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We have compared the abilities of human immunodeficiency virus type 1 (HIV-1) envelope V3 peptides and
recombinant gp120 to induce antibodies that neutralize simian/human immunodeficiency viruses (SHIVs).
SHIV-89.6 is a nonpathogenic SHIV that expresses the envelope protein of primary HIV-1 isolate 89.6.
SHIV-89.6P, clone KB9, is a pathogenic SHIV variant derived from SHIV-89.6. Infection of rhesus monkeys
with these SHIVs rarely induces anti-V3 region antibodies. To determine the availability of the gp120 V3 loop
for neutralizing antibody binding on SHIV-89.6 and KB9 virions, we have constructed immunogenic C4-V3
peptides from these SHIVs and induced anti-V3 antibodies in guinea pigs and rhesus monkeys. We found that
both SHIV-89.6 and KB9 C4-V3 peptides induced antibodies that neutralized SHIV-89.6 but that only SHIV-
KB9 C4-V3 peptide induced antibodies that neutralized SHIV-KB9. Immunoprecipitation assays demonstrated
that SHIV-KB9 C4-V3 peptide-induced antibodies had a greater ability to bind SHIV-KB9 envelope proteins
than did antibodies raised against SHIV-89.6 C4-V3 peptide. We have used a series of mutant HIV-1 envelope
constructs to map the gp120 determinants that affect neutralization by anti-V3 antibodies. The residue change
at position 305 of arginine (in SHIV-89.6) to glutamic acid (in SHIV-KB9) played a central role in determining
the ability of peptide-induced anti-V3 antiserum to neutralize primary isolate SHIVs. Moreover, residue
changes in the SHIV-89.6 V1/V2 loops also played roles in regulating the availability of the V3 neutralizing
epitope on SHIV-89.6 and -KB9. Thus, SHIV-89.6 and -KB9 V3 region peptides are capable of inducing
neutralizing antibodies against these primary isolate SHIVs, although the pathogenic SHIV-KB9 is less easily
neutralized than its nonpathogenic variant SHIV-89.6. In contrast to natural infection with SHIV-89.6, in
which few animals make anti-V3 antibodies, C4-V3 peptides frequently induced anti-V3 antibodies that
neutralized primary isolate SHIV strains.

A major goal in human immunodeficiency virus type 1
(HIV-1) vaccine development is to design immunogens that
will induce anti-HIV-1 antibodies that neutralize HIV-1 pri-
mary isolates (2, 5, 14, 23, 26, 30, 37). The gp120 exterior
envelope glycoprotein of HIV-1, which contains variable re-
gions (V1 to V5), is a major target for neutralizing antibodies.
Whereas antibodies against the third variable (V3) loop of the
HIV-1 gp120 envelope glycoproteins consistently neutralize
T-cell-line-adapted (TCLA) HIV-1 isolates, they inconsistently
neutralize HIV-1 primary isolates (1, 5, 8, 9, 12–14, 19, 30,
35–37). A key question is whether the primary isolate envelope
V3 loop is available for anti-V3 region antibody binding on
HIV-1 primary isolates (3). If the V3 loop is available for
antibody binding to some degree on primary HIV-1 isolates,
then perhaps strategies whereby the exposed region(s) may be
included as a component of a vaccine candidate designed to
induce neutralizing antibodies can be devised.

Primary isolate simian/human immunodeficiency virus

(SHIV) strains are genetically engineered viruses comprised of
HIV-1 primary isolate envelope and SIVmac239 regulatory
and core proteins (22). SHIV-89.6 (32) and its pathogenic
variant SHIV-89.6P (31) (and its molecular clone, KB9, here-
after termed SHIV-KB9 [20]) infect rhesus monkeys and are
useful for testing HIV-1 envelope-containing immunogens as
vaccine candidates in rhesus monkey protection trials (31).
SHIV-89.6 and SHIV-KB9 differ by 12 amino acids in their
envelope glycoproteins, including one amino acid substitution
of glutamic acid (E) (in SHIV-KB9) for arginine (R) (in SHIV-
89.6) at position 305 of the V3 region of gp120 (20). Rhesus
monkeys infected with SHIV-89.6 produce anti-SHIV neutral-
izing antibodies with a variety of specificities, most of which are
not anti-V3 (11; D. C. Montefiori et al., unpublished data).
Although studies with recombinant viruses indicate that V3
sequences can contribute to neutralization epitopes in some
SHIV-infected monkeys, these neutralizing antibodies are
rarely absorbed by V3 peptides (Montefiori et al., unpublished
data). In this study, we have determined if peptides of the
C4-V3 design (29) could induce antibodies that neutralized
primary isolate SHIVs. Moreover, we have used peptides and
mutant SHIV envelope constructs both to probe the specific-
ities of the anti-SHIV V3 antibody responses and to map
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amino acids that determine anti-V3 antibody reactivity. We
found that anti-V3 antibodies against SHIV-89.6 neutralized
SHIV-89.6 but did not neutralize SHIV-KB9. However, sera
from a subset of animals immunized with SHIV-KB9 V3 pep-
tide neutralized both SHIV variants. Using mutant SHIV-89.6
and SHIV-KB9 envelope constructs, we showed that V3 amino
acid 305 as well as sequences in the gp120 V1 and V2 regions
contributed to the availability of primary isolate SHIV V3
regions for neutralizing antibody binding.

