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HIV-1 gp140 envelope immunogens express conserved epitopes that are targeted by broadly cross-reactive
neutralizing antibodies, but they fail to elicit similar antibodies upon immunization. The poor immunogenicity
of conserved epitopes on gp140 could be linked to the high immunogenicity of variable Env regions on such
constructs. Previous studies have shown that the first hypervariable region (V1 loop) is immunogenic on
soluble gp140s but elicits type-specific antibodies. To address issues related to the high immunogenicity of the
V1 loop, two conceptually opposite approaches were tested. In the first approach, we eliminated the V1 loop
from our gp140 construct and examined how V1 deletion altered the immunogenic properties of other Env
regions. In the second approach, we took advantage of the high immunogenicity of the V1 loop and engrafted
four diverse V1 loops onto a common gp140 Env “scaffold.” These four scaffolds were used as a cocktail of
immunogens to elicit diverse anti-V1 antibodies, under the hypothesis that eliciting diverse anti-V1 antibodies
would expand the neutralizing breadth of immune sera. Our study indicates that three of four heterologous V1
loops were immunogenic on the common Env backbone “scaffold,” but heterologous anti-V1 neutralizing
responses were observed in only one case. Both types of V1 modification dampened the immunogenicity of the
V3 loop, differentially altered the immunogenicity of the transmembrane gp41 subunit, and altered the relative
immunogenicities of unknown Env regions, including potentially the CD4-binding site (CD4-bs) and trimer-
specific targets, which elicited cross-reactive neutralizing antibodies but of limited breadth.

An effective vaccine against human immunodeficiency virus
type 1 (HIV-1) will need to incorporate an envelope-derived
immunogen capable of eliciting potent and broadly cross-re-
active neutralizing antibody responses against diverse primary
HIV-1 isolates. The target of anti-HIV neutralizing antibodies
(NAbs), the viral envelope (Env) glycoprotein, is expressed as
a single transmembrane polypeptide precursor (gp160) that is
glycosylated and cleaved into an extracellular subunit (gp120)
and a transmembrane subunit (gp41) during intracellular pro-
cessing (10, 20, 21, 54). The functional Env form on virion
surfaces is a trimer composed of three noncovalently associ-
ated gp120-gp41 heterodimers. Soluble forms of the trimeric
Env have been generated by introducing stop codons immediately
upstream of the transmembrane domain of gp41. These con-
structs are commonly referred to as gp140 proteins and have been
tested extensively as immunogens to elicit anti-HIV-1 NAbs. Sol-
uble gp140s express epitopes that are targets of NAbs, including
cross-reactive NAbs such as b12, 4E10, and 2G12 (5, 17, 34, 45,
47, 49, 50, 52, 57). Immunization with gp140 immunogens none-
theless does not result in a broadly cross-reactive neutralizing
antibody response (2, 3, 17, 18, 26, 56, 58).

Epitope mapping analyses of the Abs elicited by soluble
trimeric gp140 immunogens revealed that a large fraction of
the gp140-induced neutralization response targets the first hy-
pervariable region of gp120 (the V1 loop). In our hands, �40
to 70% of the neutralizing activity of sera from animals immu-

nized with SF162 gp140 constructs is due to anti-V1 antibodies
(17). In a study by Li et al. with YU2 gp140 (30) and a study by
Wu et al. with HxB2/BaL gp145 (56), �10 to 80% of anti-YU2
neutralizing activity and 100% of anti-HxB2 neutralizing activ-
ity, respectively, were due to anti-V1 Abs. These anti-V1 Abs,
however, are not cross-reactive. Previously, we also demon-
strated that the diverse positionings of the V1 across heterol-
ogous strains limit access of broadly cross-reactive monoclonal
antibodies (MAbs) to their targets (12).

Here, taking into consideration the V1 loop’s high immuno-
genicity, we employed two opposing approaches aimed at the
elicitation of cross-reactive neutralizing antibody responses to
HIV-1. In the first approach, we deleted the V1 loop on our
soluble trimeric gp140 construct (�V1SF162 gp140) and exam-
ined whether and how this modification altered the immuno-
genic properties of other Env regions. In the second approach,
we substituted the V1 loop on our SF162 gp140 construct with
the V1 loops from four heterologous HIV-1 viruses (89.6,
YU2, JRFL, and HxB2) that differ in their amino acid com-
positions and in the number of potential N-linked glycosylation
sites (PNGs). These four heterologous viruses display various
neutralization phenotypes (7) and coreceptor utilization pro-
files (15, 35, 36, 48, 51). A total of four SF162 Env-based gp140
“scaffolds” expressing four different V1 loops were created and
used as immunogens in a cocktail to test as a “proof of prin-
ciple” the hypothesis that if diverse V1 loops are presented to
the immune system simultaneously, the elicitation of anti-V1
NAbs with diverse specificities would broaden the overall neu-
tralizing activity of immune sera. We also immunized animals
with each of the four V1 chimeric scaffolds individually to
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ensure that all V1 loops were immunogenic when presented on
the heterologous SF162 Env background.

All immunogens (including wild-type [WT] SF162 gp140 and
�V1SF162 gp140) elicited homologous anti-SF162 NAbs. All
immunogens except the scaffold construct expressing the YU2
V1 also elicited heterologous NAbs against the sensitive lab-
adapted strain HxB2. The heterologous YU2, 89.6, and HxB2
V1 loops, but not the JRFL V1 loop, were immunogenic on the
background of the SF162 Env scaffold. However, only anti-V1
neutralizing activity against the HxB2 virus was observed. Al-
though neither approach resulted in the development of broad
anti-HIV-1 cross-neutralizing antibody responses, cross-neutral-
izing antibody responses of narrow breadth were elicited. These
responses were not due to antibodies that target to variable re-
gions of gp120 but were due to antibodies that target either
epitopes of the CD4-binding site (CD4-bs) or epitopes that are
not present on monomeric gp120. These observations have im-
plications for guiding rational Env-based immunogen design and
for potentially eliciting broadly cross-reactive NAb responses.

MATERIALS AND METHODS

Cell Lines. Human embryonic kidney 293-T cells and the U87 human astro-
glioma cell line, expressing human CD4 and CXCR4, were cultured as previously

described (17). The HeLa-derived TZM-bl cell line (David Montefiori, Duke
University, Durham, NC) stably expresses human CD4, CCR5, and CXCR4 and
was cultured in complete Dulbecco’s modified Eagle’s medium (DMEM).
TZM-bl cells contain integrated reporter cassettes for firefly luciferase (Luc) and
�-galactosidase, both under the control of an HIV-1 long terminal repeat (LTR)
(32, 38).

Antibodies. Abs recognizing the CD4-binding site (CD4-bs) include IgG1-b12
and -b6 monoclonal antibodies (MAbs) (9), provided by Dennis Burton (Scripps
Institute). IgG-CD4 was purchased from Progenics Pharmaceuticals Inc. (Tar-
rytown, NY). MAb 2G12 (41, 44), directed to a complex glycan epitope on gp120,
and anti-gp41 MAbs 2F5 and 4E10 (60, 61) were obtained through Polymun
Scientific (Vienna, Austria). The human anti-V3 MAb 447-52D was provided by
Susan Zolla-Pazner and Mirek Gorny (New York University) (13, 59). The
anti-V1 MAb P3C8 and anti-V3 MAb P3E1 were isolated from mice immunized
with �V2SF162 gp140 and SF162 gp140, respectively (16).

Env-expressing plasmids. Full-length SF162 Env was previously cloned into
the pEMC* vector (11, 31). Full-length Envs for YU2, JRFL, 89.6, and HxB2
were provided by Joseph Sodroski (Dana Farber Cancer Institute, Boston, MA).
YU2, JRFL, and 89.6 were cloned previously into the pSV7d vector and HxB2
into the E7 vector (55). The V1 amino acid sequence alignment for the wild-type
(WT) form of each isolate is shown in Fig. 1A.

