were probed with guinea pig anti-HIV-2 gp120
polyclonal serum (1:1,000; produced in-house) for 1 h at room temperature,
followed by a second blocking step, and incubation with a goat anti-guinea pig
immunoglobulin G (IgG) conjugated to horseradish peroxidase (1:5,000; South-
ernBiotech, Birmingham, AL) for 1 h at room temperature. Immunoblots were
then incubated with ECL Western Blotting Detection Reagent (GE Healthcare
Life Sciences, Piscataway, NJ) following the manufacturer’s protocol and devel-

oped. The amount of processed gp120 Env protein was quantified by band
densitometry using the Bio-Rad Quantity One software package (Bio-Rad Lab-
oratories, Hercules, CA).

Determination of coreceptor usage. In order to determine the coreceptor
tropism of the HIV-2KR.X7/HIV-1 V3 chimeras, infectivity assays were repeated
in the presence of TAK-779 (catalog number 4983; NIH AIDS Research and
Reference Reagent Program) and AMD3100 (catalog number 8128; NIH AIDS
Research and Reference Reagent Program). For these studies, 1 � 104 TZM-bl
reporter cells were seeded and cultured in 96-well tissue culture plates overnight.
The following day, the culture medium was removed, and the cells were incu-
bated with D6 medium containing 10 �M TAK-779 and/or 1.2 �M AMD3100 at
37°C for 1 h. Fifty microliters of stock virus supernatant containing 80 �g/ml
DEAE-dextran hydrochloride was then added and cultured with the cells for 48 h
at 37°C with 5% CO2. Luciferase expression was quantified according to the
Luciferase Assay System protocol (Promega, Madison, WI).

Antibodies and plasmas. MAb b12 was provided by D. Burton (The Scripps
Research Institute, La Jolla, CA). MAbs 2F5 (1475; contributed by Hermann
Katinger), 4E10 (10091; contributed by Hermann Katinger), and F425 B4e8
(7626; contributed by Marshall Posner and Lisa Cavacini) were obtained from
the NIH AIDS Research and Reference Reagent Program. The CD4i MAbs 17b,
19e, 21c, E51, 4.12D, 48d, ED47, and ED49 were provided by J. Robinson
(Tulane University Medical Center, New Orleans, LA). 447-52D was provided by
S. Zolla-Pazner (New York University Medical Center, New York, NY). The
HIV-1 clade B plasmas were obtained from therapy-naïve, chronically infected
subjects from the United States, and HIV-1 clade C plasmas were from therapy-
naïve, chronically infected subjects in a South African blood bank cohort. IgG
was purified by protein G column affinity separation (Pierce-Thermo Fisher
Scientific, Rockford, IL).

Neutralization assays. For neutralization assays, 1 � 104 TZM-bl cells were
seeded into 96-well tissue culture plates and cultured overnight in D10 medium.
Six fivefold serial MAb, inhibitor, or plasma dilutions were prepared in D6
medium. Virus 293T stock supernatants were prepared as described previously
and diluted to approximately 1 � 105 RLU/well in D10 medium containing 80
�g/ml DEAE-dextran hydrochloride. Equal parts MAb and virus dilutions were
then combined and incubated at 37°C for 1 h. Medium was removed from the
TZM-bl cells, and 100 �l of the virus-MAb mixture was applied to the cells and
incubated for an additional 48 h at 37°C with 5% CO2. Control wells included a
virus-only control (no MAb) and a medium-only control (no MAb and no virus).
Luciferase expression was quantified according to the Luciferase Assay System
protocol (Promega, Madison, WI). For plasma neutralization assays, all wells
except the starting plasma dilution were supplemented with 2% (for a 1:50
starting dilution) or 10% (for a 1:10 starting dilution) normal human plasma.

Peptide and fusion protein absorption. Linear peptides comprised of the 24
N-terminal V3 residues of HIV-1YU2 (V3YU2) and HIV-1JR-FL (V3JR-FL) were
provided by R. Pantophlet (The Scripps Research Institute, La Jolla, CA). A
scrambled 23-amino-acid V3 linear peptide was supplied by H. Liao (Duke
University Medical Center, Durham, NC). Inhibition experiments were per-
formed as described above for MAb and plasma neutralization assays, except
that MAb/plasma dilutions were preincubated with peptide (final concentration,
50 �g/ml) for 30 min at 37°C prior to incubation with virus. Fusion proteins
consisted of a rabbit Fc molecule with a complete HIV-1JR-FL or HIV-1Ccon V3
loop fused to the N terminus (Fc-V3 FP, where FP is fusion protein), a rabbit Fc
molecule presenting the base and stem of the HIV-1JR-FL and a Gly-Ala-Gly
linker substitution at the V3 tip (Fc-V3p8027 FP), or a control fusion proteins that
consisted of a rabbit Fc protein alone (48; also A. Pinter and A. Salomon,
unpublished data). Fusion protein inhibition studies were performed as de-
scribed above for the peptide inhibition assays with Fc-V3 FP at a final concen-
tration of 10 �g/ml. Peptide and Fc-V3 FP concentrations were kept constant in
all wells including control wells.

Statistical analyses. Median reciprocal 50% inhibitory concentration (IC50)
neutralization titers were compared by the Wilcoxon rank sum test using the
SAS, version 9.1, software package. A P value of 0.05 was considered significant
for these studies.

RESULTS

Construction of an HIV-2KR shuttle vector and HIV-2/HIV-1
V3 chimeras. Mamounas and colleagues previously reported
that the V3 loop of HIV-1MN could be exchanged for the V3
region of HIV-2, resulting in an infectious chimeric virus (64).
However, that work was limited to the introduction of an
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X4-tropic HIV-1 V3 sequence (MN) into an HIV-2 3� half-
genome (pRT-MNV3) and required cotransfection of an ad-
joining 5� half-genome into electroporated Molt 4/8 cells.
Progeny virus then underwent undefined adaptive changes ul-
timately leading to efficient replication in human cells. This
strategy for HIV-2/HIV-1 V3 chimera design was not subse-
quently pursued as an immunogen or as a diagnostic reagent.
Based on our success in developing infectious HIV-2/HIV-1
chimeras that expressed antigenically preserved CD4i and
MPER epitopes (18, 19, 34, 34, 61; F. Bibollet-Ruche et al.,
presented at the Keystone Symposium on HIV Vaccines, Key-
stone, CO, 2006; F. Bibollet-Ruche et al., presented at the
AIDS Vaccine 2005 Conference, Montreal, Canada, 2005), we
tested several full-length replication-competent HIV-2 or SIV
proviruses as potential scaffolds for HIV-1 V3 chimeras and
found that the HIV-2KR provirus permitted functional trans-
plantation. Thus, starting with overlapping molecular clones of
HIV-2KR (pKTM and pRTsac), we performed a three-way
ligation of contiguous viral sequences into a plasmid into which
we had inserted HIV-2KR LTR sequences (pHIV-2KR.LTR).
This resulted in a plasmid containing a complete HIV-2 pro-
virus that we designated pHIV-2KR.P1. We found this proviral
clone to be replication competent in human CD4� T-cell lines
H9, Jurkat, PM1, and Molt 4/8 (data not shown). To provide a
convenient shuttle system for exchanging HIV-1 V3 sequences
into the corresponding region of HIV-2, we modified pHIV-
2KR.P1 to contain XhoI, XmaI, XbaI, and SnaBI restriction
sites at positions indicated in Fig. 1A without altering the
amino acid coding sequence. We modified the resulting cas-
sette vector, pHIV-2KR.X4, further by site-directed mutagene-
sis to create nonsynonymous substitutions at positions E204K,
T360A, and Y668H in Env (corresponding to positions Q208,
T363, and Y686 in HXB-2 [82]), giving rise to the vector
pHIV-2KR.X7. The last three substitutions were introduced be-
cause we found these mutations to represent adaptive changes

under strong positive selection pressure in samples from the
original cultures of HIV-2KR-MNV3 (64). Proviral clones con-
taining the complete V3 sequences from HIV-1MN (accession
number M17449) (36), HIV-1YU2 (accession number M93258)
(59), or HIV-1Ccon (Los Alamos Sequence Database [http:
//www.hiv.lanl.gov/]) were then constructed as described in the
Materials and Methods section and depicted in Fig. 1B. The
env genes of all clones were sequenced to confirm that only
the intended changes were present in the final chimeric provi-
ral constructs.

