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Macaques which developed high-titer neutralizing antibodies (htNAb) after immunization with a virion-
derived oligomeric envelope glycoprotein subunit vaccine were protected against a homologous simian immu-
nodeficiency virus SIVmac challenge. Here we demonstrate that the htNAb could be overcome by V1-env region
variants isolated ex vivo from an SIVmac-infected macaque. The results further suggest that the development
of V1-env region neutralization escape mutants is also necessary for survival of the virus in infected macaques.
The immunological capacity of a single variable region to induce neutralizing antibodies in vaccinated and
infected macaques initiate new ideas for a successful vaccine strategy.

Infections of macaques with simian immunodeficiency virus
(SIV) have been used extensively in the last decade as an
animal model for vaccine development against human immu-
nodeficiency virus (HIV) (12). Despite several vaccine trials
performed in nonhuman primates, the immune mechanisms
responsible for protective effects remain largely unknown. Re-
cently we showed that a subunit vaccine consisting of virion-
derived oligomeric gp130 (O-gp130) induced a sterilizing im-
munity against homologous challenge with the swarm virus
SIVmac32H, whereas monomeric preparations did not (16, 22,
23). Vaccine protection could be strongly correlated to high-
titer neutralizing antibodies (htNAb) but not to a proliferative
T-cell response or to cytotoxic T lymphocytes. This was the first
time that htNAb was described as the major component of a
preventive vaccine which would induce sterilizing immunity
against an immunodeficiency virus. The induction of such an
htNAb response was highly dependent on a specific immuni-
zation schedule, and protection was observed mainly after a
homologous virus challenge (16, 22). The protective capacity of
htNAb in a homologous system was recently directly confirmed
in passively immunized monkeys challenged with an HIV/SIV
chimera (SHIV) (25).

We have now investigated whether the variability in critical
neutralizing epitopes might be mainly responsible for the
rather restricted breadth of protection observed in our vaccine
trials. Which envelope glycoprotein epitopes may directly con-
tribute to the vaccine failures observed in heterologous chal-
lenge systems remains unknown. Their identification and char-
acterization are, however, important in order to understand
the molecular mechanisms responsible for the presence of
vaccine-resistant viruses. In a previous study we suggested that
the first variable domain (V1 region) of the external glycopro-
tein of SIVmac is critical for the development of neutralization
escape mutants (13). The V1 region is known to be highly
variable (1, 6), and a substantial portion of the htNAb from the

O-gp130-immunized macaques showing a sterilizing immunity
was directed against this region (13). Therefore, we have now
investigated whether mutations which naturally occur in the V1
region of SIVmac-infected macaques help the virus to escape
from the htNAb. The experiments with sera from protected
monkeys demonstrated that variations in the V1 region are
sufficient for the virus to escape from htNAb. The same results
were obtained with sera obtained from SIVmac-infected mon-
keys. Our results strongly indicate that the V1 region acts as an
immunological shield for SIVmac. However, although the high
genetic variability of the V1 region seems to be necessary for
the virus to escape from the htNAb, we could additionally
demonstrate that this epitope is essential for an efficient rep-
lication of SIVmac. Therefore, a V1 region multivalent O-
gp130 preparation should offer greater protection than the
vaccines tested so far.

MATERIALS AND METHODS

Monkey sera. Monkey sera were obtained from SIVmac-infected rhesus ma-
caques (Macaca mulatta) Mm1604 and Mm1708 or O-gp130-immunized animals
Mm1698, Mm1701, and Mm1715 (13, 16, 22). In the cases of Mm1604 and
Mm1078, the sera were obtained about 114 and 52 weeks postinfection (wpi),
respectively. Sera from the immunized animals were collected on the day of
challenge.