Replacing the V1 loop of SF162 with heterologous V1 loops. First, FseI and
NotI restriction sites at the 5� and 3� ends, respectively, of the V1 region were
inserted into the gp160 env genes of SF162, YU2, JRFL, 89.6, and HxB2, as
previously described (12) (Fig. 1B). These constructs will be referred to as “Env
F/N”. A fragment between 400 and 500 bp (YU2 V1, 444 bp; JRFL V1, 447 bp;
89.6 V1, 462 bp; HxB2 V1, 453 bp) was PCR amplified (Platinum Pfx DNA
polymerase; Invitrogen) from each heterologous “Env F/N” construct. Amplifi-

FIG. 1. Generation of SF162 Envs expressing heterologous V1 loops. (A) Amino acid sequences of the SF162 V1 and of four heterologous V1s.
Potential N-linked glycosylation sites (PNGs) within each V1 are boxed. (B) Introduction of FseI and NotI restriction sites at the 5� and 3� ends
of the central regions of each V1 loop (Env F/N). The FseI site is represented by the flanking GRP sequence, and the NotI site is represented by
the flanking CGR sequence. (C) Amino acid sequence for each SF162/Env V1 chimeric construct incorporating the V1 loop of either YU2, JRFL,
89.6, or HxB2 (SF162/Env V1); FseI and NotI sites have been eliminated. (D) Comparison of V1 loop amino acid length (AA), number of PNGs,
number of tyrosine (Y) or tryptophan (W) residues, number of aliphatic hydrophobic residues (also the percentage of total residues that are
aliphatic hydrophobic amino acids), and overall charge.
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cation was achieved using forward and reverse primers 216 (5�-AACCCACAA
GAAATAGTATTG-3�) and 218 (5�-ATCATTACACTTTAGAATCGC-3�). All
amplified V1 products were separated from the plasmid by agarose gel electro-
phoresis and purified using Qiagen’s QIAquick gel extraction kit. The purified
PCR product was then double digested with FseI and NotI restriction enzymes.

The SF162 Env construct containing the FseI/NotI sites (SF162 F/N) was
simultaneously digested with FseI and NotI restriction enzymes to eliminate its
V1 region. The previously digested and purified FseI/NotI-flanked heterologous
V1 loop fragments were then ligated into the digested SF162 F/N vector plasmid
using T4 DNA ligase (Promega, Madison, WI) (SF162/Env V1 F/N). The nu-
cleotide sequences of all Env genes were verified by direct sequencing. Finally,
the FseI and NotI restriction sites were eliminated by site-directed mutagenesis,
as previously described but with a few modifications (12). Two rounds of mu-
tagenesis were performed. The forward and reverse primers used to remove the
FseI site on all chimeric Envs were as follows: SF162/YU2 V1 F/N, 5�-CATTG
CACTAATTTGAGGAATGCTACTAATACC-3� (forward) and 5�-GGTATTA
GTAGCATTCCTCAAATTAGTGCAATG-3� (reverse); SF162/JRFL V1 F/N,
5�-CTACATTGCACTAATTTGAATGCTACTAATACCACTAATG-3� (for-
ward) and 5�-CATTAGTGGTATTAGTAGCATTCAAATTAGTGCAATGTA
G-3� (reverse); SF162/89.6 V1 F/N, 5�-GCACTAATTTGAATATCACTAAGA
ATACTACTAATCCCAC-3� (forward) and 5�-GTGGGATTAGTAGTATTCT
TAGTGATATTCAAATTAGTGC-3� (reverse); and SF162/HxB2 V1 F/N, 5�-C
ATTGCACTAATTTGAAGAATGATACTAATACC-3� (forward) and 5�-GG
TATTAGTATCATTCTTCAAATTAGTGCAATG-3� (reverse). The forward
and reverse primers used to remove the NotI site on all chimeric Envs were as
follows: SF162/YU2 V1 F/N, 5�-ACGATGGAGAAAGGAGAAATAAAAAA
TTGC-3� (forward) and 5�-GCAATTTTTTATTTCTCCTTTCTCCATCGT-3�
(reverse); SF162/JRFL V1 F/N, 5�-GGGAACGATGGAGAGAGGAGAAATA
AAAAATTGC-3� (forward) and 5�-GCAATTTTTTATTTCTCCTCTCTCCAT
CGTTCCC-3� (reverse); SF162/89.6 V1 F/N, 5�-CTGGGGAATGATGGAGA
AAGGAGAAATAAAAAATTGC-3� (forward) and 5�-GCAATTTTTTATTT
CTCCTTTCTCCATCATTCCCCAG-3� (reverse); and SF162/HxB2 V1 F/N, 5�-
ATGATAATGGAGAAAGGAGAAATAAAAAATTGC-3� (forward) and 5�-
GCAATTTTTTATTTCTCCTTTCTCCATTATCAT-3� (reverse). The final
chimeric SF162 constructs containing a heterologous V1 are designated “SF162/
Env V1,” where “Env” designates the isolate from which the V1 loop sequence
was derived (Fig. 1C). The entire Env genes for these constructs were sequence
verified. Several properties of the incorporated heterologous V1 loops (i.e.,
length, number of potential N�-linked glycosylation sites, tryptophan and tyrosine
residues, aliphatic hydrophobic residues, and charge) can be found in Fig. 1D.

Generation of single-round competent virions. Single-replication, luciferase-
reporter pseudovirions for each chimeric “SF162/Env V1” construct were gen-
erated as previously described (12, 17). Briefly, 2 � 105 293-T cells were cotrans-
fected with vectors expressing the different gp160 envelopes using GeneJuice
transfection reagent (Novagen, Gibbstown, NJ). The pNL4-3 luciferase-positive
(luciferase�) Vpr� Env� construct was used as the backbone. The ratio of
gp160-expressing to pNL4-3-expressing vectors used during transfection was
1:20. The p24 antigen concentration of each pseudovirus preparation was deter-
mined with the HIV-1 p24 antigen capture assay kit (AIDS Vaccine Program,
NCI-Frederick Cancer Research and Development Center).

gp140 Env immunogens. The immunogens tested were WT SF162 gp140,
�V1SF162 gp140, SF162/YU2 V1 gp140, SF162/JRFL V1 gp140, SF162/89.6 V1
gp140, and SF162/HxB2 V1 gp140. gp140-encoding sequences were created by
introducing two stop codons upstream of the transmembrane gp41 domain in the
discussed gp160 genes, as previously described (1, 17). The primary and second-
ary gp120-gp41 cleavage sites were also eliminated by mutagenesis (1, 17).
�V1SF162 gp140 lacks the central 17 amino acids (aa) of the SF162 V1 loop
(from Lys at position 134 to Lys at position 150 [HxB2] numbering) (43, 53). The
production and purification of trimeric gp140 proteins were previously described
(42, 46).

Immunizations. Guinea pigs (Pocono Rabbitry, Canadensis, PA) were immu-
nized using the DNA-prime/protein-boost vaccination system (1, 8, 17). Seven
immunization groups were tested (Fig. 2A). Groups A to D (SF162/YU2 V1,
SF162/JRFL V1, SF162/89.6 V1, and SF162/HxB2 V1) received one of the four
chimeric SF162/Env V1 gp140 constructs, group E received a cocktail mixture of
all four chimeric SF162/Env V1 gp140s, and group F and G animals were
inoculated with the �V1SF162 gp140 and WT SF162 gp140 immunogens, re-
spectively. As summarized in Fig. 2B, groups A to E received two immunizations
with DNA vectors expressing the corresponding gp140 proteins, each adminis-
tered 4 weeks apart. Following a brief period of rest, animals were boosted twice
(11 weeks apart) with the corresponding purified trimeric gp140 protein emul-
sified in equal volume of Ribi adjuvant (Funakoshi Co., Tokyo, Japan). Group F
and G animals were on a similar immunization schedule, but instead of receiving

two DNA immunizations they received three DNA immunizations at 4-week
intervals. In all cases, a total of 2 mg of DNA in 2 ml of endotoxin-free water was
administered each time per animal intramuscularly at the quadriceps. Group E
animals received a mixture of all four chimeric constructs (0.5 mg of each). A
total of 50 �g of protein in a 0.2-ml total volume was administered intramuscu-
larly to the deltoids of each animal. Animals in group E received 12.5 �g of each
of the four gp140 proteins as a cocktail. Animals were bled at various times
between each immunization phase and at several points following the protein
boosts.

Recombinant proteins and peptides. Linear peptides derived from the V1
variable region of SF162 (TNLKNATNTKSSNWKEMD), YU2 (RNATNTTSS
SWETMEKG), JRFL (NATNTTNDSEGTMERG), 89.6 (NITKNTTNPTSSSW
GMMEKG), and HxB2 (KNDTNTNSSSGRMIMEKG), as well as an SF162
N�-terminal V2 peptide (TTSIRNKMQKEYALF), an SF162 C�-terminal V2
peptide (YKLDVVPIDNDNTSY), and a scrambled SF162 V3 peptide (TRKS
FYATPGRAITIG), were purchased from Sigma-Genosys (The Woodlands,
TX). An SF162 V3 peptide (CTRKSITIGPGRAFYC) was provided by Gen-
script (Piscataway, NJ). The 2F5 (NEQELLELDKWASLWN) and 4E10 (NWF
DITNWLWYIRKKK) peptides were also purchased from Genscript (Piscat-
away, NJ). The HxB2 gp41 ectodomain lacking the fusion peptide, membrane-
spanning, and cytoplasmic domains was purchased from Viral Therapeutics
(Ithaca, NY).

Anti-Env binding titers. To determine the titer of Env-specific binding anti-
bodies in immune plasma, two methodologies were implemented: enzyme-linked
immunosorbent assay (ELISA) and Luminex.