MATERIALS AND METHODS

Guinea pigs and rhesus monkeys. Outbred guinea pigs were purchased from
Harlan Sprague, Inc., Chicago, Ill., and housed in the Duke University Animal
Facility. Animals were studied under AALAC guidelines with an animal use
protocol approved by the Duke University Animal Use and Care Committee.
Rhesus monkeys were housed in the Oregon Regional Research Primate Center,
Portland, and the New England Regional Primate Research Center, Southbor-
ough, Mass. These animals were maintained in accordance with the guidelines of
the Committee on Animals of Harvard Medical School and the National Insti-
tutes of Health guide for the care and use of laboratory animals (28).

HIV-1 synthetic peptides and proteins. Synthetic peptides were synthesized by
SynPep Corporation, Dublin, Calif., and purified by reverse-phase high-pressure
liquid chromatography. Peptides used in this study were greater than 95% pu-
rified as determined by high-pressure liquid chromatography and mass spectrom-
etry. The SHIV-89.6 V3 peptides (TRPNNNTRRRLSIGPGRAFYARR and

NTRRRLSIGPGRAFYARRNIIGDIRQA) were derived from the HIV-1 pri-
mary isolate SHIV-89.6 Env gp120 V3 loop, while the SHIV-KB9 V3 peptides
(TRPNNNTRERLSIGPGRAFYARR, NTRERLSIGPGRAFYARRNIIGDIR
QA, and TRPNNNTRERLSIGPGRAFYARRNIIGDIRQA) were derived from
the pathogenic strain SHIV-KB9 and had an arginine-to-glutamic acid substitu-
tion at amino acid 305 (20). To enhance peptide immunogenicity, both SHIV-
89.6 and SHIV-KB9 V3 peptides were synthesized C terminal to the gp120 C4
region of the T-helper cell determinant (KQIINMWQEVGKAMYA) as de-
scribed previously (6). For some studies, a control peptide (C4-V3 SHIV-89.6
Scrambled) that had a scrambled amino acid sequence of the SHIV-89.6 V3 loop
(RGYFTRRNAPSNTARGRPILRRN), synthesized C terminal to the C4 T-
helper-cell determinant, was used. Recombinant HIV-1 SHIV-89.6 Env gp120
monomer was prepared as described previously (33).

Formulation of peptides, dose, route of immunizations, and immunization
schedule. Lyophilized peptides stored at 4°C were reconstituted in H2O, and
mixed in an emulsion in CFA or IFA (Sigma Chemical Co., St. Louis, Mo.) at a
1:1 volume ratio of peptide in H2O to CFA (used for the first immunization in
guinea pigs) or IFA (used for subsequent immunizations in guinea pigs and for
priming and boosting in rhesus monkeys). Two or more guinea pigs were used for
each immunogen, and each animal was given either 250 mg of the synthetic
peptides per injection or 50 mg of recombinant HIV-1 Env proteins per injection.
Guinea pigs were injected with immunogens every 3 weeks (a total of five
immunizations), with bleeds 10 days after each injection since the second immu-
nization. Sera were isolated from blood, heat inactivated (56°C, 45 min), and
stored at 220°C until use. Rhesus monkeys were given 1 mg of peptide per
injection every 6 weeks (a total of three immunizations). Sera were isolated from
blood 2 weeks after the third immunization, heat inactivated (56°C, 45 min), and
stored at 220°C until use.