Infectivity and replication competence of HIV-2KR.X7/HIV-1
V3 chimeras. The ability of the HIV-2KR.X7/HIV-1 V3 chi-
meric Env proteins to confer virus entry into target cells was
assessed using a TZM-bl reporter cell assay (96, 97). All virus
stocks were generated in 293T cells, and virus inocula were
normalized by Gag antigen (p27) content. An HIV-2 Env-
deficient virus gave negligible luminescence readings and
served as a negative control. Not surprisingly, the parental
virus HIV-2KR.X4 was most efficient at virus entry (Fig. 2A).
HIV-2KR.X7 was less infectious than HIV-2KR.X4, although still
within a range observed for primary HIV-2 and HIV-1 strains
and previously described HIV-2/HIV-1 chimeras (18, 34, 49).
The V3 chimeric viruses HIV-2KR.X7 YU2 V3, HIV-2KR.X7

Ccon V3, and HIV-2KR.X7 MN V3 were infectious and again
exhibited a broad range in infectivity compared with the iso-
genic HIV-2KR.X7 scaffold and the HIV-2KR.X4 parental strain.
Like HIV-2KR.X4 and HIV-2KR.X7, the three HIV-2KR.X7/
HIV-1 V3 chimeras were replication competent in one or more
human cell types, including peripheral blood mononuclear
cells or the cell lines H9, Jurkat, PM1, or Molt 4/8. Interest-
ingly, the HIV-2KR.X7 MN V3 virus, which was only marginally
infectious in the TZM-bl reporter cell assay, was highly repli-
cative in Molt 4/8 and Jurkat cells (data not shown).

Envelope processing in wild-type and chimeric viruses. In-
fectivity of the different wild-type and chimeric viruses in the

FIG. 1. Construction of HIV-2KR.X7 Env scaffold and HIV-2/HIV-1 V3 chimeras. (A) The parental pHIV-2KR.P1 env backbone was modified
to include unique silent restriction sequences for XhoI, SnaBI (located within the leader peptide region [LP]), XmaI (located in the C3 coding
region), and XbaI (located 3� of the transmembrane region [TM]) to create the parental shuttle vector pHIV-2KR.X4. Nonsynonymous mutations
(see Materials and Methods) were introduced at amino acid positions 204 (E204K), 360 (T360A), and 668 (Y668H) to create the final scaffold
vector pHIV-2KR.X7. BS, bridging sheet. (B) V3 sequences for HIV-1MN, HIV-1YU2, HIV-1Ccon, and HIV-1BORI were incorporated into the
pHIV-2KR.X7 env cassette as described in Materials and Methods to generate the chimeric proviruses pHIV-2KR.X7 MN V3, pHIV-2KR.X7 YU2 V3,
pHIV-2KR.X7 Ccon V3, and pHIV-2KR.X7 BORI V3.
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TZM-bl reporter cell assay varied by over 100-fold (Fig. 2A).
We postulated that these differences might be explained in part
by altered processing or content of Env gp120/gp41 on the
virion surface. Figure 2B shows the immunoreactivity of puri-
fied virus particles with a guinea pig anti-HIV-2 gp120 poly-
clonal serum. Visual inspection of the gels showed that Env
processing to mature virion-associated gp120 was most efficient
for the parental virus HIV-2KR.X4; intermediate for HIV-
2KR.X7 YU2 V3, HIV-2KR.X7 Ccon V3, and HIV-2KR.X7; and
least efficient for HIV-2KR.X7 MN V3; furthermore this pro-
cessing was correlated with viral infectivity in the TZM-bl
reporter cell assay. To formally address this relationship, we
quantified viral infectivity by chemiluminescence (RLU) (Fig.
2A) and gp120 Env content by band densitometry (Fig. 2B)
and found a significant correlation (� 	 0.87; P 	 0.05). Be-
cause the HIV-2KR.X7 MN V3 virus was substantially less in-
fectious in the TZM-bl reporter assay than the other two chi-
meras, we elected to exclude this virus from further analysis.

Selective inhibition of HIV-2KR.X7/HIV-1 V3 chimeras by
receptor, coreceptor, and gp41 fusion inhibitors. Since virus-
cell membrane attachment and fusion represent essential,
highly ordered steps in virus entry, we asked if HIV-2KR.X7/
HIV-1 V3 chimeras were inhibited by CD4 receptor, chemo-
kine coreceptor, and gp41 fusion protein inhibitors in a man-
ner comparable to that of the parental HIV-2KR virus strain
and other primary HIV-2 and HIV-1 viruses. HIV-2KR.X4,

HIV-2KR.X7, HIV-2KR.X7 YU2 V3, and HIV-2KR.X7 Ccon V3
were each inhibited efficiently by soluble CD4 (sCD4) in con-
centrations comparable to primary HIV-2 strains, which as a
group are more sensitive to sCD4 than are HIV-1 viruses
(Table 1) (18, 49). CD4 binding is followed by Env-coreceptor
engagement, and the primary determinants of coreceptor tro-
pism reside in residues located within V3 (37, 43, 44). We thus
tested if virus entry was blocked selectively by coreceptor an-
tagonists and if coreceptor usage of the chimeric viruses cor-
responded with that of the virus from which the V3 originated.
HIV-2KR and HIV-1NL4.3 are X4-tropic viruses, and HIV-1YU2

and HIV-1Ccon are R5 tropic; each served as a control. To
determine coreceptor usage, the selective coreceptor antago-

FIG. 2. Infectivity and Env processing of HIV-2KR.X7/HIV-1 V3
chimeras. (A) Proviral constructs were transfected into 293T cells to
generate infectious virus stocks. Virus infectivity was assessed by lu-
ciferase production (RLU) in the TZM-bl single-cycle entry assay (96,
97). Luciferase readout was normalized by HIV-2 p27 antigen quan-
tification. Data are presented as the mean and standard deviation of
three independent experiments. Env-deficient HIV-2 was tested as a
negative control. (B) Virus stocks were prepared by 293T transfection.
At 48 h after transfection, virus was harvested from culture superna-
tants, pelleted, solubilized, and subjected to sodium dodecyl sulfate-gel
electrophoresis and immunoblotting with a guinea pig anti-HIV-2
gp120 polyclonal antibody. Envelope-deficient HIV-2 was included as
a negative control. The positions of the gp160 precursor glycoprotein
and processed gp120 are identified by arrows.

TABLE 1. Neutralization titers of HIV-2, HIV-1, and HIV-2/HIV-1 V3 chimeras

Antibody or
inhibitor

Ligand binding
region

IC50 (�g/ml)a

HIV-2KR.P1 HIV-2KR.X4 HIV-2KR.X7 HIV-2KR.X7 YU2 V3 HIV-2KR.X7 Ccon V3 HIV-1YU2

IgG1 b12 CD4bs �10 �10 �10 �10 �10 3.1 (0.60)
2F5 HIV-1 MPER �10 �10 �10 �10 �10 �10
4E10 HIV-1 MPER �10 �10 2.0 (0.47) 0.93 (0.11) 1.0 (0.42) �10
447-52D HIV-1 V3 �10 �10 �10 0.001 (0.0005) 0.03 (0.02) 4.15 (0.35)
F425 B4e8 HIV-1 V3 �10 �10 �10 0.004 (0.001) 0.48 (0.19) �10
E51 HIV-1 CD4i �10 �10 �10 �10 �10 �10
17b HIV-1 CD4i �10 �10 �10 �10 �10 �10
48d HIV-1 CD4i �10 �10 �10 �10 �10 ND
21c HIV-1 CD4i �10 �10 �10 �10 �10 �10
4.12D HIV-1 CD4i �10 �10 �10 �10 �10 �10
19e HIV-1 CD4i �10 �10 �10 �10 �10 �10
ED47 HIV-1 CD4i �10 �10 �10 �10 �10 �10
ED49 HIV-1 CD4i �10 �10 �10 �10 �10 �10
T1249 gp41 ND 0.04 (0.03) 0.23 (0.13) 0.02 (0.002) 0.10 (0.09) 0.08 (0.02)
T20 gp41 ND �2.5 �2.5 �2.5 �2.5 0.22 (0.08)
sCD4 (nM) CD4bs 116 (54) 49 (39) 0.23 (0.11) 2.3 (0.9) 2.3 (1.2) 10.5 (0.71)