(i) ELISA. Fifty nanograms of peptide or purified trimeric gp140 protein was
absorbed onto 96-well Immulon 2HB ELISA plates in 0.1 M sodium bicarbonate
(pH 9.4) overnight at room temperature (RT). Plates were blocked for 2 h at RT
in 100 �l of phosphate-buffered saline (PBS), 10% nonfat milk, and 0.3% Tween
20 and then washed three times in a plate washer. Serially diluted plasma (or
MAb) was added in duplicate in 10% nonfat milk and 0.03% Tween 20 in PBS
for 1 h at 37°C. Plates were washed, and bound guinea pig antibody was detected
with 100 �l of a secondary IgG-horseradish peroxidase (HRP) antibody (Zymed,
San Francisco, CA) diluted in PBS, 10% nonfat milk, and 0.03% Tween 20 for
1 h at 37°C. After a final set of washes, 50 �l of SureBlue Reserve TMB
microwell peroxidase substrate (KPL, Gaithersburg, MD) and then 50 �l of stop
solution (0.5 M H2SO4) were added, and the absorption at 450 nm was detected
on a Versamaxx microplate reader (Molecular Devices, Sunnyvale, CA).

(ii) Luminex. The same linear V1 or V3 loop-derived peptides used in ELISAs
were coupled to carboxylated beads via free amines such as those present at the
N�-terminal amino groups of all peptides, or on lysine residues, using a two-step
carbodiimide coupling methodology provided through Luminex’s xMAP tech-
nology. Multiplex analysis was carried out for each of the five V1 peptides
(SF162, YU2, JRFL, 89.6, and HxB2 V1) and the SF162 V3 peptide, which were
coupled to beads according to the manufacturer’s guidelines (Luminex Corpo-
ration, Austin, TX). All V1 peptides could be coupled to the beads via the free
amines at their N�-terminal ends. All but the JRFL V1 peptide also contain at
least one lysine residue at their C�-terminal sides that can also be used to
cross-link the peptides to the beads. Thus, the JRFL V1 peptide was engineered
with a lysine residue at the C� terminus. A total of 1,500 washed and blocked
peptide-coupled beads were aliquoted and aspirated per well onto a multiwell
filter plate (PALL Life Sciences, Ann Arbor, MI). To these beads, 100 �l of
pooled heat-inactivated guinea pig plasma at a single dilution of 1:20 was added
and incubated for 1 h at RT with gentle shaking at 600 rpm. Next, the plate was
washed three times with 1� PBS and 0.05% Tween 20 (wash buffer) and then
incubated with 100 �l/well of 1:1,000 rabbit anti-guinea pig-HRP (Zymed, San
Francisco, CA) for 1 h with shaking (600 rpm). The beads were then washed
three times with wash buffer and incubated for an additional hour with 100
�l/well of 1:500 goat-anti-rabbit-RPE 2o (Southern Biotechnology, Birmingham,
AL). Before plate analysis, beads were run through a final sequence of three
washes in 1� PBS–0.05% bovine serum albumin (BSA), followed by resus-
pension in 100 �l of dilution buffer. The net median fluorescence intensity
(MFI) was acquired by reading plates on the Bioplex 200 system (Bio-Rad,
Hercules, CA).

Plasma IgG purification. Total IgG was isolated from guinea pig plasmas using
a protein A-agarose antibody spin column kit according to the manufacturer’s
guidelines (Thermo Scientific, Rockford, IL). A total of 100 to 200 �l of heat-
inactivated plasma from individual animals or from each of the pooled group
plasmas were used (prebleed plasma and plasma collected 2 weeks following the
final protein immunization). IgG was eluted in 500 �l of IgG elution buffer
(Thermo Scientific, Rockford, IL) and then concentrated and buffer exchanged
in PBS through a Microcon centrifugal 30-kDa-cutoff filter unit (Sigma-Aldrich,
Saint Louis, MO). Samples were filter sterilized through ultrafree-MC 0.22-�m
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filters (Millipore, Billerica, MA). The final concentration of product was deter-
mined by UV absorbance at 280 nm.

Neutralization assays. Neutralization assays were performed using pseudovi-
rus preparations in the TZM-bl cell-based assay as previously described (12, 17,
32, 38). Briefly, serially diluted plasma, purified IgG, or monoclonal reagents
were incubated for 90 min in the presence of single-round competent virions at
37°C. Ab dilutions were made in duplicate in complete DMEM in 96-well
U-bottom tissue culture plates (Falcon). The virus-plasma mixture was added to
TZM-bl cells plated 24 h prior at a density of 3 � 103 cells/well in a 96-well flat
plate (Corning Inc., Lowell, MA) and left for 72 h at 37°C. Prior to inoculation,
the cells were pretreated with Polybrene (2 �g/ml) in complete DMEM for 30
min at 37°C. Cell supernatants were removed, and 100 �l of Steady-Glo lucif-
erase (Promega, Madison, WI) was added under gentle agitation for 3 min at RT
to lyse cells. Seventy-five microliters of the cell lysate was transferred to 96-well
white microtiter plates and read for luminescence to determine cell-associated
luciferase activity. Percent neutralization at each plasma dilution was calculated
using the following equation: [(RLUpreimmune � RLUimmune)/RLUpreimmune] �
100. Pseudovirions expressing the unrelated amphotropic murine leukemia virus
(MLV) Env were implemented as a control for non-HIV-specific neutralizing
activity.

Epitope mapping of vaccine-induced neutralizing antibodies. To define the
epitope specificities of the NAbs elicited during immunization, two complemen-
tary approaches were used: peptide competition and D368R gp120 competition.

(i) Peptide competitions. Twenty microliters of 20-�g/ml peptide in DMEM
was added to a 20-�l volume of serially diluted plasma (or MAb) and incubated
at 37°C for 60 min. Pseudovirus (in 20 �l) was added to the plasma-peptide
mixture and left for an additional 60 min at 37°C. The plasma-peptide-pseudovi-
rus mixture was then incubated with Polybrene-treated TZM-bl cells plated at a
density of 3 � 103 cells per well for 72 h at 37°C, after which cell-associated
luciferase was determined. Percent neutralization was calculated at each plasma
dilution in the presence and absence of peptide. For competitions done with

polyclonal plasma, the percent reduction in plasma neutralizing activity in the
presence of peptide was determined at the plasma dilution that resulted in 70%
inhibition of infection in the absence of peptide. For competitions done with
purified IgG, the percent reduction in plasma neutralizing activity was deter-
mined as a reduction in the “area under the curve” relative to neutralization in
the absence of peptide. At the concentration used, the peptides did not interfere
with viral entry.

(ii) D368R gp120 competitions. Competition assays with a recombinant SF162
gp120 protein harboring a D368R (based on HxB2 Env numbering) mutation in
the CD4-bs were performed. The D-to-R mutation at position 368 of the HIV
Env abrogates the binding of most anti-CD4-bs Abs but maintains binding with
most gp120 non-CD4-bs Abs such as MAbs 2G12 and 447-52D. The D368R
gp120 mutant protein was previously used to define the presence of anti-CD4-bs
NAbs in HIV� sera (6, 19, 29, 33, 42). Here, we adopted the D368R gp120
protein for use in a standard peptide competition neutralization assay. A 20-
�g/ml concentration of D368R gp120 protein in 20 �l was preincubated with 20
�l of serially diluted plasma (or MAb) for 1 h at 37°C. To the plasma-protein
mixture, pseudovirus in 20 �l was added and incubated for an additional hour at
37°C. The final plasma-protein-pseudovirus mixture was then added to 3 � 103

TZM-bl cells and left for 72 h at 37°C, after which cells were lysed and cell-
associated luciferase was determined. For plasma neutralization experiments,
any reduction in neutralizing activity in the presence versus absence of D368R
was determined at the plasma dilution that resulted in 70% neutralization in the
absence of D368R. For purified IgG neutralization experiments, the percent
reduction in neutralizing activity was determined from the “areas under the
curve” in the presence and absence of D368R.

Statistical analysis. InStat (GraphPad) was used for statistical analysis. End-
point ELISA titer differences were analyzed nonparametrically using the two-
tailed Mann-Whitney test. To examine whether 50% inhibition titers correlate
with anti-gp140 or anti-V3 titers, the nonparametric Spearman correlation was
calculated.