FIG. 1. Schematic representation of SHIV-89.6 and SHIV-KB9 mutant envelope glycoproteins. Shown are the genetic compositions of 13 different SHIV-89.6 and
SHIV-KB9 envelope glycoprotein mutants used in this study. The names of each individual envelope glycoprotein constructs is shown on the left. SHIV-89.6 envelope
glycoprotein components are represented by white rectangles, and SHIV-KB9 components are represented by shaded rectangles. The SHIV-KB9 envelope glycoprotein
contains 12 amino acid changes in gp120 and gp41 compared to SHIV-89.6 envelope glycoproteins. Amino acid substitutions, represented by single-letter code, are
shown and identified by amino acid positions in HIV-1 envelope glycoproteins. KB9(-185), KB9(-187), and KB9(-305) have the same sequences of SHIV-KB9 except
that the amino acid at position 185, 187, or 305, respectively, was reverted to wild type. The KB9(-gp41) envelope glycoprotein is identical to the SHIV-KB9 protein
except that changes in the gp41 region envelope were reverted back to the wild-type amino acids originally present in SHIV-89.6. The KB9(-V1/V2) mutant contains
sequences of SHIV-KB9 except that mutations in the V1/V2 regions have been reverted back to the wild-type sequence of SHIV-89.6. KB9(-V1/V2-305)) is the same
as KB9(-V1/V2) except that the amino acid at position 305 was also reverted to the wild-type sequence of SHIV-89.6. KB9(-C2/V3/V4) contains SHIV-KB9-like
mutations in the V1/V2 and gp41 regions. 89.6(1187), 89.6(1305), 89.6(1185/187), and 89.6(1185/187/305) contain the wild-type SHIV-89.6 sequence background
except for changes that were made at position 185, 187, or 305 or in combination a of two (185 and 187) or three (185, 187, and 305) amino acids to mimic the mutations
found in SHIV-KB9.
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Other HIV-1 gp120 antisera. To characterize the portion of the V3 loop
present on the SHIV primary isolate, we used two additional rhesus monkey sera
raised against HIV-1 isolate MN (HIV-1-MN) V3, sera 18987 and 17336 (17).
Serum 18987 has previously been characterized as neutralizing different TCLA
HIV-1 strains and binding to the sequence IGPGRA at the crown of the V3 loop.
All neutralizing activity of 18987 serum was absorbed by the DP-2 peptide
IGPGRAFIGPGRAFIGPGRAFC (17). As a control, serum 17336 is type spe-
cific for HIV-1-MN neutralization and maps to the IHI sequence to the left of
the V3 loop crown (17).

HIV neutralization assays. Neutralization activity of guinea pig sera was mea-
sured in the MT-2 cell-killing assay (25) with SHIV-89.6, the pathogenic clone
SHIV-KB9, or HIV-1-MN. Viral stocks of both SHIV-89.6 and SHIV-KB9 that
were used in neutralization were prepared in human peripheral blood mononu-
clear cells (PBMC). Neutralization for HIV-1 isolates BAL and JR-FL was
measured in mitogen-stimulated human peripheral blood mononuclear cells
(PBMC) by using the reduction in viral p24 synthesis as described previously (24).

Antipeptide and anti-gp120 serum antibody assays. Antibody titers against the
immunizing peptide and recombinant HIV-1 Env proteins were determined in
standard enzyme-linked immunosorbent assays (ELISAs) (10). The antibody end
point binding titers were determined as the reciprocal of the highest dilution of
the serum assayed against corresponding peptides or recombinant HIV-1 Env
proteins giving an experimental/control optical density ratio of $3.0.

Immunoprecipitation, SDS-PAGE, and Western blot analysis. The ability of
guinea pig antisera to recognize HIV-1 Env proteins was determined by radio-
immunoprecipitation as described previously (34). Briefly, 35S-radiolabeled sol-
uble gp120 was immunoprecipitated with various amounts of guinea pig sera.
The amount of gp120 was normalized with HIV-1-positive patient serum. The
immunoprecipitated envelope glycoproteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% acrylamide gel),
and the intensity of each signal was measured by scanning densitometry. SDS-
PAGE and Western blot assays were performed as described previously (4).

Envelope determinants of V3 neutralization. A panel of 13 recombinant
SHIV-KB9 or SHIV-89.6 viruses with defined Env glycoproteins were used as
described previously (11) to characterize epitopes recognized by neutralizing
antibodies (Fig. 1). In SHIV-KB9 mutants, amino acid changes that occurred in
SHIV-KB9 during animal passage were reverted, individually or in combination,
to the original envelope amino acids in the parent strain of SHIV-89.6. In the
SHIV-89.6 mutants, amino acids of the envelope glycoproteins were individually

FIG. 2. SHIV-89.6 and SHIV-KB9 C4-V3 peptides induced high titers of antibody responses. Serum samples collected from guinea pigs (GPs) 10 days after each
injection (as indicated with arrows) with SHIV-89.6 C4-V3 (A and B) or SHIV-KB9 C4-V3 (C and D) were tested against captured SHIV-89.6 C4-V3 (A and C) or
SHIV-KB9 C4-V3 (B and D) peptide. The end point titers of guinea pig sera against these peptides, which were determined as described in Materials and Methods,
are shown on the y axis.

TABLE 1. Ability of SHIV-89.6 C4-V3 peptide to induce
antibodies that neutralize SHIV-89.6 and HIV-1-MN

but not SHIV-KB9

Guinea pig
no.