a All neutralization titers (IC50s) are presented as the mean of at least four independent determinations with standard deviation noted in parentheses. ND, not done.
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nists TAK-779 (a CCR5 antagonist) and AMD3100 (a CXCR4
antagonist) were used to compete with virus entry in TZM-bl
reporter cells (104). The results, shown in Fig. 3A, demonstrate
that entry of HIV-2KR.X7 YU2 V3 and HIV-2KR.X7 Ccon V3
was completely inhibited by TAK-779 but not by AMD3100.
Conversely, entry of HIV-2KR.X4 and HIV-2KR.X7 was inhib-
ited by AMD3100 but not by TAK-779. HIV-1NL4.3 and HIV-
1YU2 were inhibited by AMD3100 and TAK-779, respectively.
These findings indicate that the chimeric viruses maintain the
CD4-dependent, R5-tropic phenotype of their parental HIV-1
Env proteins and that the coreceptor specificity for these vi-
ruses is determined solely by the V3 region. To determine if
the HIV-2KR.X7 HIV-1 V3 chimeric viruses were selectively
and efficiently neutralized by inhibitors of gp41-mediated fu-
sion, peptide homologues of the HIV-2/HIV-1 heptad repeat
region 2 (T1249) and the HIV-1 (only) heptad repeat region 2
(T20) (22) were tested against these viruses and against rele-
vant HIV-2KR and HIV-1YU2 controls. HIV-2KR and its deriv-
atives including the HIV-2KR.X7/HIV-1 V3 chimeras were each
neutralized efficiently by T1249 but not at all by T20 (Table 1).
Moreover, the chimeric viruses exhibited typical sigmoidally
shaped inhibition curves, with IC50 values for T1249 similar to
the value of the parental virus HIV-2KR.X4 (Fig. 3B) and of
HIV-1 viruses (22). Altogether, the findings suggest that the
HIV-2KR.X7/HIV-1 V3 chimeras maintain their selective bind-
ing properties for CD4, coreceptor, and gp41 ligands and that
the molecular events underlying their entry into cells are pre-
served in a biologically relevant fashion comparable to wild-
type HIV-1 and HIV-2 viruses.

Neutralization of HIV-2KR.X7/HIV-1 V3 chimeras by HIV-1
MAbs. To evaluate the utility of HIV-2KR.X7/HIV-1 V3 chi-
meras to detect HIV-1 V3-specific NAbs and to distinguish
such antibodies from NAbs with other specificities, we exam-

ined the sensitivity of the parental and chimeric viruses to a
panel of well-characterized HIV-1 MAbs having defined
epitope specificity. Neutralization studies were performed by
incubating virus stocks with serial dilutions of MAb starting at
10 �g/ml prior to transfer to TZM-bl cells. For this analysis, we
first assessed the neutralization sensitivity of the wild-type
HIV-2KR virus and its derivative HIV-2KR.X4 (Table 1 and Fig.
4). HIV-2KR.P1 and HIV-2KR.X4 were resistant to neutraliza-
tion by all of the MAbs tested including those specific for the
CD4bs, CD4i, MPER, or V3 epitopes although there was slight
neutralization sensitivity to the MPER MAb 4E10. The 4E10
epitope is uniformly conserved on HIV-1 viruses of all sub-
types and is present on many, but not all, strains of HIV-2 (H.
Li, F. Bibollet-Ruche, J. M. Decker, et al., presented at the
Keystone Symposium on HIV Vaccines, Keystone, CO, 2006).
We next determined the neutralization profile of the third
control virus, HIV-2KR.X7, to verify that the E204K, T360A,
and Y668H mutations did not render this virus differentially
sensitive to neutralization by HIV-1 MAbs (Fig. 4 and Table
1). Again, we found that HIV-2KR.X7 was resistant to neutral-
ization by all of the HIV-1 MAbs tested except 4E10. We also
tested HIV-2KR.X4 and HIV-2KR.X7 (and the two HIV-2KR.X7/
HIV-1 V3 chimeras) for sensitivity to three HIV-2-specific
neutralizing MAbs obtained as a gift from James Robinson
(unpublished data). The MAbs recognize the HIV-2 V3
(6.10F), coreceptor binding region (1.4H), and an undefined
epitope on gp120 (1.4B), and all three exhibited similar neu-
tralization activities (IC50 of �10 �g/ml) against the two HIV-2
strains and the two HIV-2KR.X7/HIV-1 chimeras. These data,
together with results presented above, suggest that the wild-
type HIV-2KR.P1 virus, its derivatives HIV-2KR.X4 and HIV-
2KR.X7, and the HIV-2KR.X7/HIV-1 V3 chimeras maintain
functional and antigenic characteristics typical of what we have

FIG. 3. Coreceptor tropism of HIV-2KR.X7/HIV-1 V3 chimeras and fusion inhibition by T1249. (A) TZM-bl reporter cells were incubated with
10 �M TAK-779 (CCR5 antagonist), 1.2 �M AMD3100 (CXCR4 antagonist), medium only (untreated), or a combination of both coreceptor
inhibitors for 30 min prior to the addition of infectious virus stock. TZM-bl cells express high levels of surface CD4, CCR5, and CXCR4, rendering
them susceptible to infection by both CCR5- and CXCR4-tropic viruses. Entry was assessed by luciferase production (RLU) measured 48 h after
infection. Values are presented as percent infectivity compared to the untreated control. HIV-1NL4.3 is a CXCR4-tropic control virus, and
HIV-1YU2 is a CCR5-tropic control virus. Data are presented as the mean and standard deviation of 4 to 12 determinations. (B) Serial dilutions
of T1249 were combined with an equal volume of infectious virus stock, incubated at 37°C for 1 h, and transferred to TZM-bl reporter cells. Virus
entry was measured by luciferase production 48 h later and normalized to luciferase expression in the absence of T1249. Inhibition curves for
HIV-2KR.X4, HIV-2KR.X7 YU2 V3, and HIV-2KR.X7 Ccon V3 are shown. IC50 values are presented in Table 1. Data represented are the mean and
standard deviation of three independent experiments.
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reported previously for primary HIV-2 viruses (18). Finally, we
evaluated the two HIV-2KR.X7/HIV-1 V3 chimeras for sensi-
tivity to V3 and non-V3 neutralizing HIV-1 MAbs. Figure 4
and Table 1 show that the HIV-2KR.X7 YU2 V3 and HIV-
2KR.X7 Ccon V3 chimeras were resistant to all of the non-V3
MAbs except for 4E10, which inhibited both chimeras to an
extent indistinguishable from the HIV-2KR.X7 control virus.
However, both chimeras were remarkably sensitive to neutral-
ization by the HIV-1 V3-specific MAbs 447-52D and F425
B4e8. For example, 447-52D and F425-B4e8 neutralized the
HIV-2KR.X7 YU2 V3 chimera at an IC50 of 0.001 �g/ml and
0.004 �g/ml, respectively. The same 447-52D and F425-B4e8
MAbs neutralized the HIV-2KR.X7 Ccon V3 chimera at an IC50

of 0.03 �g/ml and 0.48 �g/ml, respectively. Importantly, HIV-
2KR.X4 and HIV-2KR.X7 were each completely resistant to neu-
tralization by both 447-52D and F425 B4e8. To explore further
the sensitivity of the HIV-2KR.X7 YU2 (clade B) V3 chimera to
other V3 specific MAbs, we tested its sensitivity to the MAbs
257-D and 268, which neutralize the TCLA strain HIV-1MN

(30, 31; also data not shown), and 5F7 and 4G10, which target
the atypical V3 of the TCLA strain HIV-1IIIB that contains a
unique Gln-Arg insertion adjacent to the GPGX crown resi-
dues (95). The HIV-2KR.X7 YU2 V3 chimera was sensitive to
257-D and 268 (IC50 of 0.06 and 8.9 �g/ml, respectively) but
not to 5F7 or 4G10 (95; also data not shown).