FIG. 2. Immunogens and immunization schedule. (A) Left, seven immunization groups (A to G) with four guinea pigs each were used. The
immunogen(s) in each group is indicated, as is the amount of DNA or recombinant protein used during immunization. Total DNA, total amount
of DNA used per animal per immunization session. The total amount was split equally between the four constructs used to inoculate group E
animals. Total protein, total amount of recombinant gp140 Env used per animal per immunization. The total amount was split equally between
the four constructs used to inoculate group E animals. Protein was emulsified in an equal volume of Ribi adjuvant. Right, blue native PAGE of
purified gp140 trimers (5 �g). Lanes: 1, WT SF162 trimer; 2, �V1SF162 trimer; 3, SF162/89.6 V1 trimer; 4, SF162/HxB2 V1 trimer; 5, SF162/JRFL
V1 trimer; 6, SF162/YU2 V1 trimer. (B) Immunization schedule. Animals received two or three DNA immunizations with vectors expressing gp140
at 4-week intervals, followed by two immunizations with the corresponding recombinant gp140 proteins, spaced 11 weeks apart. Groups A to E
received two DNA immunizations, whereas groups F and G received three DNA immunizations. Bleeds were collected throughout the immuni-
zation schedule, at the indicated times (weeks).
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RESULTS

Neutralization phenotypes of single-round pseudoviruses
expressing V1 modified Envs. We previously reported that
deletion of the V1 loop from the SF162 Env does not abrogate
the ability of that Env to mediate virus-cell entry (43, 53). We
also reported that the YU2, JRFL, 89.6, and HxB2 Envs re-
main functional when their respective V1 loops are replaced by
that of SF162 (12). Here we first examined whether the SF162
Env remains functional when its V1 loop is replaced by that of
YU2, JRFL, 89.6, or HxB2. Viruses expressing these four V1
chimeric Envs entered TZM-bl and U87-CD4-CCR5 cells as
efficiently as the WT (data not shown).

We next examined how these substitutions affected the neu-
tralization phenotype of the SF162 virus against known MAbs
and IgG-CD4 (Table 1). V1 modification through either dele-
tion or substitution did not significantly alter the neutralization
susceptibility of SF162 to MAb b12 or IgG-CD4, but an �1-
log10-unit increase in b6 resistance was observed for
�V1SF162 and SF162/89.6 V1. Another Env region affected by
V1 modification was the V3 loop. Several V1-modified viruses
(i.e., SF162/JRFL V1, SF162/89.6 V1, and �V1SF162) were
approximately 1 log10 unit more resistant than WT SF162 to
neutralization by the anti-V3 MAbs P3E1 and 447-52D. In
contrast, the neutralization susceptibilities of the chimeric vi-
ruses to MAbs 2G12, 2F5, and 4E10 (with the possible excep-
tion of the SF162/89.6 V1) were very similar to that of WT
SF162. Overall, our neutralization data suggest that within the
context of the virion-associated gp160 Env, properties within
the V1 loop (i.e., length, number of PNGs, and amino acid
composition [Fig. 1D]) greatly influence the exposure of gp120
epitopes within the V3 loop and the CD4-bs.

Antigenic profile of trimeric gp140 protein immunogens. To
examine whether diverse linear and conformational epitopes,
particularly those within the V3 and CD4-bs, were also differ-
entially exposed on the corresponding soluble trimeric gp140
proteins, we next evaluated the relative binding affinities of the
same well-characterized MAbs to trimeric versions of our
SF162 V1-deleted and SF162/Env V1-chimeric gp140 con-
structs by ELISA. Highly purified samples of each trimeric
gp140 protein are shown by native PAGE (Fig. 2A); gp140
trimers have a predicted combined molecular mass of 480 kDa.
Binding curves are shown in Fig. 3A, and a summary of the
half-maximum binding values is presented in Fig. 3B.

Recognition of trimeric SF162 gp140 by the two CD4-bs Abs

(b12 and b6) and by IgG-CD4 was not altered upon deletion of
the V1 loop or following its substitution with a heterologous
V1 sequence. Thus, although several V1-modified viruses dis-
played various differences in their neutralization sensitivity to
CD4-bs reagents such as MAb b6, these differences were not
recorded when the soluble gp140 versions of those Envs were
used in an ELISA format. As predicted, deletion of the central
17 amino acids from the V1 loop (�V1SF162) eliminated V1
recognition by the anti-V1 MAb P3C8. Also, P3C8 cross-reac-
tivity was not observed with any of the SF162/Env V1 scaffolds
harboring a heterologous V1 sequence. The anti-V3 MAbs
P3E1 and 447-52D bound to all V1-modified gp140 constructs
as well as SF162 gp140. These results also differ from the
neutralization results presented above (Table 1), which depict
several chimeric isolates as being more resistant than SF162 to
P3E1 and/or 447-52D. Only small changes in binding were
observed for the anti-gp41 MAbs 2F5 and 4E10 and for MAb
2G12. These results are in agreement with neutralization data,
where no major shifts in neutralization sensitivity were ob-
served with these three MAbs.

Immunogenic profiles of V1-modifed gp140 proteins. Minor
alterations to the antigenic phenotype of soluble SF162 gp140-
derived trimeric proteins may have major and unpredictable
effects on their immunogenic profiles. To assess and compare
the immunogenic properties of SF162 gp140, �V1SF162
gp140, and the four V1 chimeric gp140s, we performed immu-
nogenicity studies in guinea pigs, as described in Fig. 2.

(i) Anti-gp140 binding titers. Relative endpoint titers for
gp140-specific Abs were determined throughout the immuni-
zation protocol. In Table 2 we summarize the immunogenicity
data with plasma collected at 2 weeks following the final re-
combinant gp140 protein immunization, since these are the
samples we analyzed most extensively, both for epitope recog-
nition and for neutralizing activity. Immune plasma from every
animal in each of the seven immunization groups was evalu-
ated against the immunogen with which the animals were im-
munized. Plasmas from group E animals, receiving a combina-
tion of all four V1 chimeric immunogens, were tested against
a mixture of all four V1 chimeric gp140 proteins in equal parts.

All animals, irrespective of the immunogen with which they
were immunized, developed potent anti-Env binding titers.
The binding Ab titers for groups A (SF162/YU2 V1, P 	
0.0286), B (SF162/JRFL V1, P 	 0.0286), D (SF162/HxB2 V1,
P 	 0.0286), and E (V1 scaffold cocktail, P 	 0.0286) were

TABLE 1. Effect of V1 modification on viral neutralization susceptibility to MAbs

Virus

50% Neutralization titer (IC50)a

b12
(anti-CD4)

IgG-CD4
(anti-CD4)

b6
(anti-CD4)

P3C8
(anti-V1)

P3E1
(anti-V3)

447-52D
(anti-V3)

2G12
(antimannose)

2F5
(anti-gp41)

4E10
(anti-gp41)

SF162 0.01 
 0.00 0.01 
 0.00 0.14 
 0.03 0.16 
 0.00 0.001 
 0.00 0.06 
 0.00 0.22 
 0.00 0.21 
 0.03 0.34 
 0.03
SF162/YU2 V1 0.01 
 0.01 0.02 
 0.01 0.17 
 0.02 — 0.002 
 0.00 0.28 
 0.07 0.38 
 0.01 0.24 
 0.07 0.70 
 0.08
SF162/JRFL V1 0.01 
 0.00 0.01 
 0.00 0.14 
 0.02 — 0.01 
 0.01 0.15 
 0.01 0.49 
 0.19 0.23 
 0.02 0.60 
 0.03
SF162/89.6 V1 0.05 
 0.04 0.06 
 0.01 1.55 
 0.29 — 0.08 
 0.01 2.41 
 0.21 0.50 
 0.19 0.41 
 0.08 1.28 
 0.27
SF162/HxB2 V1 0.01 
 0.00 0.01 
 0.00 0.10 
 0.03 — 0.0003 
 0.00 0.06 
 0.01 0.68 
 0.02 0.22 
 0.11 0.48 
 0.02
�V1SF162 0.01 
 0.00 0.04 
 0.01 1.79 
 0.24 — 0.02 
 0.00 0.56 
 0.06 0.17 
 0.02 0.14 
 0.02 0.47 
 0.07

a The values represent the MAb concentration required to achieve 50% inhibition of viral infection. Results are averages and standard deviations from two
independent experiments performed in duplicate. MAbs were tested at an initial dilution of 20 �g/ml. The Env region targeted is denoted in parentheses. —, MAb did
not neutralize the isolate above 50% at the highest MAb concentration tested (20 �g/ml).
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significantly lower than those in group G (SF162 gp140). With-
in-group variability and small sample size (four animals per
group) may account in part for the lack of a statistical differ-
ence with groups C (SF162/89.6 V1, P 	 0.3429) and F
(�V1SF162, P 	 0.3429).

(ii) Immunogenicity of the V1, V2, and V3 loops on the
V1-modified gp140 proteins. To determine whether the de-
creased overall immunogenicity on the V1-modified gp140s
was due to differences in the immunogenicities of the heterol-
ogous V1 loops or to changes in the immunogenicities of other
variable regions, such as the V2 and V3 loops, we determined
the anti-V1, anti-V2, and anti-V3 Ab titers (Table 2).