Neutralization titera with SHIV-89.6 C4-V3 immunogen
and SHIV or HIV-1 isolate:

SHIV-89.6 SHIV-KB9 HIV-1-MN BAL JR-FL

33 169 ,30 56 ,5 ,5
34 2,501 ,30 267 ,5 ,5
51 1,617 ,30 ,30 NDb ND
52 768 ,30 ,30 ND ND

a Neutralization titers for SHIV-89.6, SHIV-KB9, and HIV-1-MN are the
reciprocal serum dilutions at which 50% of MT-2 cells were protected from
virus-induced killing. Neutralization assays for HIV-1 isolates BAL and JR-FL
were carried out with PBMC in a p24 reduction assay.

b ND, not done.
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or in combination changed to mimic the mutations that naturally occurred in
SHIV-KB9 (20). Specific neutralizing activities of antisera from the SHIV-89.6
C4-V3-immunized guinea pigs and rhesus monkeys were determined by using a
single-round Env complementation assay as described previously (11, 18).
Briefly, viruses containing chloramphenical acetyltransferase (CAT) in their pro-
viral genomes were pseudotyped with the various recombinant envelope glyco-
proteins. Viruses were produced in 293T cells, and viral titers were normalized
to their reverse transcriptase activity. CEMx174 cells were infected with the
recombinant CAT viruses in the presence of preimmune serum or 1:50 dilutions
of antisera from immunized guinea pigs and rhesus monkeys. The CAT conver-
sion value from samples with the preimmune serum was used as the baseline
value for entry in the cell for each recombinant virus; the CAT conversion values
for assays with neutralizing antisera were divided by the CAT conversion values
for the corresponding preimmune sera. Thus, the resulting normalized conver-
sion rates range between 0 and 1, where 1 represents the absence of neutraliza-
tion and 0 represents complete neutralization. All of the neutralization assays
were duplicated, and the average values are reported here.

RESULTS

Ability of anti-SHIV-89.6 V3 sera to neutralize SHIV-89.6.
We have used the C4-V3 peptide design to determine if gp120
V3 peptide can induce neutralizing antibodies against primary
isolate SHIVs. A summary of neutralizing activities of antisera
from guinea pigs immunized with the SHIV-89.6 C4-V3 pep-
tide is shown in Table 1. All four sera from the SHIV-89.6
C4-V3-immunized guinea pigs neutralized SHIV-89.6, with
neutralizing antibody titers ranging from 1:169 to 1:2,501.
When these sera were tested against HIV-1-MN, with V3 se-
quences substantially different from the V3 sequences of
SHIV-89.6, two of four sera also cross-neutralized HIV-1-MN,
with titers of 1:56 to 1:267 (Table 1). However, none of these
sera neutralized the pathogenic SHIV strain, SHIV-KB9, or
HIV-1 isolates BAL and JR-FL (Table 1). ELISAs were car-
ried out to determine if anti-SHIV-89.6 V3 sera recognized the
SHIV-KB9 C4-V3 sequence. As shown in Fig. 2, anti-SHIV-
89.6 V3 sera reacted well to both SHIV-KB9 and SHIV-89.6
V3 peptides.

Ability of SHIV-89.6 and SHIV-KB9 anti-V3 sera to neutral-
ize the pathogenic clone, SHIV-KB9. When sera from guinea
pigs immunized with the SHIV-KB9 C4-V3 peptide were
tested for neutralizing antibody responses, three of six anti-
SHIV-KB9 sera neutralized SHIV-89.6, with neutralizing titers
ranging from 1:175 to 1:1,571, and three of six sera neutralized
SHIV-KB9, with titers ranging from 1:45 to 1:150 (Table 2).
These sera did not neutralize BAL or JR-FL when tested for
their ability to neutralize primary HIV-1 isolates (Table 2). It
is important to point out that the neutralization of SHIV-KB9
occurred at up to a log titer less than with SHIV-89.6. Two
antisera (no. 49 and 50) that neutralized SHIV-KB9 had high
ELISA titers of 1:819,2001 and 1:1,638,400, respectively, to

SHIV-KB9 C4-V3 peptide (Fig. 2). Further, guinea pig anti-
sera raised by both SHIV-89.6 and SHIV-KB9 C4-V3 peptides
reacted strongly with the recombinant SHIV-89.6 envelope
protein gp120 in Western blot assays (Fig. 3).