Epitope specificity of neutralization of HIV-2KR.X7/HIV-1 V3
chimeras by HIV-1 MAbs. To confirm the V3 specificity of
neutralization detected by the HIV-2KR.X7/HIV-1 V3 chime-
ras, we performed a series of competition experiments using
linear peptides comprising the 24 N-terminal V3 residues of
HIV-1JR-FL or HIV-1YU2 that include the epitopes of the 447-
52D and F425 B4e8 MAbs or a fusion protein that presents the
full-length V3 in its disulfide-bound form. Sequences of the V3
peptides used in these antibody absorption experiments are
shown in Table 2. For competition studies, MAb was incubated
with peptide or protein at 37°C for 30 min prior to the addition
of HIV-2KR.X7 YU2 V3 and transfer to TZM-bl reporter cells.
Figure 5A shows that a V3 linear peptide from HIV-1JR-FL

FIG. 4. Neutralization of HIV-2KR.X7/HIV-1 V3 chimeras by HIV-1 MAbs. HIV-2KR.X7/HIV-1 V3 chimeras and control viruses were tested for
neutralization susceptibility to HIV-1 MAbs targeting the CD4bs (b12), MPER (2F5, 4E10), and CD4i (17b, 19e, 21c, E51, 4.12D, ED47, ED49)
epitopes and V3 (447-52D and F425 B4e8). Fivefold serial MAb dilutions were prepared at a starting concentration of 20 �g/ml, mixed with an
equal volume of infectious virus stock to give the final concentrations shown, and incubated at 37°C for 1 h prior to transfer to TZM-bl reporter
cells. Virus entry was measured by luciferase production 48 h after infection and normalized to luciferase expression in the absence of MAb.
Non-V3-specific HIV-1 MAbs are represented by black lines. HIV-1 V3-specific MAbs (447-52D and F425 B4e8) are shown by red lines. IC50
neutralization values are presented in Table 1. Data represented are the mean and standard deviation of three independent experiments.

TABLE 2. V3 peptides and fusion proteins used in absorption studies

Protein V3 derivation Sequence

V3YU2 24-mer HIV-1YU2 (clade B) CTRPNNNTRKSINIGPGRALYTTG
V3JR-FL 24-mer HIV-1JR-FL (clade B) CTRPNNNTRKSIHIGPGRAFYTTG
Rabbit Fc-V3B FP HIV-1JR-FL (clade B) CTRPNNNTRKSIHIGPGRAFYTTGEIIGDIRQAHC
Rabbit Fc-V3C FP HIV-1Ccon (clade C) CTRPNNNTRKSIRIGPGQTFYATGDIIGDIRQAHC
Rabbit Fc-V3p8027 FP HIV-1JR-FL (clade B) CTRPNNNT--------GAG--------GDIRQAHC
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(V3JR-FL) was able to absorb virtually all 447-52D neutralizing
activity and a substantial proportion of F425 B4e8 neutralizing
activity. An analogous peptide composed of the N-terminal
residues of the HIV-1YU2 V3 (V3YU2) removed most of the
447-52D neutralizing activity but none of the F425 B4e8 reac-
tivity (Fig. 5B). The decreased affinity of F425 B4e8 for the
HIV-1YU2 peptide is most likely due to the presence of a
leucine residue at position 317 in this peptide. Crystallographic
descriptions of V3 peptide-F424 B4e8 complexes demonstrate
that the aromatic side chain of Phe317, present in the HIV-
1JR-FL peptide but absent in the V3YU2 peptide, serves to
stabilize an unusual conformation adopted by Arg315 in the V3
crown that is required for high-affinity F425 B4e8 binding (2).
A similar finding was reported by Dhillon and colleagues, who
found that the linear peptide of HIV-1YU2 was not as effective
as that of HIV-1JR-FL in competing for F425 B4e8 neutraliza-

tion of HIV-1JR-FL (19). Scrambled V3 peptide and medium-
only controls had no effect on 447-52D- and F425 B4e8-medi-
ated neutralization of HIV-2KR.X7 YU2 V3 (Fig. 5A and B).

Because competition for neutralizing activity of the MAbs by
linear V3 peptides was not complete, we considered the pos-
sibility that linear peptides might not replicate V3 secondary
and tertiary structure sufficiently to serve as effective compet-
ing antigens. Thus, we conducted similar absorption experi-
ments using a chimeric protein containing a rabbit Fc back-
bone with the V3 residues from subtype B HIV-1JR-FL or
subtype C consensus sequences fused to the N terminus of the
Fc protein (A. Salomon and A. Pinter, unpublished). These
fusion proteins are referred to as Fc-V3B FP and Fc-V3C FP,
respectively. The Fc-V3B FP completely eliminated 447-52D-
and F425 B4e8-mediated neutralization of HIV-2KR.X7 YU2
V3 (Fig. 5C). The Fc-V3C FP eliminated most 447-52D-medi-

FIG. 5. Epitope specificity of HIV-2KR.X7 YU2 V3 chimera neutralization by HIV-1 V3 MAbs. HIV-2KR.X7 YU2 V3 neutralization by 447-52D
or F425 B4e8 is competed by V3JR-FL 24-mer peptide (A), V3YU2 24-mer peptide (B), or by Fc-V3B FP or Fc-V3C FP (C). V3 peptides and fusion
protein (FP) competitors are shown in Table 2. For all experiments, fivefold serial dilutions of HIV-1 MAbs were combined with peptide or fusion
protein and incubated at 37°C for 30 min. Virus was then added and incubated at 37°C for 1 h, and the mixture was transferred to TZM-bl reporter
cells. The final peptide and fusion protein concentrations in all wells were 50 �g/ml and 10 �g/ml, respectively. Luciferase expression was assessed
48 h later and was normalized to that in the absence of antibody or inhibitor. Scrambled (scr) V3 peptide, fusion proteins lacking complete or
partial V3 sequences, and medium-only controls were included.
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ated neutralization of HIV-2KR.X7 YU2 V3 but only a fraction
of F425 B4e8-mediated neutralization. The greater efficiency
of Fc-V3B FP than Fc-V3C FP in blocking 447-52D- and F425
B4e8-mediated neutralization is consistent with the HIV-1 B
clade origin of these two human MAbs (13, 72, 108). The
greater efficiency of Fc-V3C FP in blocking 447-52D neutral-
ization than F425 B4e8 neutralization is consistent with the
greater dependence of 447-52D on main chain interactions
with the amino-terminal limb of V3 than F425 B4e8, which is
more dependent on side chain interactions, especially with
Arg315 in the V3 crown (2, 93). In most clade C viruses and in
the Fc-V3C FP, Arg315 is replaced by Gln315 (Los Alamos
Sequence Database [http://www.hiv.lanl.gov/]). Additionally,
we tested a third fusion protein that consisted of a rabbit Fc
backbone with the V3 sequence of HIV-1JR-FL fused to the
N terminus, but in which 19 residues from the V3 crown
(Arg-Lys-Ser-Ile-His-Ile-Gly-Pro-Gly-Arg-Ala-Phe-Tyr-Thr-
Thr-Gly-Glu-Ile-Ile) are replaced by a Gly-Ala-Gly linker. This
construct is referred to as Fc-V3p8027 FP and was employed to
determine the proportion of the V3 reactivity that is directed at
the V3 tip. As expected, we observed no reduction in the
neutralization of HIV-2KR.X7 YU2 V3 by 447-52D and F425
B4e8 after absorption with the Fc-V3p8027 FP (Fig. 5C). A
control rabbit Fc protein lacking HIV-1 V3 sequences and a
medium-only control also had no effect on virus neutralization
by 447-52D and F425 B4e8 (Fig. 5C). Fusion protein compe-
tition experiments were performed with 10 �g/ml (0.2 nM)
Fc-V3 FP present in all wells. Peptide absorption experiments
consisted of 50 �g/ml (20 nM) linear peptide in all wells. This
corresponds to an approximately 100-fold molar excess of pep-
tide relative to fusion protein for these studies. Divalency of
the fusion proteins and stabilization in V3 loop conformations
may contribute to their enhanced potency in binding V3-spe-
cific antibodies.

Neutralization of HIV-2KR.X7/HIV-1 V3 chimeras by poly-
clonal HIV-1-positive plasma. Having established that the
HIV-2KR.X7/HIV-1 V3 chimeras represent a sensitive and spe-
cific virological reagent to detect HIV-1 V3-specific neutraliz-
ing human MAbs, we next sought to determine if these re-
agents could detect anti-V3 NAbs in polyclonal HIV-1-reactive
plasma from chronically infected individuals. For these exper-
iments, we first tested the ability of plasmas from three subtype
B HIV-1-infected patients, two subtype C HIV-1-infected pa-
tients, and a negative control individual to neutralize the HIV-
2KR.X7/HIV-1 V3 chimeras and control viruses. Figure 6A
shows that none of the six plasmas neutralized the HIV-2KR.X4

or HIV-2KR.X7 control viruses, indicating that cross-reactivity
to HIV-2 V3 and non-V3 epitopes (including 4E10-like
epitopes) is absent in these plasmas. Conversely, the three
clade B plasmas neutralized the HIV-2KR.X7 YU2 V3 chimera
(clade B V3) potently (reciprocal median IC50 titer of 6,850)
and the HIV-2KR.X7 Ccon V3 chimera (clade C V3) quite
effectively as well, albeit at lower titers (reciprocal median IC50

titer of 833). The clade C plasmas neutralized both HIV-
2KR.X7/HIV-1 V3 chimeras potently (median IC50s of 8,047
and 8,383 for HIV-2KR.X7 YU2 V3 and HIV-2KR.X7 Ccon V3,
respectively). Additionally, HIV-2KR.X7 YU2 V3 was neutral-
ized by purified IgG from plasmas DIGA 3757 and 1682 at an
IC50 titer of 2.0 �g/ml and 1.4 �g/ml, respectively, thus ac-
counting for virtually all of the neutralizing activity in these

plasmas (Table 3) (3). These findings, together with the selec-
tive inhibition of neutralization by V3-specific peptides and
fusion proteins, demonstrate that the plasma neutralizing ac-
tivities detected by the HIV-2KR.X7/HIV-1 V3 chimeras are
IgG mediated. The negative control plasma exhibited no neu-
tralizing activity against any of the viruses tested.