In agreement with previous observations (16, 17) we did not
detect anti-V2 loop-directed antibodies in any of the immune
sera. In contrast, the V3 loop was immunogenic across all
constructs, although the chimeric constructs elicited lower
anti-V3 loop antibody titers than SF162 gp140. However, only
in groups A (SF162/YU2 V1, P 	 0.0286) and B (SF162/JRFL
V1, P 	 0.0286) were these titers statistically significantly
lower. These results are consistent with the observation that
these same groups also elicited significantly lower anti-gp140
Ab titers. Taken together, these results suggest that V3 loop

immunogenicity on SF162 was decreased by V1 deletion and
by substitution with a heterologous V1 loop. Decreases in V3
immunogenicity may account in part for decreases in overall
anti-gp140 titers among animals in these groups.

Consistent with previous immunogenicity studies in rabbits
and in rhesus macaques (17, 28), SF162 gp140 elicited high
titers of anti-SF162 V1 Abs (Table 2) which did not cross-react
with any of the heterologous V1 peptides. In contrast, how-
ever, with the exception of the SF162/89.6 V1-immunized
group, anti-V1 Abs were not detected in any of the other
immune plasmas. The absence of anti-V1 antibodies in groups
A, B, and D was unexpected. Thus, a different method (Lumi-
nex) was used to assess whether such antibodies were elicited
but were for some reason undetectable by ELISA (Fig. 4). As
a control we used the SF162 V3 peptide, which is common to
all immunogens tested here. Consistent with our ELISA re-
sults, V3 Ab titers were detected across all immune groups.
However, in contrast to our ELISA data, anti-V1 Abs were
detectable in plasmas from all groups except B (SF162/JRFL
V1). As expected, �V1SF162 plasma failed to react with any
V1 peptide. Plasma Abs from group E animals, which received
a combination of four different V1 scaffold immunogens, re-

FIG. 3. Antigenic characterization of purified trimeric SF162-derived gp140 constructs. (A) Binding curves of individual MAbs or IgG-CD4 to
gp140 proteins. The epitope specificity of each MAb is shown in parentheses. MAbs and IgG-CD4 were tested at an initial concentration of 10
to 20 �g/ml against purified trimeric gp140 protein at 50 ng. Error bars indicate standard deviations. (B) The calculated half-maximal binding titers
(�g/ml) are reported.
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acted with multiple V1 peptides (YU2, 89.6, and HxB2 but not
JRFL V1). Compared to those in each of the monovalent
groups that received only a single construct (groups A, C, and
D), the anti-YU2, -89.6, and -HxB2 V1 titers were lower over-
all in group E plasma. These results suggest that three of four
heterologous V1 loops were immunogenic in the context of the
SF162 Env and that inclusion of multiple V1 scaffolds can
expand the repertoire of anti-V1 Abs. It remains unclear why
anti-V1 Abs were detectable by Luminex but not by ELISA.
Potentially these differences could be due to the different ways
that the peptides are oriented during the two assays.

(iii) gp41 immunogenicity on soluble gp140s. All immuno-
gens elicited high titers of anti-gp41 binding Abs (Table 2),
although the V1 modifications affected the immunogenicity of
gp41. The V1 chimeric immunogens elicited lower overall anti-
gp41 titers than SF162 gp140 (although statistically signifi-
cantly lower titers were observed only in groups D [SF162/
HxB2 V1, P 	 0.0286] and E [V1 scaffold cocktail, P 	
0.0286]). In contrast, deletion of the V1 loop (group F,
�V1SF162 gp140) increased the immunogenicity of gp41.
None of these gp41 antibodies target the 2F5 or 4E10 epitope,
as defined by the lack of reactivity with the 2F5 and 4E10
peptides at the highest plasma dilution of 1:20.

Overall, our results suggest that all V1-modified immuno-
gens elicited anti-V1 (with the exceptions of SF162/JRFL V1
gp140 and �V1SF162 gp140), anti-V3, and anti-gp41 binding
Abs. While both types of V1 modification altered the relative
immunogenicities of the V3 and gp41 regions, V2 loop immu-
nogenicity remained unchanged, suggesting that V3 and gp41,
but not V2 loop, immunogenicities are linked to the V1 loop

(at least with the V1 modifications tested here). Differences in
V1, V3, and gp41 immunogenicities may partially account for
the observed differences in overall anti-gp140 binding titers for
groups A to F compared to group G.

Virus neutralization. To determine whether and how differ-
ences in epitope immunogenicity translate into differences in
the neutralizing properties of the elicited Ab response, we
tested for neutralizing activity against a small panel of six clade
B viruses (depicting a range of neutralization sensitivities):
SF162, YU2, JRFL, 89.6, HxB2, and SS1196. SF162 represents
the homologous virus, and YU2, JRFL, 89.6, and HxB2 rep-
resent viruses whose V1 sequences were used to substitute the
SF162 V1. Also tested were several “early” transmitted vari-
ants: 6535, QH0692, REJO, and BG1168 (data not shown).

(i) Homologous SF162 neutralization. The V1 chimeric im-
munogens elicited lower anti-SF162 neutralizing antibody ti-
ters than the WT SF162 gp140 immunogen (Table 3), although
only in groups A, B, and E were these titers statistically dif-
ferent from those in the WT SF162 gp140 group (group A, P 	
0.0286; B, P 	 0.0286; and E, P 	 0.0286). Only three of four
�V1SF162 gp140-immunized animals elicited anti-SF162
NAbs (Table 3). A positive linear correlation between the
SF162 50% inhibitory concentration (IC50) neutralizing anti-
body titers of each animal and their anti-gp140 binding titers
(r 	 0.6581; P � 0.0003) was evident. Therefore, the lower
neutralizing potencies of antibodies from groups A to F com-
pared to group G (WT SF162 gp140) are in part explained by
lower overall anti-gp140 titers in those groups. These results
indicate that the potency of the homologous response was not
improved upon V1 deletion or substitution.

FIG. 4. Reactivity of immune plasmas to V1 or V3 peptides. Luminex technology was used to assess the presence of anti-V1 or anti-V3
antibodies in immune sera, as discussed in detail in Materials and Methods. In each case the signals recorded with plasma collected before the
initiation of immunizations and sera collected at 2 weeks following the last recombinant Env immunization are shown. Pooled plasmas from each
group were evaluated at a single dilution (1:20). The group code name and the immunogen used are shown at the top of each panel. The peptide
used to screen immune antibodies is shown at the bottom of each panel. Error bars indicate standard deviations.
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(ii) Heterologous HxB2 neutralization. With the exception
of the SF162/YU2 V1 gp140 immunogen, all other immuno-
gens elicited NAbs against the lab-adapted strain HxB2 (Table
4). Because neutralization of HxB2 was significantly less potent
and more inconsistent with plasma, neutralization experiments
were performed using purified IgG. At a given IgG concentra-
tion (100 �g/ml), all immune groups neutralized HxB2, albeit
with various potencies. The exception was group A (SF162/
YU2 V1), where anti-HxB2 neutralizing activities were not re-
corded. Interestingly, only two of four WT SF162 gp140 animals
neutralized HxB2, and of these two animals, only one (no. 1914)
neutralized HxB2 above 70% (even at the highest IgG concen-
tration tested). In contrast, three of four �V1SF162 and three of
four group D animals neutralized HxB2, and all four animals in
groups B, C, and E elicited HxB2 NAbs. Thus, anti-HxB2

neutralizing responses were more consistently elicited by the
V1-modified constructs than by the WT SF162 immunogen. In
total, eight animals did not neutralize HxB2. Of these, two (no.
1919 and 2083) also failed to neutralize SF162. IgG that neu-
tralized SF162 most potently did not necessarily neutralize
HxB2 most potently; thus, a strict correlation between SF162
and HxB2 neutralization potencies was not obvious.

Neutralization of all other viruses tested was not observed
for any group at the highest IgG concentration tested (100
�g/ml) (data not shown). Therefore, neither deletion of the V1
loop nor V1 substitution enhanced the breadth of the neutral-
izing antibody response beyond the homologous SF162 and the
heterologous HxB2 viruses. Also, despite the ability of several
SF162/Env V1 gp140 immunogens to elicit heterologous V1
binding Abs (except SF162/JRFL V1 gp140), these V1 anti-

TABLE 3. Neutralization of homologous SF162 isolate

Group Animal IC50
a

% Reduction in neutralization

V1b V3 D368R

A (SF162/YU2 V1 gp140) 2071 519 
 182 0.0 
 0.0 27.2 
 2.9 55.0 
 2.1
2072 4,025 
 435 0.0 
 0.0 62.9 
 0.0 89.3 
 2.1
2073 1,071 
 410 0.0 
 0.0 49.3 
 6.4 95.0 
 0.7
2074 2,218 
 609 0.0 
 0.0 77.9 
 0.8 100.0 
 0.0
Avgc 1,958 (P 	 0.0286)d 0.0 54.3 84.8

B (SF162/JRFL V1 gp140) 2075 1,262 
 510 0.0 
 0.0 40.7 
 3.6 75.0 
 16.4
2076 466 
 71 0.0 
 0.0 42.9 
 0.0 56.2 
 11.3
2077 279 
 0 0.0 
 0.0 20.7 
 3.6 9.5 
 7.6
2078 424 
 26 0.0 
 0.0 40.0 
 0.0 53.8 
 1.3
Avg 608 (P 	 0.0286) 0.0 36.1 48.6