Ability of rgp120 to induce neutralizing antibodies against
SHIV-89.6 and SHIV-KB9. As a control for C4-V3 peptide
immunizations, guinea pigs were primed and boosted with the
SHIV-89.6 gp120. An additional set of animals was primed
once with SHIV-89.6 recombinant gp120 (rgp120) and boosted
twice with SHIV-89.6 C4-V3 peptides. Two of two animals
immunized with SHIV-89.6 rgp120 developed antibodies that
neutralized SHIV-89.6, with neutralizing antibody titers of
1:203 and 1:209, respectively (Table 3), and also weakly neu-
tralized SHIV-KB9 (Table 3). Both animals primed and
boosted with SHIV-89.6 rgp120 as well as animals primed with
SHIV-89.6 rgp120 and boosted with SHIV-89.6 C4-V3 peptide
both neutralized SHIV-89.6 and weakly neutralized SHIV-
KB9. Since SHIV-89.6 C4-V3 peptide alone did not induce

FIG. 3. SHIV-89.6 and SHIV-KB9 C4-V3 peptides induced antibodies that
reacted with the SHIV-89.6 recombinant envelope protein rgp120. SHIV-89.6
rgp120 was separated by SDS-PAGE (7% acrylamide gel) before being trans-
ferred to nitrocellulose filters. The immunoblots of SHIV-89.6 rgp120 were
incubated with the indicated sera (at a 1:400 dilution) from guinea pigs (GPs)
before or after immunization with SHIV-89.6 or SHIV-KB9 C4-V3 peptides,
followed by goat anti-guinea pig immunoglobulin G–horseradish peroxidase, and
then developed by chemiluminescence. Data are representative of three exper-
iments.

TABLE 2. Ability of SHIV-KB9 C4-V3 peptide to induce
antibodies that neutralize both SHIV-89.6 and SHIV-KB9

Guinea pig
no.

Neutralization titera with SHIV-KB9 C4-V3 immunogen
and SHIV or HIV-1 isolate:

SHIV-89.6 SHIV-KB9 HIV-1-MN BAL

49 ,30 64 NDb ND
50 1,571 150 105 ND
75 ,30 ,30 ,30 ND
76 175 45 104 ND
81 176 ,30 ND ,5
82 ,30 ,30 ,30 ,5

a Neutralization titers for SHIV-89.6, SHIV-KB9, and HIV-1-MN are the
reciprocal serum dilutions at which 50% of MT-2 cells were protected from
virus-induced killing. Neutralization assays for HIV-1 isolate BAL were carried
out with PBMC in a p24 reduction assay.

b ND, not done.

TABLE 3. Ability of SHIV-89.6 rgp120 to induce antibodies that
neutralize both SHIV-89.6 and SHIV-KB9

Guinea pig
no. Immunogen

Neutralization titera with
SHIV isolate:

SHIV-89.6 SHIV-KB9

57 Primed and boosted with
SHIV-89.6 rgp120

208 62

58 Primed and boosted with
SHIV-89.6 rgp120

203 49

59 Primed once with rgp120
and boosted twice with
SHIV-89.6 C4-V3

49 41

60 Primed once with rgp120
and boosted twice with
SHIV-89.6 C4-V3

176 51

a Titers are the reciprocal serum dilutions at which 50% of MT-2 cells were
protected from virus-induced killing.
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anti-SHIV-KB9 neutralizing antibodies (Table 1), these data
suggested that either additional neutralizing antibody re-
sponses against gp120 were induced by rgp120 priming or
priming with rgp120 induced V3 antibodies that cross-neutral-
ized SHIV-KB9 better than priming and boosting with SHIV-
89.6 C4-V3 peptides alone.

ELISAs showed that guinea pigs primed and boosted with
rgp120 developed high titers of antibody that reacted with the
immunizing antigen rgp120 but had only relatively low titers
(1:3,200 to 1:102,400) of antibodies against the SHIV-89.6 V3
region (Fig. 4).

Relative ability of antibodies raised against SHIV-89.6 and
SHIV-KB9 C4-V3 peptides to bind to SHIV-89.6 and SHIV-
KB9 gp120 monomers. The ability of antibodies raised against
SHIV-89.6 and SHIV-KB9 C4-V3 peptides to bind SHIV-89.6
and SHIV-KB9 gp120 monomers was determined by using
35S-labeled SHIV-89.6 and SHIV-KB9 gp120 in immunopre-
cipitation assays. We found that sera from guinea pigs immu-
nized with either the SHIV-89.6 or SHIV-KB9 C4-V3 peptide
bound to SHIV-89.6 and SHIV-KB9 gp120 monomers in so-
lution (Fig. 5). However, sera from guinea pigs immunized
with SHIV-89.6 C4-V3 had greater binding to SHIV-89.6
gp120 than to SHIV-KB9 gp120 (Fig. 5A to D). Conversely,

sera from SHIV-KB9 C4-V3 peptide-immunized guinea pigs
had higher binding to SHIV-KB9 gp120 than to SHIV-89.6
gp120 (Fig. 5E). These results, taken together with neutraliza-
tion data, demonstrated that mutations in the SHIV-KB9 en-
velope changed the neutralization sensitivities of SHIV-89.6
and SHIV-89.6P.