Epitope specificity of neutralization of HIV-2KR.X7/HIV-1 V3
chimeras by polyclonal HIV-1-positive plasma. To confirm the
V3 specificity of the neutralizing activity in polyclonal plasma,
we tested the ability of the V3JR-FL linear peptide to compete
with plasma antibodies for neutralization. The V3JR-FL 24-mer
peptide was shown by the data given in Fig. 5 to compete more
effectively against 447-52D and F425 B4e8 neutralization than
did the V3YU2 24-mer peptide although neither competed as
effectively as the rabbit Fc-V3B fusion protein. Figure 6B
shows that the linear V3JR-FL peptide impaired the neutraliz-
ing activity of the two different polyclonal clade B plasmas for
the YU2 chimera only minimally. This suggested to us that
additional anti-V3 specificities besides those represented by
447-52D and F425 B4e8 might be present in the polyclonal
plasma or that, as indicated by the data in Fig. 5, a linear V3
peptide is generally less efficient at competing with antibody
than a V3 loop presented in a more native conformation. Thus,
we tested the ability of the rabbit Fc-V3B FP and Fc-V3C FP to
compete with NAbs in the polyclonal plasmas. Figure 6C shows
that absorption with the Fc-V3B FP, but not the Fc-V3C FP,
resulted in �300-fold (99.7%) reduction in the clade B plasma
(DIGA 3757) IC50 neutralization titer against HIV-2KR.X7

YU2 V3. Absorption of the clade C plasma with either the
Fc-V3C FP or the Fc-V3B FP resulted in �100-fold (99%)
reduction in the IC50 neutralization titer against the same
virus. We also performed competition experiments using the
Fc-V3p8027 FP, which lacks the V3 crown residues. Our data
show that the Fc-V3p8027 FP was ineffective at competing for
antibody binding in the DIGA 3757 (clade B) and BB105
(clade C) plasmas and that these plasmas retained 100% of
their neutralizing activity against the HIV-2KR.X7 YU2 V3
chimera relative to medium-only and rabbit Fc-only controls
(Fig. 6C). These findings confirmed that most of the plasma
neutralizing activity that was detected by the HIV-2KR.X7/
HIV-1 V3 chimeras was V3 specific and dependent upon res-
idues in the V3 crown that overlap the 447-52D and F425 B4e8
epitopes. This could be because V3 crown residues are part of
the antibody binding epitope per se or because the GPGX
beta-hairpin turn is required for juxtaposition of antibody
contact sites elsewhere in the V3 loop.

Breadth and potency of V3-specific NAbs in plasma of sub-
jects infected with HIV-1 clade B or clade C against HIV-
2KR.X7/HIV-1 V3 chimeras versus a V3 sequence-matched pri-
mary virus strain. Finally, we sought to assess the breadth and
potency of V3-specific NAbs in an expanded panel of HIV-1-
positive plasmas against the HIV-2KR.X7/HIV-1 V3 chimeras
compared with a V3 sequence-matched primary virus strain,
HIV-1YU2. We tested a total of 21 plasmas obtained from
individuals chronically infected with either HIV-1 subtype B or
C against both HIV-2KR.X7/HIV-1 V3 chimeras and against a
molecular clone-derived primary virus strain, HIV-1YU2,
whose V3 loop sequence is identical to that of the HIV-2KR.X7

YU2 V3 chimera. The results, shown in Table 3 and Fig. 7,
demonstrate that all of the plasmas contained high titers of
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FIG. 6. Epitope specificity of neutralization of HIV-2KR.X7/HIV-1 V3 chimeras by HIV-1 subtypes B and C plasmas. (A) Neutralization
of HIV-2KR.X7/HIV-1 YU2 and Ccon V3 chimeras but not parental HIV-2 strains by plasma from subjects infected by HIV-1 subtype B and
C. Neutralization of the HIV-2KR.X7 YU2 V3 chimera by HIV-1 clade B plasma is inhibited modestly by the V3JR-FL 24-mer peptide (B) and
nearly completely by Fc-V3B FP (C, left). Neutralization of the HIV-2KR.X7 YU2 V3 chimera by HIV-1 clade C plasma is inhibited equally
by Fc-V3B FP and Fc-V3C FP (C, right). V3 peptides and fusion protein (FP) competitors are shown in Table 2. For all experiments, fivefold
serial dilutions of plasma were combined with peptide or fusion protein and incubated at 37°C for 30 min. Virus was then added and
incubated at 37°C for 1 h, and the mixture transferred to TZM-bl reporter cells. The final peptide and fusion protein concentrations in all
wells were 50 �g/ml and 10 �g/ml, respectively. Luciferase expression was assessed 48 h later and was normalized to that in the absence of
plasma or inhibitor. Scrambled (scr) V3 peptide, fusion proteins lacking complete or partial V3 sequences, and medium-only controls had
no effect on virus neutralization.
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V3-specific NAbs against the clade-matched chimeras. For ex-
ample, 10 clade C plasmas neutralized the HIV-2KR.X7 Ccon
(clade C) V3 chimera with reciprocal IC50 titers ranging from
2,530 to 42,369 (median titer, 8,488). Similarly, 11 clade B
plasmas neutralized the HIV-2KR.X7 YU2 (clade B) V3 chi-
mera with reciprocal IC50 titers ranging from 305 to 20,777
(median titer, 3,804). These plasmas also exhibited substantial
cross-clade neutralizing activity with the 10 clade C plasmas
neutralizing HIV-2KR.X7 YU2 V3 with reciprocal IC50 titers
ranging from 96 to 15,104 (median titer, 1,722) and the 11

clade B plasmas neutralizing HIV-2KR.X7 Ccon (clade C) V3
chimera with reciprocal IC50 titers ranging from 45 to 3,529
(median titer, 794). The differences in neutralization titers
within clade versus cross-clade for the B-clade and C-clade
plasmas were in each case statistically significant (P 	 0.0366
and P 	 0.0230, respectively). The same HIV-1 clade B and
clade C plasmas were then tested for neutralizing activity
against the primary virus strain HIV-1YU2. Clade B plasmas
exhibited IC50 titers ranging from 
20 to 160 (median, 
20),
which were far less than against the clade-matched HIV-

FIG. 7. Breadth and potency of V3-specific NAbs in plasma of clade B- and clade C-infected subjects. Eleven clade B plasmas (blue) and 10
clade C plasmas (red) were tested for V3-specific neutralizing activity against HIV-2KR.X7 YU2 V3, HIV-2KR.X7 Ccon V3, and HIV-1YU2 (A) and
HIV-2KR.X7 BORI V3 and HIV-1BORI (B). Reciprocal IC50s and median values (horizontal lines) are plotted for each plasma-virus combination.
IC50s for all plasmas tested against control HIV-2 viruses were all 
1:20. Comparisons showing statistical significance are indicated.