C (SF162/89.6 V1 gp140) 2079 1,128 
 214 0.0 
 0.0 25.0 
 0.7 38.6 
 4.3
2080 46,306 
 7,610 0.0 
 0.0 67.9 
 3.6 100.0 
 0.0
2081 9,328 
 1,573 0.0 
 0.0 57.9 
 2.1 81.4 
 10.1
2082 2,035 
 429 0.0 
 0.0 50.7 
 6.4 88.6 
 5.7
Avg 14,699 (P 	 0.1143) 0.0 50.4 77.1

D (SF162/HxB2 V1 gp140) 2083 — — — —
2084 815 
 31 0.0 
 0.0 26.4 
 5.0 40.8 
 10.8
2085 506 
 149 6.5 
 2.2 0.0 
 0.0 27.2 
 2.9
2086 903 
 129 8.6 
 2.9 49.3 
 0.7 95.0 
 5.0
Avg 741 (P 	 0.0571) 5.0 25.2 54.3

E (V1 scaffold cocktail) 2059 5,394 
 575 0.0 
 0.0 42.2 
 2.1 87.2 
 5.8
2060 2,278 
 701 0.0 
 0.0 27.9 
 2.1 77.9 
 6.5
2061 1,303 
 243 5.7 
 0.0 32.9 
 2.8 71.4 
 4.3
2062 1,291 
 119 0.0 
 0.0 30.7 
 3.6 67.1 
 0.0
Avg 2,566 (P 	 0.0286) 1.4 33.4 75.9

F (�V1SF162 gp140) 1918 1,773 
 538 0.0 
 0.0 73.6 
 22.2 78.1 
 10.6
1919 — — — —
1920 19,281 
 6,180 0.0 
 0.0 53.6 
 2.2 95.0 
 2.1
1921 2,017 
 170 0.0 
 0.0 20.0 
 11.2 96.4 
 0.7
Avg 7,690 (P 	 0.1143) 0.0 49.1 89.8

G (SF162 gp140) 1914 56,407 
 152 33.6 
 5.0 2.2 
 2.2 100.0 
 0.0
1915 12,932 
 6,972 0.0 
 0.0 4.3 
 4.3 100.0 
 0.0
1916 86,672 
 6,435 67.9 
 0.8 3.6 
 3.6 100.0 
 0.0
1917 20,041 
 926 12.2 
 2.2 13.4 
 0.7 97.2 
 2.8
Avg 44,013 28.4 5.9 99.3

a Plasma was collected at 2 weeks following the second gp140 immunization. The values represent the averages and standard deviations of results from two or three
independent experiments performed in duplicate. —, plasma did not neutralize the isolate above 50% at lowest plasma dilution tested (1:20).

b The SF162 V1 peptide was used for competitions with group F and G plasmas. The YU2, JRFL, 89.6, and HxB2 V1 peptides were used for group A to D plasma
competitions, respectively. A combination of all four heterologous V1 peptides was used to compete out group E plasma.

c Average group values include only animals that neutralized virus to 50% inhibition levels.
d Statistical P values, comparing IC50 titers for each group with those for group G (SF162 gp140).
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bodies were unable to neutralize any of the heterologous iso-
lates tested. Group E animals receiving a cocktail of all four
SF162/Env V1 scaffolds likewise did not develop broader cross-
reactive NAb responses despite eliciting multiple heterologous
V1 binding Abs. Finally, despite the presence of anti-V3 and
anti-gp41 antibodies across all groups (anti-gp41 titers were
actually higher in the �V1 immune group compared to WT
SF162 gp140), the lack of broad heterologous neutralization
indicates that these antibodies are poorly cross-reactive.

Mapping the epitopes recognized by anti-SF162 and anti-
HxB2 NAbs. To define the epitope specificities of the autolo-
gous and heterologous NAb responses elicited by the gp140
immunogens evaluated here, we performed a series of peptide
and D368R gp120 competition experiments. As discussed
above, because neutralization of HxB2 was significantly less

potent and more inconsistent with plasma, neutralization com-
petition experiments were performed using purified IgG (100
�g/ml). We first analyzed the contributions of anti-V1, anti-V3,
and anti-gp41 Abs to SF162 and HxB2 neutralization, since
these regions were immunogenic on one or more of our im-
munogens (Tables 3 and 4).

(i) Anti-V1-matched Abs contribute partially to SF162 and
HxB2 neutralization. Peptide competition neutralization as-
says were conducted with V1 peptides that were matched to
the V1 loop on the immunogen. The neutralization potency of
group E plasma was competed using all four heterologous V1
peptides. Preincubation of SF162 gp140 immune plasma with
V1 peptide reduced the plasma neutralizing activity against
SF162 (mean group reduction of 28.4%) (Table 3), consistent
with previous reports that SF162 gp140 elicits anti-V1 Abs that

TABLE 4. Neutralization of heterologous HxB2 isolate

Group Animal % Neutralization
(100 �g/ml IgG)a

% Reduction in neutralization

V1b V3 D368R

A (SF162/YU2 V1 gp140) 2071 — — — —
2072 — — — —
2073 — — — —
2074 — — — —
Avgc — — — —

B (SF162/JRFL V1 gp140) 2075 58.0 
 2.2 2.7 
 2.7 2.0 
 0.0 11.0 
 11.0
2076 54.5 
 3.8 0.0 
 0.0 2.1 
 0.0 16.4 
 1.8
2077 66.6 
 4.8 0.0 
 0.0 0.0 
 0.0 11.2 
 0.8
2078 56.8 
 7.5 0.0 
 0.0 0.0 
 0.0 30.6 
 6.8
Avg 59.0 0.7 1.0 17.3

C (SF162/89.6 V1 gp140) 2079 78.9 
 4.0 0.0 
 0.0 0.0 
 0.0 7.2 
 3.6
2080 79.1 
 1.9 0.0 
 0.0 0.0 
 0.0 9.8 
 2.7
2081 57.2 
 0.7 0.0 
 0.0 0.0 
 0.0 0.0 
 0.0
2082 76.6 
 4.6 0.0 
 0.0 0.0 
 0.0 12.3 
 7.3
Avg 73.0 0.0 0.0 7.3

D (SF162/HxB2 V1 gp140) 2083 — — — —
2084 93.7 
 2.7 27.0 
 0.0 0.0 
 0.0 8.3 
 2.1
2085 67.9 
 6.7 8.3 
 8.3 1.4 
 0.0 23.0 
 4.3
2086 69.9 
 1.6 35.7 
 0.0 0.0 
 0.0 34.3 
 5.5
Avg 77.2 23.6 0.5 21.8

E (V1 scaffold cocktail) 2059 77.6 
 2.3 0.0 
 0.0 0.0 
 0.0 31.5 
 2.2
2060 86.7 
 4.2 19.2 
 0.0 0.1 
 0.0 21.1 
 1.3
2061 84.2 
 1.2 0.0 
 0.0 0.0 
 0.0 25.8 
 4.1
2062 58.7 
 0.8 12.2 
 0.0 0.0 
 0.0 34.5 
 0.0
Avg 76.8 7.9 0.0 28.2

F (�V1SF162 gp140) 1918 78.9 
 3.9 0.0 
 0.0 0.0 
 0.0 42.9 
 3.0
1919 – – – –
1920 81.5 
 6.2 0.0 
 0.0 1.1 
 0.0 4.7 
 2.9
1921 81.5 
 7.0 0.0 
 0.0 0.0 
 0.0 29.6 
 4.2
Avg 80.6 0.0 0.3 25.9

G (SF162 gp140) 1914 95.5 
 4.2 0.0 
 0.0 0.0 
 0.0 45.0 
 6.5
1915 54.4 
 0.3 0.0 
 0.0 0.0 
 0.0 42.6 
 1.7
1916 — — — —
1917 — — — —
Avg 75.0 0.0 0.0 43.8

a Total IgG was purified from plasma collected 2 weeks following the second gp140 immunization. The values represent percent neutralization at 100 �g/ml. The
averages and standard deviations of results from two independent experiments performed in duplicate are presented. —, 50% neutralization was not achieved at the
highest antibody concentration tested (100 �g/ml).

b The SF162 V1 peptide was used for competitions with group F and G IgG. The YU2, JRFL, 89.6, and HxB2 V1 peptides were used for group A to D IgG
competitions, respectively. A combination of all four heterologous V1 peptides was used to compete out group E IgG.

c Average group values include only animals that neutralized virus to 50% inhibition levels.
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contribute to homologous SF162 neutralization (17). The ex-
tent to which anti-SF162 neutralizing activity was reduced ap-
peared to be proportional to the anti-V1 binding antibody
titers. As expected, the neutralizing potency of �V1 immune
plasma was not competed out with the SF162 V1 peptide.
Similarly, the anti-SF162 neutralizing activities of group A to E
plasmas were not affected by any of the heterologous V1 pep-
tides tested.