Mapping of V3 amino acids responsible for neutralization
responses of antisera against SHIV-89.6. We next tested a
panel of SHIV-KB9 and SHIV-89.6 Env mutants (Fig. 1) to
characterize the neutralization epitopes recognized by SHIV-
89.6 anti-V3 sera. Figure 6A to D shows the results of studies
of neutralization of recombinant viruses bearing SHIV-KB9
and SHIV-89.6 Env mutants with four anti-C4-V3 guinea pig
sera raised against SHIV-89.6 C4-V3 peptide. Recombinant
viruses with SHIV-89.6 envelope glycoproteins were neutral-
ized efficiently by sera from four guinea pigs immunized with
SHIV-89.6 C4-V3 peptides, whereas the recombinant viruses
with SHIV-KB9 envelope glycoproteins were not neutralized.
Viruses containing mutant SHIV-KB9 envelope glycoproteins,
in which amino acids were reverted to those of the parental
SHIV-89.6 in the V2 region (amino acids 185 and 187) and in
gp41, remained resistant to neutralization by SHIV-89.6 an-
ti-V3 sera (Fig. 6). These results indicated that the specific

FIG. 4. SHIV-89.6 rgp120 induced antibodies that reacted with SHIV-89.6 rgp120 and SHIV-89.6 and SHIV-KB9 C4-V3 peptides. Guinea pigs (GPs) were primed
and boosted with rgp120 or primed with SHIV-89.6 rgp120 and then boosted three times with SHIV-89.6 C4-V3 peptide. Serum samples collected from guinea pigs
10 days after each immunization (arrows) were tested against captured rgp120 (A and D), SHIV-89.6 C4-V3 peptide (B and E), or SHIV-KB9 C4-V3 peptide (C and
F). The end point titers of serum samples are shown on the y axis.
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amino acid changes in the V2 region and/or in the gp41 region
of SHIV-89.6 did not by themselves play a major role in de-
termining availability of the SHIV-KB9 V3 neutralization
epitope.

In contrast, viruses containing SHIV-KB9 envelope glyco-
proteins in which glutamic acid (E) at position 305 was re-
verted back to arginine (R) at position 305 became neutraliz-
able by most of the SHIV-89.6 anti-V3 sera at the same level
as viruses containing SHIV-89 envelope glycoproteins (Fig. 6A
to D). Viruses containing KB9(-V1/V2) envelope glycopro-
teins, which contain all mutations in SHIV-KB9, except for the
parental SHIV-89.6 sequence in the V1 and V2 regions (Fig.
1), were resistant to neutralization by SHIV-89.6 anti-V3 sera
(Fig. 6). The addition of the SHIV-89.6-like amino acid (R) at
position 305 rendered the KB9(-V1/V2) envelope glycopro-
teins completely susceptible to neutralization. These results
suggested that mutations at position 305 played a critical role
in forming the V3 neutralizing epitope recognized by our
SHIV-89.6 C4-V3 peptide antisera. SHIV-KB9 sequences out-
side the V3 loop, particularly in the V1/V2 regions, influenced
the degree of sensitivity to neutralization.

These results were also confirmed by using viruses contain-
ing SHIV-89.6 envelope glycoprotein mutants. Viruses con-
taining SHIV-89.6 envelope glycoproteins with mutations at
position 185 (V2) or 185 (V2) plus 187 (V2) and viruses con-
taining KB9(-C2/V3/C4) mutant envelope glycoprotein (with
the SHIV-89.6 gp120 sequence except for the KB9-like V1/V2
loops and gp41 region) were neutralized to the same degree as
viruses with the parental SHIV-89.6 envelope glycoproteins
(Fig. 6A to D). Viruses bearing SHIV-89.6 envelope glycopro-
teins with a SHIV-KB9-like change at position 305 (i.e., R for
E), like SHIV-KB9, were resistant to neutralization by SHIV-
89.6 anti-V3 sera (Fig. 6).

By comparison of viruses containing envelope glycoproteins

from KB9(-V1/V2-305) or from KB9(-305), viruses containing
the KB9(-V1/V2-305) envelope glycoproteins were signifi-
cantly (P , 0.05) more susceptible to SHIV-89.6 anti-V3 sera
than were viruses containing KB9(-305) envelope glycopro-
teins (Fig. 6). These results indicate that mutations in the
V1/V2 regions play secondary roles in determining the neu-
tralization sensitivity of viruses with particular V3 neutraliza-
tion epitopes.