TABLE 3. Neutralization titers of 11 subtype B and 10 subtype C plasmas against HIV-2, HIV-1, and HIV-2/HIV-1 V3 chimeras

Plasma Subtype
Reciprocal IC50

a

HIV-2KR.X4 HIV-2KR.X7 HIV-2KR.X7 Ccon V3 HIV-2KR.X7 YU2 V3 HIV-1YU-2

DIGA 3757 B 
20 
20 285 20,777 158
1705 B 
20 
20 833 6,849 
20
1682 B 
20 
20 2,453 6,098 33
YOAL 0522 B 
20 
20 1,306 3,804 
20
MIGE 1132 B 
20 
20 794 2,449 
20
RUTH 1145 B 
20 
20 740 873 
20
SMST 1012 B 
20 
20 3,102 9,259 47
WATI 0885 B 
20 
20 45 331 
20
LENA 1029 B 
20 
20 674 3,189 
20
BELI 1233 B 
20 
20 3,529 6,080 
20
HIDO 1099 B 
20 
20 628 305 
20
BB10 C 
20 
20 4,713 96 
20
BB22 C 
20 
20 8,197 3,578 26
BB25 C 
20 
20 4,847 3,347 21
BB52 C 
20 
20 14,096 722 27
BB70 C 
20 
20 21,618 15,104 147
BB72 C 
20 
20 2,530 1,085 
20
BB83 C 
20 
20 42,369 936 20
BB105 C 
20 
20 7,987 13,736 
20
BB106 C 
20 
20 13,062 198 37
BB107 C 
20 
20 8,780 2,358 198
HIV-1 negative 
20 
20 
20 
20 
20

a Neutralization titers are expressed as the reciprocal IC50 plasma dilution of a representative experiment. Experiments were repeated at least three times.
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2KR.X7 YU2 V3 chimera (reciprocal IC50 titers of 305 to
20,777; median titer, 3,804; P 	 0.0006). Similarly, clade C
plasmas exhibited IC50 titers against the primary virus strain
HIV-1YU2 ranging from 
20 to 200 (median, 23), which again
were far less than against the HIV-2KR.X7 YU2 V3 chimera
(P 	 0.0023) or the HIV-2KR.X7 Ccon V3 chimera (P 	
0.0014).

These results suggested that individuals who are naturally
infected by HIV-1 regularly develop high titers of V3-specific
antibodies having broad within- and cross-clade V3 reactivity
but that these antibodies lack neutralizing activity (i.e., po-
tency) against primary HIV-1 viruses such as HIV-1YU2 be-
cause the V3 epitopes on primary viruses are concealed within
the tertiary and quaternary confines of the native Env trimer
(37, 47, 53, 54, 79). To confirm this hypothesis, we performed
three additional analyses. First, we examined the sensitivity of
a virus expressing the Env glycoprotein from a second molec-
ularly cloned primary clade B strain, HIV-1BORI d9-4F8_1413

(46), compared with an HIV-2KR.X7 Env chimera containing
HIV-1BORI d9-4F8_1413 V3 sequence to the V3 MAbs and to the
21 clade B and C plasmas. 447-52D and F425 B4e8 were
unable to neutralize the primary HIV-1BORI virus at the high-
est concentrations tested (25 and 10 �g/ml, respectively) but
neutralized the HIV-2KR.X7 BORI V3 chimera at concentra-
tions 1,000-fold lower (
0.003 �g/ml for each) (Fig. 8). Simi-
larly, the HIV-1-positive patient plasmas exhibited neutraliza-
tion titers against the HIV-2KR.X7 BORI V3 chimera that were
on average �100-fold higher than against the primary HIV-
1BORI virus strain (Fig. 7b). Median IC50 neutralization titers
against the HIV-2KR.X7 BORI V3 chimera were 2,941 and
2,033 for the clade B and clade C plasmas, respectively, but
only 28 (P 	 0.0007) and 20 (P 	 0.0013) against HIV-1BORI.
Second, in this and a companion study (49), we tested a total
of 55 transmitted/early founder viral Env proteins from 47
subjects acutely infected with clade B virus for susceptibility to
447-52D and F425 B4e8 in the Env-pseudotype TZM-bl assay.
These transmitted/early founder viral Envs were expressed
from env genes that were molecularly derived from plasma
virus that had never been cultivated ex vivo (49). Fifty-one of
55 (93%) of these transmitted/founder Envs were found to be
resistant to neutralization by 447-52D and F425 B4e8 at the
maximum concentrations tested (10 to 25 �g/ml). However,
many of the same Envs showed sensitivity to 447-52D and F425
B4e8 when they were pretreated with submaximal ICs of sCD4
(Fig. 8B, C, and D) in order to trigger conformational changes
in gp120 and expose V3 (42, 49, 63, 99). Third, we examined
directly the contribution of V3-specific antibodies to the neu-
tralization potencies of three broadly reactive clade B and two
clade C plasmas against the primary virus strain HIV-1JR-FL

(4). Each of the five broadly neutralizing plasmas tested exhib-
ited high-titer V3-specific reactivity against the HIV-2KR.X7

YU2 chimera (IC50 of 1,235 to 8,137) and moderately high
heterologous NAb titers against HIV-1JR-FL (IC50 of 206 to
1,007). However, when V3-specific antibodies were selectively
depleted from these plasmas using the rabbit Fc-V3B FP, the
plasmas retained nearly 100% of their neutralizing activities
against HIV-1JR-FL, indicating that V3-specific antibodies in
these patients did not contribute to heterologous neutraliza-
tion of the primary virus. Altogether, the findings support the
conclusion that the V3 region in primary HIV-1 Envs is highly

conserved antigenically but is shielded from antibody recogni-
tion by the trimer complex.

DISCUSSION

Deciphering what antibody specificities constrain HIV-1
Env diversity (18, 21, 55, 63, 91), drive early Env evolution (25,
83, 97), restrict virus replication (80), and ultimately contribute
to neutralization breadth and potency (19, 58, 61, 62) in nat-
urally infected subjects and in vaccinees is an important goal.
Previously, we along with others have demonstrated that
HIV-2 Env could be used as a scaffold to present HIV-1
MPER and CD4i epitopes in the context of a functional gly-
coprotein and that such viruses could serve as sensitive and
specific probes for HIV-1-elicited epitope-specific NAbs (18,
19, 34, 61, 102; F. Bibollet-Ruche et al., presented at the
Keystone Symposium on HIV Vaccines, Keystone, CO, 2006;
F. Bibollet-Ruche et al., presented at the AIDS Vaccine 2005
Conference, Montreal, Canada, 2005). In the present study, we
focused on HIV-1 V3, which continues to attract substantial
attention as a target of NAbs (2, 54, 72, 74, 76, 99, 107).
Mamounas and colleagues first demonstrated that a chimeric
virus containing an HIV-2 backbone and an HIV-1MN V3 loop
was capable of infecting human T cells and showed suscepti-
bility to HIV-1 V3-specific antiserum (64). However, that assay
system consisted of two separate plasmids that required co-
transfection along with unspecified adaptive changes including,
but not limited to, mutations in V3 for efficient replication. We
sought to extend this work by creating a full-length replication-
competent HIV-2 provirus backbone containing an HIV-2 env
gene modified so as to readily accept different HIV-1 V3 se-
quences and requiring no additional adaptive changes for ef-
ficient fusion and entry in a single infection cycle assay (96, 97).
Thus, we developed a novel HIV-2KR-based shuttle vector
containing seven nucleotide substitutions, four of which were
synonymous cloning site mutations (pHIV-2KR.X4), and three
of which were nonsynonymous adaptive changes (pHIV-2KR.X7).
The latter changes were identified in our sequence analysis of
samples from the original HIV-2KR-MNV3 cell cultures (64),
which we confirmed to enhance viral infectivity of the HIV-
2KR.X7/HIV-1 V3 chimeras described in the current study (data
not shown).

We initially created three HIV-2KR.X7/HIV-1 V3 chimeric
viruses for our analyses of HIV-1 V3-specific NAbs: HIV-2KR.X7

YU2 V3, HIV-2KR.X7 Ccon V3, and HIV-2KR.X7 MN V3. The
V3 sequence from HIV-1YU2 was selected because of the
wealth of structural and biological data available for this pri-
mary virus strain (41), and HIV-2Ccon was selected because it
was most representative of the most commonly circulating
HIV-1 virus on a global scale. HIV-1MN was selected because
it represented a common preclinical and clinical vaccine strain.
Later in the study, a fourth chimera (HIV-2KR.X7 BORI V3)
was generated to correspond to a primary transmitted/founder
env (49). Assessment of the biological function and antigenicity
of the HIV-2KR.X7/HIV-1 V3 chimeric viruses demonstrated
that their Env glycoproteins maintained the essential func-
tional and antigenic properties of a native HIV trimer that are
requisite for use as a specific probe of V3-specific NAbs. HIV-
2KR.X7 YU2 V3, HIV-2KR.X7 Ccon V3, and HIV-2KR.X7 MN
V3 each conferred virus entry (Fig. 2A) to an extent that was
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FIG. 8. Exposure of V3 neutralization epitopes in the native HIV-1 Env trimer. The exposure of V3 epitopes from the primary viruses
HIV-1YU2, HIV-1BORI d9-4F8_1413, HIV-111006–11, and HIV-163068–05 (49) was tested by 447-52D and F425 B4e8 neutralization in three
contexts: primary HIV-1 Env (open symbol; solid line), primary HIV-1 Env after sCD4 triggering (open symbol; dotted line), and in the
HIV-2KR.X7/HIV-1 V3 Env scaffold (closed symbol). The HIV-2KR.X7 BORI V3 chimera (B) was constructed similarly to the HIV-2KR.X7
YU2 V3 chimera (A) (see Materials and Methods). Virus entry was measured by luciferase production 48 h after infection of TZM-bl
reporter cells and normalized to luciferase expression in the absence of MAb.
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proportional to the amount of processed gp120 present on the
virion surface (Fig. 2B). HIV-2KR.X7 YU2 V3 and HIV-2KR.X7