The anti-HxB2 neutralizing activities of plasma IgG from
animals immunized with SF162/HxB2 V1 gp140 (groups D and
E) were reduced in the presence of the HxB2 V1 peptide (by
23.6% and 7.9%, respectively) (Table 4). Thus, anti-V1 Abs
in these animals only partially contributed to HxB2 neutral-
ization. In contrast, the anti-HxB2 neutralizing activities of
plasma IgG from animals immunized with the remaining three
V1 scaffolds were not inhibited by the HxB2 V1 peptide.

(ii) Anti-V3 Abs contribute partially to homologous SF162
but not to heterologous neutralization. Anti-V3 Abs in SF162
gp140 immune plasma contributed only weakly (5.9%) to
SF162 neutralization (Table 3), consistent with previous re-
ports that V3 Abs elicited by SF162 gp140 contribute less to
homologous neutralization than V1 Abs (17). In contrast, an
increased contribution (25.2 to 54.3%) of anti-V3 Abs to the
overall anti-SF162 neutralizing activity was observed in the
case of animals immunized with the �V1 or the V1 chimeric
Envs. In general, V3 binding titers correlate positively with
each animal’s SF162 IC50 neutralizing antibody titers (r 	
0.799; P � 0.0001). An exception is animal 1919 of the
�V1SF162 group, which elicited high anti-V3 antibody titers
(22,316) but still failed to neutralize SF162. Finally, V3 peptide
competition did not deplete the neutralizing activities of pooled
IgG against the HxB2 isolate (Table 4). The HxB2 V3 has a rare
insertion of two amino acids in the V3 crown, a region highly
targeted by Abs generated during infection and immunization.
Anti-V3 Abs induced by the SF162 V3, which lacks this insertion,
are not expected to recognize the HxB3 V3 loop.

In summary, both anti-V1 and anti-V3 Abs contribute par-
tially to homologous SF162 neutralization. In contrast, neu-
tralization of HxB2 was not due to anti-V3 antibodies, and only
in the case of immunization with the SF162/HxB2 V1 gp140
immunogen was it due to anti-V1 antibodies. These results are
in accordance with immunogenicity studies performed with
YU2 gp140 and HxB2/BaL gp145 immunogens, which elicited
HxB2 neutralizing antibody responses that could not be ac-
counted for by anti-V3 Abs (30, 56).

(iii) Anti-gp41 Abs do not contribute to homologous or het-
erologous neutralization. Anti-gp41 antibodies were detected
in all immunized animals, irrespective of the gp140 immuno-
gen used (Table 2). Thus, we evaluated the contribution of
gp41-directed Abs to SF162 and HxB2 neutralization using a
previously characterized HIV-2/1 MPER chimera (4, 23–25).
This chimeric HIV-2/1 virus incorporates the complete MPER
sequence of HIV-1 YU2 and is sensitive to MPER neutralizing
Abs such as 2F5 and 4E10; the parental HIV-2 strain remains
resistant. MPER-reactive NAbs were not detected, as defined
by the inability of plasma Abs to neutralize the HIV-2/1 MPER
chimeric virus (data not shown). Our study indicates that
gp140-elicited gp41 antibodies (at least those directed to the
MPER) are nonneutralizing. We acknowledge the possibility
that anti-gp41 Abs outside the MPER, which were not ac-

counted for in our HIV-2/1 MPER chimera assay, may have
contributed to neutralization (14, 37).

D368R gp120 competitions. Soluble Env-derived peptides
employed during the neutralization competition experiments
may not adopt conformations that are relevant to those found
on the native Env. Thus, the contribution of Abs that recognize
conformational epitopes on variable and conserved regions of
gp120 may not be accounted for when soluble peptides are
used. To overcome this problem, we developed a new compe-
tition assay that is based on a mutant form of monomeric
gp120, termed D368R gp120. The D368R modification abro-
gates binding by the broadly neutralizing anti-CD4-bs MAb
b12 and IgG-CD4 (Fig. 5A). Interestingly, the D368R muta-
tion reduces but does not abrogate the binding of the anti-
CD4-bs MAb b6 to the SF162 gp120. b6 neutralizes only se-
lected HIV-1 viruses (including SF162 and HxB2) (7). D368R
gp120 proteins have been used to absorb anti-CD4-bs antibod-
ies present in HIV-1� sera (6, 19, 29, 33, 42). Here, we used the
D368R gp120 protein as a competing reagent during our in
vitro neutralization assays. D368R can be used in such assays
because it does not bind to cellular CD4 molecules on the
surface of target cells, and thus it does not interfere with viral
entry (data not shown).

We first validated the potential usage of D368R gp120 as a
competing reagent with the use of known anti-HIV neutraliz-
ing MAbs (Fig. 5B). As expected, the neutralizing activity of
MAb b12 (and F105 [data not shown]) or IgG-CD4 (but not that
of MAb b6) against SF162 was unaffected by D368R. Similarly,
the neutralizing activities of two anti-gp41 MAbs, 2F5 and 4E10,
were unaffected by the presence of D368R, which lacks the gp41
region. In contrast, anti-SF162 V1 and V3 neutralizing activities
were abrogated in the presence of D368R. MAb 2G12 neutral-
izing activity was equally abrogated but only at MAb concentra-
tions below 5 �g/ml. Therefore, competition with D368R gp120
may be used to identify the contribution of CD4-bs Abs to neu-
tralizing potency, with a few exceptions.

Next, we determined whether the presence of D368R gp120
had any effect on the overall neutralizing potential of immune
plasma (or purified IgG) against the homologous SF162 virus
and the heterologous HxB2 virus (Tables 3 and 4).

(i) Homologous SF162 neutralization in the presence of
D368R. Complete reductions in neutralizing potency against the
SF162 virus were observed with group G plasma (WT SF162
gp140) in the presence of D368R gp120, indicating that this im-
munogen elicits autologous NAbs that target epitopes readily
present on monomeric gp120, excluding the CD4-bs (Table 3).
They also support the above-discussed results that anti-gp41-di-
rected antibodies do not contribute to the homologous SF162
neutralizing activity of immune plasma. All V1-modified immu-
nogens also elicited anti-SF162 NAbs directed to epitopes repre-
sented on D368R gp120. However, the contribution of these
antibodies to the overall anti-SF162 neutralizing activities of im-
mune sera was not as significant as that of sera from animals
immunized with the WT SF162 gp140 immunogen. For example,
in two cases (SF162/JRFL V1 and SF162/HxB2 V1), only half of
the anti-SF162 neutralizing activities of plasmas targeted the
D368R gp120 protein. The remaining anti-SF162 neutralizing
activities could be due to anti-CD4-bs antibodies or antibodies
that do not recognize monomeric gp120.
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(ii) Heterologous HxB2 neutralization in the presence of
D368R. For groups B to F (group A did not neutralize HxB2,
as discussed above), only 7 to 28% of the anti-HxB2 neutral-
izing activity targeted epitopes on D368R gp120. In contrast,
approximately half of the anti-HxB2 cross-neutralizing activity
of group G (WT SF162 gp140) IgG targeted the D368R pro-
tein. The remaining anti-HxB2 neutralizing activities could be
due to anti-CD4-bs antibodies or antibodies that do not rec-
ognize monomeric gp120. Therefore, antibodies to elements
not present on D368R are the major contributors to the anti-
HxB2 cross-neutralizing activities of these plasmas. However,
the fact that these plasmas do not neutralize other heterolo-
gous viruses suggests that these epitopes either are not present
on other isolates or are not as exposed as they are on the HxB2
envelope. Overall, our results indicate that a considerable frac-
tion of the heterologous HxB2 neutralizing potency of all plas-
mas is due to “non-D368R gp120-binding” Abs, with higher
contributions in each of the V1-modified immune groups.

Summary of epitope mapping studies. The results of our
epitope mapping experiments are summarized in Table 5.
Anti-gp41 Abs elicited by all of the immunogens do not con-

tribute to neutralization of either the homologous SF162 iso-
late or the heterologous HxB2 isolate. Anti-V3 Abs do not
contribute to heterologous HxB2 neutralization, but they do
contribute to anti-SF162 neutralizing activity. While anti-V3
antibodies contribute only minimally to the neutralizing activ-
ity of WT SF162 immune plasma, up to approximately half of
the anti-SF162 neutralizing activities in the �V1 and V1 chimeric
groups were due to anti-V3 antibodies. Anti-V1 Abs, when
matched in sequence to the target virus, also played a role in
SF162 and HxB2 neutralization. Finally, neutralization of HxB2
by plasmas from all groups was attributed in large part to non-
D368R gp120 binding Abs, which include but are not limited to
Abs that overlap with the CD4-bs or target epitopes not present
on monomeric gp120. Such Abs also partially explain the anti-
SF162 neutralizing activities of plasmas from groups A to F but
not group G.