Results similar to those described above were obtained with
serum samples from rhesus monkeys. Here, sera from rhesus
monkeys immunized with SHIV-89.6 C4-V3 peptide neutral-
ized recombinant viruses containing SHIV-89.6 envelope gly-
coproteins but not viruses containing SHIV-KB9 envelope gly-
coproteins (Fig. 6E to H). Also, the ability of those serum
samples to neutralize mutant viruses was highly dependent on
amino acids changes in V1/V2 and at position 305 in the V3
loop (Fig. 6E to H). These results demonstrate that the pri-
mary isolate V3-specific responses generated in guinea pigs
can also be achieved in primates.

Availability of the crown of the V3 loop on SHIV-89.6 and
SHIV-KB9. We have previously generated and characterized
a rhesus monkey anti-V3 antiserum, 18987, that broadly
neutralizes TCLA HIV-1 strains and binds to the sequence
IGPGRAF at the crown of the HIV-1-MN V3 loop (17). An
additional, control rhesus monkey serum, 17336, that was type
specific for HIV-1-MN and binds on the left side of the HIV-
1-MN gp120 V3 loop was also made (17). SHIV-89.6 and
SHIV-KB9 both have the sequence IGPGRAF at the V3
crown. We found that these sera did not neutralize either
SHIV-89.6 or SHIV-KB9 in vitro, while as previously reported,
they did neutralize HIV-1-MN (Table 4). ELISA studies dem-
onstrated that 18987 serum bound weakly to SHIV-89.6 and
SHIV-KB9 V3 peptides (Table 5). Taken together, these data
suggest that the crown of the V3 loop of SHIV-89.6 or SHIV-

FIG. 5. Ability of antibodies raised against SHIV-89.6 and SHIV-KB9 peptides to bind SHIV-89.6 and SHIV-KB9 gp120 monomers. 35S-radiolabeled soluble gp120
was immunoprecipitated with various amounts of guinea pig (GP) sera. The immunoprecipitated envelope glycoproteins were subjected to SDS-PAGE (10%
acrylamide gel), and the intensity of each signal was measured by scanning densitometry. The vertical axis shows relative binding, using arbitrary densitometric values.
The x axis shows the amounts of guinea pig sera used in the binding assays.
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89.6P was not in a conformation to be recognized by rhesus
monkey serum 18987.

Next, the six SHIV-KB9 anti-V3 antisera were tested for
reactivity to the DP-2 (IGPGRAFIGPGRAFIGPGRAFC)
peptide (17). We found that the two sera that had the highest
neutralizing titers (Table 2) against SHIV-KB9 also bound well
(titer of 1:102,400) to the DP-2 peptide. Taken together, these
data suggested that the crown of the SHIV-KB9 V3 loop can
be immunogenic in the context of the SHIV-KB9 C4-V3 pep-
tide (albeit inconsistently) and that, again, the IGPGRAF V3
crown of SHIV-89.6 and SHIV-KB9 is in a conformation that
is different from that in HIV-1-MN (17) but that the V3 loop
and likely the crown are at least in part available for antibody
binding on the surfaces of SHIV-89.6 and SHIV-89.6P for
neutralization to occur.

DISCUSSION

An important question in HIV-1 vaccine development is to
determine an immunogen design that is capable of inducing

antibodies that neutralize HIV-1 primary isolates. The funda-
mental question regarding the V3 loop as a neutralizing anti-
body target is whether the V3 loop, either alone or in combi-
nation with other subunit epitopes, will be a component of an
effective HIV-1 vaccine. Recent data suggest that the gp120 V3
loop is near the chemokine coreceptor binding region of gp120
and may in and of itself interact with chemokine receptors (7).
The fact that the C4-V3 peptide from SHIV-KB9 can induce
antibodies that neutralize SHIV-KB9 suggests that the V3
neutralizing region is available on the surface of SHIV-KB9 for
antibody binding. However, the titers of neutralizing antibod-
ies induced by SHIV-KB9 C4-V3 are a log unit lower against
SHIV-KB9 than the antibodies induced by SHIV-89.6 V3 pep-
tides against SHIV-89.6 and are consistent with the notion that
the V3 region of SHIV-KB9 is less exposed for efficient anti-
body binding than is that of SHIV-89.6.