Ccon V3 each maintained receptor engagement, coreceptor
selection, and virus-cell membrane fusion kinetics typical of
primary viruses, as assessed by inhibition studies with selective
ligands (sCD4, TAK-779, AMD3100, T20, and T1249) (Table
1; Fig. 3A and B). Furthermore, each chimera, like the paren-
tal HIV-2KR.P1, HIV-2KR.X4, and HIV-2KR.X7 viruses, was re-
sistant to neutralization by HIV-1 MAbs directed at CD4bs
(b12), CD4i (17b, 19e, 21c, E51, 4.12D, ED47, and ED49), and
MPER (2F5) epitopes (Fig. 4). The chimeric viruses were
similar to HIV-2KR.X7 in sensitivity to 4E10, which is a prop-
erty common to many primary HIV-2 viruses (H. Li et al.,
presented at the Keystone Symposium on HIV Vaccines, Key-
stone, CO, 2006). The fact that HIV-2KR.X7 was slightly more
sensitive to 4E10 than were HIV-2KR.P1 and HIV-2KR.X4 sug-
gests that accessibility of the 4E10 epitope is slightly greater in
HIV-2KR.X7. Importantly, the HIV-2KR.P1, HIV-2KR.X4, and
HIV-2KR.X7 viruses were each resistant to neutralization by
plasma from HIV-1-infected subjects (Fig. 6A and Table 3).
These findings are typical of primary HIV-2 strains (18) and
indicate that the parental HIV-2 viruses and the HIV-2/HIV-1
V3 chimeras are not globally neutralization sensitive, a pre-
requisite for the HIV-2 Env to be a useful scaffold upon which
to present HIV-1 epitopes for an HIV-1 epitope-specific NAb
assay.

We tested the ability of the HIV-2KR.X7/HIV-1 V3 chimeras
to detect V3-specific antibodies using two HIV-1 MAbs, 447-
52D and F425 B4e8, whose V3 epitope specificities are well
established (2, 72, 93, 108). HIV-2KR.X7 YU2 V3 was potently
neutralized by both 447-52D and F425 B4e8 (IC50s of 0.001
�g/ml and 0.004 �g/ml, respectively), and HIV-2KR.X7 Ccon
V3 was also effectively neutralized by the same antibodies but
at higher concentrations (IC50s of 0.03 �g/ml and 0.48 �g/ml,
respectively) (Table 1 and Fig. 4). The neutralization potencies
of 447-52D against the HIV-2KR.X7/HIV-1 V3 chimeras is in
agreement with binding assay data showing that the affinity of
MAb 447-52D for clade C V3 sequences is reduced by approx-
imately 10-fold relative to that seen with clade B V3 loops (A.
Pinter, unpublished data). It is also of note that the HIV-
2KR.X7 Ccon V3 chimera is nearly 1,000-fold more sensitive to
neutralization by 447-52D than is an HIV-1SF162 Ccon V3
chimera (54), a finding we attribute to better V3 exposure in
the HIV-2 Env scaffold than in the neutralization-sensitive
HIV-1 Env scaffold. These findings suggested that the HIV-
2KR.X7/HIV-1 V3 chimeric viruses had especially favorable
properties for detecting HIV-1 V3-specific antibodies with sen-
sitivity and specificity, and this was confirmed by competition
studies using HIV-1 V3-specific peptides and fusion proteins
(Fig. 5). The finding that 447-52D and F425-B4e8 MAbs neu-
tralized the B-subtype (YU2) chimera more potently than the
C-subtype (Ccon) chimera can be explained by the origins of
the MAbs, their known binding specificities, and the V3 se-
quences of the two target viruses. MAbs 447-52D and F425
B4e8 were each derived from HIV-1 subtype B-infected pa-
tients, and the epitopes that they recognize have in common an
amino acid at position 315 of the V3 crown. In most subtype B
viruses and in the HIV-2KR.X7 YU2 V3 chimera, a highly
conserved arginine (Arg315) residue is found at this position
(Los Alamos Sequence Database [http://www.hiv.lanl.gov/]).

Crystallographic data of both MAbs bound to V3 peptides
indicate that antigen binding of 447-52D and F425 B4e8 relies
heavily on side chain interactions with Arg315, thus conferring
selectivity to these MAbs (2, 93). In most subtype C HIV-1 and
in the HIV-2KR.X7 Ccon V3 chimera, Arg315 is replaced by a
glutamine, thus accounting for decreased neutralization po-
tency of 447-52D and F425 B4e8 for the HIV-2 chimera con-
taining the Ccon V3 loop. Analysis of the V3-specific reactivity
in polyclonal clade B and clade C HIV-1-positive human plas-
mas demonstrated that high-titer V3 reactivity is characteristic
of chronic HIV-1 infection. These same plasmas showed
greatly reduced potency against HIV-1YU2 with neutralizing
titers �1,000-fold lower than those measured for the V3-spe-
cific component (Fig. 7). Fusion protein competition experi-
ments verified that the reactivity detected in polyclonal plasma
by the HIV-2KR.X7 YU2 V3 chimera is V3 specific and, fur-
thermore, that it is dependent upon residues overlapping the
447-52D and F425 B4e8 epitopes located within the V3 crown
(Fig. 6C).

A primary aim of this study was to develop HIV-2/HIV-1
Env chimeric viruses that could identify HIV-1 V3-specific
NAbs with sensitivity and specificity in complex polyclonal
human or animal plasma. The sensitivity of the chimeric V3
Env assay was demonstrated to be quite extraordinary, as in-
dicated by the IC50 titers of 447-52D and F425 B4e8 when
tested against HIV-2KR.X7 YU2 V3 (0.001 �g/ml and 0.004
�g/ml, respectively) and compared with the same MAbs tested
against the primary HIV-1YU2 virus strain containing the iden-
tical 35-amino-acid V3 sequence (4.15 �g/ml and � 10 �g/ml,
respectively) (Table 1 and Fig. 4 and 8A). This 1,000-fold or
greater enhancement in sensitivity of the HIV-2KR.X7 YU2 V3
chimera than of the corresponding HIV-1YU2 primary virus
was corroborated by a similar analysis of 447-52D and F425
B4e8 neutralization of the HIV-1BORI V3 sequence when pre-
sented in the context of the primary HIV-1BORI Env trimer
versus the HIV-2KR.X7 BORI V3 chimeric Env (Fig. 8B).
Again, the latter showed a �1,000-fold enhancement in V3-
mediated neutralization sensitivity. The exquisite specificity of
the HIV-2/HIV-1 Env chimeric viruses was demonstrated by
the ability of V3-containing fusion proteins (but not fusion
proteins lacking V3 or the crown residues of V3) to remove
�99% of the neutralizing activity of 447-52D, F425 B4e8, and
antibodies from the clade B and C polyclonal plasmas against
the HIV-2/HIV-1 V3 Env chimeras. HIV-1/HIV-1 V3 Env
chimeras (53, 54, 79) and antibody depletion or enrichment
strategies (19, 62, 68) have neither comparable sensitivity nor
comparable specificity for detection of HIV-1 V3-specific
NAbs.