DISCUSSION

Our study indicates that the presence (or absence), as well as
the nature, of the V1 loop greatly affects the immunogenicities

FIG. 5. Properties of monomeric D368R gp120 protein. (A) Binding patterns of several anti-HIV Env MAbs, as well as IgG-CD4, with WT
SF162 gp120 or SF162 D368R gp120. The epitope specificities of each MAb are shown. (B) Anti-SF162 neutralizing activities of the indicated
MAbs and IgG-CD4 in the presence versus absence of D368R. Error bars indicate standard deviations.
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of the V3 and gp41 domains of soluble gp140 protein immu-
nogens. Both approaches tested here (immunization with sol-
uble gp140s lacking the V1 loop or immunization with a mix-
ture of gp140 scaffolds expressing heterologous V1 loops)
resulted in decreases in V3 immunogenicity. In contrast, the
first approach enhanced the immunogenicity of gp41, while the
second approach reduced it. In the absence of structural in-
formation on Env that includes the V1 loop, we speculate that
these V1 modifications altered V3 and gp41 positioning within
the soluble trimeric gp140 Env in such a way that altered their
accessibilities to B cells. Such changes could, for instance, be
related to the repositioning of sugar molecules within or
around the V1 (27, 31). The observed decrease in gp41 immu-
nogenicity upon V1 substitution versus the increase in gp41
immunogenicity upon V1 deletion may be due to smaller
changes in V1 loop positioning as opposed to more dramatic
modifications through V1 deletion that may more profoundly
affect the overall Env trimeric organization. Overall, neither
modification enhanced or shifted the Ab response toward
known conserved neutralization epitopes. Ultimately, the lim-
ited cross-neutralizing response achieved by the immunogens
tested here may be due to the fact that these constructs im-
perfectly mimic the native Env trimer and thus elicit Abs in-
capable of efficiently recognizing functional, virion-associated
Env. Thus, although the V1 loop provides one pathway for
modulating Env immunogenicity, further modifications are re-
quired to improve the immunogenicities of conserved targets.
In the absence, however, of structural information on the HIV
Env trimeric spike, it is becoming very difficult to design Env-
based immunogens that would elicit antibody responses to
conserved elements of the HIV-1 Env.

Antibodies against linear epitopes in V1, V3, and gp41 that
were elicited by the WT SF162 gp140 immunogen either did
not contribute or contributed only minimally to neutralization
of the homologous SF162 virus. The entire anti-SF162 neutral-
izing activity of WT SF162 gp140-elicted antibodies, however,
appears to target epitopes that are present on D368R gp120.
These observations suggest that homologous anti-SF162 neu-
tralizing activity is most likely due to conformational epitopes
present on D368R gp120. Our results also indicate that the
nature of the V1 loop greatly influences the immunogenicities
of epitopes recognized by such antibodies. For example, in the
case of the SF162/YU2 V1, SF162/89.6 V1, and �V1SF162
gp140 immunogens, the contribution of anti-D368R gp120 an-

tibodies was as significant as that of antibodies elicited by WT
SF162 gp140. In the case of the SF162/JRFL V1 and SF162/
HxB2 V1 immunogens, however, only half of the anti-SF162
neutralizing activity was due to anti-D368R gp120 antibodies.
Most (targeting the HxB2 virus) of the modest cross-neutral-
izing activity of antibodies elicited by our immunogens did not
target epitopes on D368R gp120. The epitopes recognized by
these antibodies are not present (or are poorly exposed) on the
other heterologous viruses tested here.

In this study we demonstrate that diverse V1 loops differing
in loop length, in amino acid composition, and in the number
of PNGs can be antigenically accessible and immunogenic in
the context of a heterologous SF162 Env scaffold (Fig. 4). The
reasons, however, for the poor immunogenicity of the JRFL
V1 loop are currently unknown. Previous studies with a
cleaved, disulfide-stabilized gp140 (SOSIP.R6) based on the
JRFL isolate indicated that homologous JRFL neutralization
could not be accounted for by V1 Abs (2). Therefore, it is
possible that the JRFL V1 is inherently poorly immunogenic.
Comparatively, the JRFL V1 has the shortest V1 sequence (16
aa versus 17 to 20 aa) but harbors the greatest number of
PNGs (three versus one or two) (Fig. 1D). These attributes
may make for a more occluded, less immunogenically accessi-
ble V1. Previous studies also reveal that B-cell epitopes trend
toward having enriched numbers of tryptophan (W), tyrosine
(Y), charged, and polar amino acids due to their capacity to
form a multitude of interactions at protein-protein interfaces
(40). They are also underrepresented by aliphatic hydrophobic
residues (Gly, Leu, Val, Ile, and Ala). While most of the V1
loops evaluated here have a neutral or positive charge with at
least one Y or W (except HxB2 V1), JRFL V1 lacks Y or W
residues and is very acidic. Proportionally, JRFL V1 also con-
tains the greatest percentage of aliphatic hydrophobic residues
(18.8% versus 11.1 to 15%).

Previously, Li et al. reported that YU2 gp140 elicits anti-V1
Abs that neutralize YU2 (30). It is unclear, then, why the
anti-V1 Abs elicited by SF162/YU2 V1 gp140, which recognize
the matched V1 peptide, were unable to neutralize YU2. Pos-
sibly, the conformation and orientation of the YU2 V1 loop on
the homologous YU2 Env backbone differ from those on the
heterologous SF162 Env backbone. Such differences may re-
sult in the elicitation of anti-YU2 V1 antibodies that differ in
their abilities to recognize the wild-type YU2 V1 conforma-
tion. Therefore, alternative strategies for stabilizing the V1

TABLE 5. Summary of epitope mapping

Group Immunogen

Contribution to neutralizationa

SF162 HxB2

gp41 V3 V1 D368R gp41 V3 V1 D368R

Group A SF162/YU2 V1 � (0.0%) ��� (54.3%) � (0.0%) ����� (84.8%) ND ND ND ND
Group B SF162/JRFL V1 � (0.0%) �� (36.1%) � (0.0%) ��� (48.6%) � (0.0%) � (1.0%) � (0.7%) � (17.3%)
Group C SF162/89.6 V1 � (0.0%) ��� (50.4%) � (0.0%) ���� (77.1%) � (0.0%) � (0.0%) � (0.0%) � (7.3%)
Group D SF162/HxB2 V1 � (0.0%) �� (25.2%) � (5.0%) ��� (54.3%) � (0.0%) � (0.5%) �� (23.6%) �� (21.8%)
Group E V1 scaffold cocktail � (0.0%) �� (33.4%) � (1.4%) ���� (75.9%) � (0.0%) � (0.0%) � (7.9%) �� (28.2%)
Group F �V1SF162 � (0.0%) ��� (49.1%) � (0.0%) ����� (89.8%) � (0.0%) � (0.3%) � (0.0%) �� (25.9%)
Group G SF162 gp140 � (0.0%) � (5.9%) �� (28.4%) ����� (99.3%) � (0.0%) � (0.0%) � (0.0%) ��� (43.8%)

a Contribution of Abs directed to a given peptide or recombinant protein to neutralization: �, 0 to 5%; �, 5 to 20%; ��, 20 to 40%; ���, 40 to 60%; ����,
60 to 80%; �����, 80 to 100%. The group mean percent contribution to neutralization is given in parentheses. ND, 50% neutralization was not achieved at the
highest antibody concentration tested (100 �g/ml) or the lowest plasma dilution tested of (1:20).
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loop to more accurately mimic its presentation on the native
virion should be explored. Potentially, follow-up studies will
need to focus the B-cell response to semiconserved regions of
the V1 (i.e., the GEIKNC motif in the C� terminus).

It is interesting that the narrow cross-neutralizing antibody
responses elicited by our soluble gp140 immunogens were due
to antibodies whose epitopes were mostly absent from D368R
gp120, potentially targeting elements of the CD4-bs (or the
gp120 “core”), or epitopes that are absent from soluble
gp120 but present on the virion-associated Env spike. Anti-
bodies that recognize “quaternary” epitopes on the SF162
Env have been isolated from a human infected with a het-
erologous HIV-1 virus (22) and from rhesus macaques in-
fected with SHIVSF162P4 (39). It is possible that immunization
with soluble SF162 gp140-derived proteins also results in the
generation of antibodies that recognize quaternary epitopes
that are common between SF162 and HxB2. These two Envs
are derived from viruses that are easy to neutralize, and thus
these Envs may express quaternary epitopes not present on
Envs derived from difficult-to-neutralize primary HIV-1 iso-
lates (such as YU2 or JRFL). Defining the epitope specificities
of such antibodies is important not only for understanding why
these antibodies are effective against HxB2 and not the other
heterologous Envs examined here but also for designing future
Env-based immunogens.
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