Cloning of the V1 region recombinant SIVmac239. The wild-type V1 region
from SIVmac239 (15) was replaced by corresponding regions isolated ex vivo
from peripheral blood monocytes of an SIVmac-infected rhesus macaque,
Mm1708 (13). The ex vivo V1 regions were obtained 1 year after infection when
the animal had developed simian AIDS. Two different V1 regions from Mm1708
were used to construct the SIVmac239 recombinant viruses SIVmacV1-1708/2
and SIVmacV1-1708/4. Additionally, we prepared a chimera in which the wild-
type V1 region was replaced by the corresponding region of SIVmac32H. The
human T-cell line C8166 was infected with SIVmac32H. One week after infec-
tion, the V1 region was amplified, cloned, and sequenced from the SIVmac32H-
infected cells as described elsewhere (23). The V1 region representing the major
genotype found in C8166 cells was used for constructing the chimera. The
different V1 regions were cloned in the wild-type clone SIVmac239. First, the V1
region 39 and 59 flanking regions of SIVmac239 were independently amplified
using the 39 clone p239SpE1 from SIVmac239 as the template DNA. The 39
fragment was amplified with the primer pair P1 (located in the vector pBS1 bp
980 to 995; 59-AACAGCTATGACCATG-39) plus P2 (SIVmac239 bp 7115 to
7144; 59-CTCAAAGAGTTGCCATACATCCTCTATTGC-39); the 59 fragment
was amplified with the primer pair P5 (SIVmac239 bp 7350 to 7379; 59-AAAT
GATAAGCTGTAAATTCAACATGACAG-39) plus P6 (SIVmac239 bp 8408
to 8441; 59-AGACCCCGAATTCATTTCCTGAGGTGCCACCAG-39). The ex
vivo-isolated V1 regions and that of SIVmac32H were amplified with the primer
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pair P3 (59GCAATAGAGGATGTATGGCAACTCTTTGAGACCTCAATAA
AGCCTTGTGTAAAATTATCC-39) plus P4 (59-CTGTCATGTTGAATTTAC
AGCTTATCATTTGCTCTTGTTCCAAGCC TGTGCAATTATTCT-39), where
the 59 region of P3 overlaps with the 39 region of P2 and the 39 region of P4
overlaps with the 59 region of P5. The recombinant env genes were constructed
by hybridization PCR in which primers P1 and P6 were used for amplification.
The resulting amplification product was digested with the restriction enzymes
SphI and and ClaI and cloned into the proviral SIVmac239 clone. The V1
deletion mutant was also constructed by hybridization PCR. For this purpose, we
performed two independent PCRs using the primer pairs P1-P7 (59-CTGTCAT
GTTGAATTTACAGCTTATCATTTGCTCAAAGAGTTGCCATGCATCCT
CTATTGC-39) and P5-P6, where the 59 region of P7 overlaps with the 39 region
of P5. In the case of all V1 region recombinant env genes, the cloning was
confirmed by sequence analysis.

Production of virus stocks in COS-7 cells. COS-7 cells were transfected by the
DEAE-dextran method with the wild-type clone SIVmac239 and the V1 region
recombinant proviral clones. In short, 105 cells were transfected with 5 mg of
DNA and cultivated in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), 2 mM glutamine, 50 U of penicillin/ml,
50 mg of streptomycin/ml, and 4.5 g of glucose/liter. Three days after transfection,
cell culture supernatants were harvested and analyzed for virus release. Virus
production was assessed by measuring cell-free p27, the viral core antigen of SIV,
with a commercially available enzyme-linked immunosorbent assay (ELISA;
Innogenetics, Zwijnaarde, Belgium). Virus-containing supernatants were stored
at 280°C for infection experiments.

Infection of CD41 T lymphocytes. Replication capacities of the wild-type clone
SIVmac239 and the chimeras were tested in the human T-cell line HUT-78 and
the T-B hybrid cell line CEMx174, both maintained in RPMI 1640 medium.
Infection of these cell lines with each virus was carried out in triplicate. For the
infection experiments, the virus-containing COS-7 cell supernatants were nor-
malized with respect to p27 concentration. Every 3 days, 0.2 ml of medium was
removed and stored at 280°C for assaying virus production, and fresh medium
was added to 5 ml. Viral replication was determined by measuring the p27
concentration in the cell culture supernatants.