Our findings provide new insights into questions raised at
the outset of the study. First, the V3 region of primary clade B
and C viruses is indeed highly immunogenic in naturally in-
fected humans. Median within-clade V3-specific IC50 NAb ti-
ters of nearly 0.0001 were elicited by naturally replicating virus
in both B clade and C clade infection. In comparison, median
epitope-specific CD4i NAb titers (IC50) are approximately
0.003 (18), while median epitope-specific MPER NAb titers
(IC50) are still lower (0.03) (F. Bibollet-Ruche et al., presented
at the Keystone Symposium on HIV Vaccines, Keystone, CO,
2006). CD4i NAbs are found in �90% of HIV-1-infected sub-
jects, whereas NAbs directed at the MPER are detectable in
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only one-third of subjects (18; F. Bibollet-Ruche et al., pre-
sented at the Keystone Symposium on HIV Vaccines, Key-
stone, CO, 2006); we show here that V3-specific NAbs were
present in every subject tested. Our observation that a
�10,000-fold dilution of HIV-1-positive patient plasma con-
tains equivalent V3-specific NAb activity against the HIV-
2KR.X7 YU2 V3 chimera as does �0.003 �g/ml of 447-52D or
F425 B4e8 MAb suggests that neat HIV-1-positive human
plasma contains the functional equivalent of �30 �g/ml of
447-52D or F425 B4e8 MAbs; this corresponds to approxi-
mately 0.3% of total IgG in normal humans (3). While differ-
ent V3-specific NAbs may exhibit differences in affinity and
NAb activity measured against functional Env trimers is not
equivalent to binding titers measured against monomeric gly-
coprotein, we find notable the similarity of this estimate to
values reported by Zolla-Pazner for total V3-specific antibody
concentrations, which averaged 77 �g/ml in HIV-1-infected
subjects (106). We also found that V3 antibodies exhibit broad
within-clade and cross-clade reactivity. This was evident in the
neutralizing activity of the two V3-specific MAbs and of the 21
HIV-1-positive clade B or C plasmas tested against viruses
presenting representative clade B and C V3 sequences. Among
the broadly neutralizing human MAbs, only 4E10 and the
CD4i MAbs exhibit equivalent breadth (5, 18). Third, we found
that the V3 loop in primary virus isolates such as HIV-1YU2 is
heavily shielded in the intact gp120/gp41 trimer from 447-52D,
F425 B4e8, and polyspecific V3 antibodies in human plasma.
This was most evident in the �1,000-fold difference in sensi-
tivity of primary HIV-1YU2 compared with the HIV-2KR.X7

YU2 V3 chimera to 447-52D, F425 B4e8, and to the 21 HIV-
1-positive patient plasmas (Table 1 and Fig. 7A), a finding
corroborated by HIV-1BORI and the corresponding HIV-
2KR.X7 BORI V3 chimera (Fig. 7B and 8). Additionally, a
comparative analysis of pseudotyped Env glycoproteins from
55 transmitted/early founder clade B HIV-1 viruses revealed
that 93% of these viruses were resistant to 447-52D and F425
B4e8 (IC50 of �10 to 25 �g/ml), indicating that the V3 region
is effectively shielded from NAb recognition. While there has
been a growing awareness that the V3 region of primary virus
strains is antigenically cross-reactive but sterically concealed
(probably by V1, V2, and other regions of Env) (54, 79, 99), the
results reported here of the differential sensitivity to neutral-
ization of viruses with V3 sequences presented in the context
of an HIV-2/HIV-1 Env chimera versus the native HIV-1 Env
glycoprotein provide one of the clearest demonstrations yet of
the profound effect that tertiary and quaternary HIV-1 Env
structure has in shielding V3 loop sequences from antibody
recognition. The data thus support a hypothesis that in vivo
HIV-1 V3 in its many forms of presentation on gp120 (e.g.,
virion associated, cell surface CD4 bound, and shed glycopro-
tein) is highly immunogenic, but in the context of a functional
Env trimer complex on the virion surface, V3 is generally
shielded from antibody recognition and thus does not serve as
an effective target of NAbs.

Although not the central focus of our study, structural as-
pects of the transplantation itself are of interest. Within the
middle 26 residues of V3, only 5 (20%) are conserved between
HIV-1 and HIV-2. Two of these V3 residues relate to binding
of sulfotyrosine at position 14 (Tys14) in the CCR5 N terminus
(41); one is a site of glycosylation, and two include the Gly-Arg

at the V3 loop tip, which is probably involved in binding to the
second extracellular loop of CCR5 (42). This demonstrates
how function forces conservation. It also is of interest that
replication-competent HIV-2KR.X7/HIV-1 V3 chimeras expose
HIV-1 V3 loop sequences on the unliganded Env trimer, as
shown by monoclonal and polyclonal V3 antibody neutraliza-
tion (Fig. 4), but do not simultaneously expose a preformed
bridging sheet detectable by a panel of HIV-1 CD4i MAbs (18,
49). This finding suggests that the large spatial rearrangements
in V3 and the bridging sheet that follow CD4 engagement and
result in the exposure of antigenically conserved CD4i epitopes
in the HIV-1 Env (42) may be disassociated in HIV-2KR.X7

HIV-1 V3 Env chimeras. This is not altogether surprising,
given that we have shown that sCD4 binding to some HIV-1
Envs enhances 447-52D- and F425 B4e8-mediated neutraliza-
tion (Fig. 8) but not neutralization by the CD4i MAb 17b (18,
49, 99). Also consistent with this interpretation is our finding
(unpublished data) that HIV-2KR.X7 was sensitive to neutral-
ization by nine HIV-2 patient plasmas with a median IC50 titer
of 1:30,000 and that these titers were reduced to 1:1,000 when
the HIV-1 V3 was substituted in the HIV-2KR.X7 Env scaffold.
These results indicate both a spontaneous exposure of V3 in
the HIV-2 scaffold and the existence of V3-specific NAbs in
HIV-2-infected subjects just as in HIV-1-infected subjects.

Given the extraordinary titers and antigenic cross-reactivity
of V3-specific antibodies elicited in human HIV-1 infection
and also given the effective shielding of V3 within the func-
tional Env trimer of primary viruses, what biological role might
V3 antibodies play in vivo? Here, we suggest that V3 antibod-
ies are like CD4i antibodies and that both have an important
effect: V3 and CD4i antibodies are each elicited at high titers
in natural infection or by vaccination (18, 24; also K. L. Davis,
unpublished data). Each exhibits extensive within-clade and
cross-clade binding specificity but fails to contribute to NAb
breadth or potency against primary viruses because the target
epitopes are concealed (18, 21, 56, 63, 91). Each has the po-
tential to exert potent neutralizing activity against primary
viruses if its epitopes are exposed on the native Env trimer as
a result of spontaneous mutation or CD4 triggering (9, 18, 21,
39, 50, 51, 103). Studies of CD4-independent HIV-1 and SIV
variants, in which Env assumes a conformation in which the
coreceptor binding surface is constitutively formed, have
shown that these viruses are globally sensitive to neutralization
by antibodies targeting multiple regions of Env (18, 51, 103).
Thus, we conclude that V3 and CD4i antibodies, as well as
antibodies of other specificities, act to constrain the Env gly-
coprotein in the functional trimer to a tertiary and quaternary
structure that, in the case of CD4i antibodies, precludes cre-
ation or exposure of the bridging sheet and associated core-
ceptor binding surface (18, 21, 50, 51) and, in the case of
V3-specific antibodies, exposure of the V3 loop region. The
presence of high-titer polyspecific CD4i and V3 antibodies in
human plasma would be expected to exert strong selection
pressure against the formation of CD4-independent variants in
vivo and restrict the virus to a two-step entry process involving
first the binding of the CD4 receptor at the cell surface and
subsequently exposure of the bridging sheet and V3 epitopes
to the coreceptor. At this point in the entry process, the CD4i
(56) and V3 epitopes (42) are protected from neutralization by
IgG due to steric restrictions at the virus-cell membrane inter-
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face. If V3 and CD4i NAbs were not present, HIV-1 Env could
more readily assume a conformation wherein the V3 and
bridging sheet were spontaneously exposed, bypass CD4 bind-
ing, and engage coreceptors directly and thus expand the tissue
tropism of the virus to cells lacking surface CD4. There is
evidence to support this hypothesis in the discovery of primary
HIV-1 viruses within the human central nervous system (where
antibody levels are scant) that exhibit a lower requirement for
CD4 as a receptor (20, 32) and in the finding of spontaneous
HIV-1 mutants that display CD4 independence and enhanced
sensitivity to CD4i and V3 antibodies in the plasma of chron-
ically infected individuals (18, 97, 103). An additional role for
V3-specific antibodies in restricting CCR5-tropic viruses from
undergoing coreceptor switching to use CXCR4 has been sug-
gested by Lusso and coworkers (63). In regard to vaccine
design, our data and those of others indicate that the HIV-1
V3 is inherently highly immunogenic and elicits antibodies
having broad potential V3-neutralizing activity. However, the
problem for V3 as a vaccine immunogen is that V3 antibodies
are generally unable to access their target epitopes on the
native Env trimer of primary viruses. It is not obvious how to
overcome this obstacle.
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