Although the C4 region of HIV-1, which is conserved among
HIV-1 isolates, may induce mouse neutralizing antibodies (27),
the neutralizing activity of sera generated from guinea pigs and

FIG. 6. Neutralization of SHIV-89.6 and SHIV-KB9 mutant envelope glycoproteins by anti-C4-V3 SHIV-89.6 sera. Abbreviations for recombinant viruses
containing envelope glycoproteins mutants used in this study are illustrated in Fig. 1 and described in detail in the Fig. 1 legend. Recombinant viruses containing
envelope glycoprotein mutants as indicated on the x axis were tested for neutralization with serum samples from guinea pigs (GPs) (A to D) and rhesus monkeys (MKs)
(E to H) immunized with SHIV-89.6 C4-V3 peptides. Neutralization assays were carried out as described in Materials and Methods. The y axis shows the conversion
rates, reflecting the levels of neutralization, which were normalized to the value observed in the presence of preimmune serum. A value of 1 indicates no neutralization,
and 0 represents complete neutralization. All of the neutralization assays were duplicated, and the averages are reported here.
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rhesus monkeys by C4-V3 peptides of SHIV-89.6 and SHIV-
KB9 is V3 specific, since the neutralizing activity can be com-
pletely absorbed by V3 peptides (Montefiori et al., unpub-
lished data). Further, we have previously shown that the C4

region is a very poor inducer of antibody in most animal spe-
cies (38).

Karlsson et al. have demonstrated that in a comparison of
SHIV-KB9 to the parental SHIV-89.6, the SHIV-KB9 enve-
lope binds with more avidly to CCR5 and is more difficult to be
neutralized by both CD4 binding site and V3 region antibodies
(21).

Another critical issue is what parts of the gp120 V3 loop are
available for antibody binding on primary isolates. Epitope
mapping demonstrated that anti-SHIV-89.6 V3 antibodies re-
quired the amino acid R at position 305 to bind. Thus, the left
side of the V3 loop is clearly needed for neutralizing antibody
binding, although we cannot be certain at this time whether it
contains the antibody epitope or affects the structure of the
cognate epitope distally. The crown of the V3 loop is also
immunogenic in SHIV-KB9 C4-V3 peptide-immunized ani-

TABLE 4. Ability of sera from rhesus monkeys immunized with
HIV-1-MN C4-V3 peptide to neutralize the TCLA HIV-1-MN

but not SHIV-89.6 or SHIV-KB9

Rhesus
monkey no.

Neutralization titera with: HIV-1 or SHIV isolate:

HIV-1-MN SHIV-89.6 SHIV-KB9

18987 397 ,20 ,20
17366 547 ,20 ,20

a Titers are the reciprocal serums dilution at which 50% of MT-2 cells were
protected from virus-induced killing.

FIG. 6—Continued.
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mals, as those sera that best neutralized SHIV-KB9 also bound
best the V3 crown peptide, DP-2. However, since the anti-
IGPGRAF serum, 18987, raised against the HIV-1-MN C4-V3
peptide did not neutralize SHIV-89.6 or SHIV-KB9 (both of
which contain the V3 crown sequence IGPGRAF) we know
that the secondary and higher-order structures of the SHIV-
89.6 and -KB9 V3 crowns are different from those of the TCLA
strain, HIV-1-MN.

Mutant SHIV viruses containing KB9(-V1/V2-305) enve-
lope glycoproteins were neutralized significantly better (P ,
0.05) than viruses containing the KB9(-305) envelope glyco-
proteins. This was true for sera from immunized guinea pigs
and rhesus monkeys and suggested that the changes in the
V1/V2 loops participate in creating conformational changes
that mask or alter the neutralization epitope in the V3 region.
It is also important to recognize that the masking effects on the
V3 region by the V1/V2 loops are not strong, as demonstrated
by the fact (Fig. 6) that the KB9(-C2/V3/C4) envelope (Fig. 1)
was neutralizable by anti-V3 sera, although KB9(-C2/V3/C4)
envelope glycoproteins had the same mutations in the V1/V2
and gp41 regions as seen in SHIV-KB9.

It is important to note that rhesus monkeys infected with
SHIV-89.6 only occasionally make potent anti-V3 antibodies
(11; Montefiori et al., unpublished data), whereas it is possible
to directly induce anti-V3 antibodies with C4-V3 peptides.
Thus, one advantage of the C4-V3 immunogen design is that
C4-V3 peptides induce neutralizing anti-V3 antibodies,
whereas natural infection frequently does not.

Finally, our study does not address the issue of HIV-1 vari-
ability and the type-specific and restricted nature of anti-V3
neutralizing antibody specificity. If V3 subunits are to be useful
for HIV-1 vaccine development, subunits reflecting the se-
quences of many primary isolate envelopes clearly will be
needed (15, 16). Our study does show that when the V3 im-
munogen sequences match those of the primary isolates, such
as in the cases of SHIV-89.6 and SHIV-KB9, one can induce
anti-primary isolate neutralizing antibodies. Protection trials
with rhesus monkeys to determine if these C4-V3-induced an-
tibodies can protect against SHIV-89.6 and/or SHIV-KB9 in-
fection are under way.
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