Phenotype determination of the V1 region recombinant viruses in chemokine-
expressing U87.CD4 cell lines. To determine the phenotype of the V1 region
recombinant viruses, we used CCR5- as well as CXCR4-expressing U87.CD4 cell
lines (4). The wild-type and recombinant viruses used for the infection were
expanded on CEMx174 cells and normalized with respect to p27 concentration.
Infection was carried out with all viruses in each cell line in triplicate. The
U87.CD4 cells were propagated in DMEM supplemented with 10% FCS, 500 mg
of G418/ml, 1% penicillin, and 1% streptomycin.

Neutralization assay. NAb against wild-type SIVmac239 and V1 region re-
combinant viruses were measured with the MT-4 cell assay. This assay is well
established for in vitro evaluation of NAb against HIV and SIV (10, 13). Wild-
type SIVmac239 and the V1 region recombinant viruses used in the MT-4 cell
assay were propagated in CEMx174 cells. The assay was performed in flat-
bottom 96-well microtiter plates. During cultivation, MT-4 cells were grown in
RPMI 1640 medium supplemented with 25 mM HEPES buffer (pH 6.5) and 10%
FCS. The macaque sera were heat inactivated (56°C, 30 min) and tested in
triplicate serial twofold dilutions starting with 1:40. The sera were incubated with
100 50% tissue culture infectious doses of cell-free virus. After 1 h of incubation
at 37°C, 3 3 104 MT-4 cells were added to each well. Three days after infection,
fresh medium was added to each well; 4 days after infection, each well was
supplemented with 0.1 mCi of [3H]thymidine (Amersham, Braunschweig, Ger-
many). [3H]thymidine incorporation into cellular DNA was measured 20 h later,
and neutralization was defined as 75% reduction of virus-induced cell death.

V1 region antibody recognition. V1 region antibody recognition was investi-
gated in the prokaryotic glutathione S-transferase (GST) expression system. The
V1 regions of SIVmac239, SIVmac32H, and ex vivo isolates V1-1708/2 and
V1-1708/4 were cloned into the expression vector pGEX-2T and expressed as
GST fusion proteins as specified by the manufacturer (Pharmacia Biotech, Upp-
sala, Sweden). Escherichia coli was lysed, and the V1-GST fusion proteins were
adsorbed to glutathione-Sepharose 4B and eluted with 50 mM Tris buffer (pH
8.0) containing 10 mM glutathione. The V1-GST fusion proteins were purified by
affinity chromatography. The purified fusion proteins were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose; for Western blot analysis, we used the same sera as for the
neutralization assay.

RESULTS

Production of SIVmac V1 chimeras. To investigate whether
V1 variability is necessary for SIVmac replication in the pres-
ence of htNAb, we examined viruses which varied in this region
only. All cloned viruses used herein were derived from
SIVmac239 (15). For the chimera SIVmacV1-32H, the V1 of
SIVmac239 was replaced by the corresponding region of
SIVmac32H (Fig. 1). The V1 region of SIVmac32H used rep-
resented the major genotype present in about 80% of all pro-

viral genomes of infected C8166 cells (data not shown). The
sequence of this V1 region differed from the corresponding
SIVmac239 sequence in seven positions, four of which were
located in the serine- and threonine-rich region which might
act as an O-linked glycosylation site. In contrast, no variations
were present in the potential N-linked glycosylation sites lo-
cated at the amino- and carboxy-terminal ends. The other two
chimeras examined, SIVmacV1-1708/2 and SIVmacV1-1708/4,
contained different ex vivo-isolated V1 regions from SIVmac-
infected macaque Mm1708. The V1 regions from this animal
were selected for the high genetic variability among the virus
population present in this animal. As described previously
(13), all clones analyzed 52 wpi when the animal had already
developed simian AIDS showed unique V1 region sequences.
In the case of SIVmacV1-1708/2, a sequence with the insertion
of four threonines and preferentially serine/threonine muta-
tions was used. Both insertions and mutations contributed
to the establishment of a highly enriched potential O-linked
glycosylation site. For the chimeric virus SIVmac1708/4, we
selected a sequence with a fewer mutations in this site. To
investigate whether the V1 region is essential for viral replica-
tion, we additionally constructed the V1 region deletion mu-
tant SIVmacV1-del.

Infectious virus stocks were produced by transfecting COS-7
cells with each of the chimeras as well as the wild-type clone
SIVmac239. After transfection, we detected release of the
wild-type virus as well as the three recombinants, SIVmacV1-
32H, SIVmacV1-1708/2, and SIVmacV1-1708/4 (Fig. 2). How-
ever, different concentrations of p27 viral core antigen in
COS-7 cell supernatants indicated an influence of the V1 re-
gion on viral replication. The importance of the V1 region for
SIVmac replication became more obvious when SIVmacV1-
del-transfected COS-7 cells were examined for virus produc-
tion. No p27 release was detected in the cell culture superna-
tants. Likewise, no virus production was observed when
different CD41 cell lines were transfected with SIVmacV1-del
(data not shown).

Replication of V1 region chimeric viruses. The virus-con-
taining supernatants obtained after COS-7 cell transfection
were normalized for p27 concentration and used to infect the
human cell lines CEMx174 and HUT-78, which are both
known to be susceptible to SIVmac infection. All four viruses
were able to infect CEMx174 cells without obvious differences
in the time course of infection, replication levels (Fig. 3), cell
toxicity, and syncytium induction (data not shown). In HUT-78
cells, similar kinetics were measured for SIVmac239, SIVmacV1-
32H, and SIVmacV1-1708/4, with the lowest replication level
in the case of SIVmacV1-32H. In contrast, a delayed onset and
decreased level of replication were observed for SIVmacV1-
1708/2. Similar results were obtained with the permanent hu-
man T-cell lines MT-2 and MT-4 (data not shown).

In further experiments, U87.CD4 cells expressing CCR5 or
CXCR4 were infected to investigate coreceptor usage depen-
dent on the V1 region. All four viruses replicated in CCR5-
expressing U87.CD4 cells, whereas only marginal replication
was detected in CXCR4-expressing cells (Fig. 4). In CCR5-
expressing U87.CD4 cells, the four viruses replicated with sim-
ilar kinetics but to different levels. We observed the highest
activity for SIVmacV1-32H and the lowest for SIVmac239.
Thus, the V1 region did not significantly change the cell tro-
pism of SIVmac but rather influenced viral replication.

V1 region-mediated neutralization escape. Recently we re-
ported that sera from rhesus macaques Mm1698, Mm1701,
and Mm1715 which were immunized with virus-derived O-
gp130 contained htNAb directed against the V1 region of
SIVmac32H (13). On the basis of these results, we suggested
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that variations in the V1 region influence the NAb suscepti-
bility of SIVmac. The MT-4 cell assay performed with O-gp130
immune sera revealed remarkable differences in neutralization
susceptibility among the five viruses tested. High $90% neu-
tralization efficacies were detected against the swarm virus
SIVmac32H, the SIVmacV1-32H chimera, and SIVmac239
(Fig. 5). This high neutralizing capacity was observed for the

swarm virus SIVmac32H (Fig. 5A) and the chimera SIVmacV1-
32H (Fig. 5B) up to titers of between 640 and 1,280. Although
wild-type SIVmac239 was also neutralized with $90% efficacy,
titers were significantly lower (between 40 and 160 [Fig. 5C]).
Increased titers were found for these three viruses at a 75%
neutralization cutoff (Table 1). The swarm virus SIVmac32H
and the chimera SIVmacV1-32H were neutralized at high ti-
ters (1,280 to 5,120), whereas SIVmac239 was neutralized at
lower titers (between 320 and 640). These results showed that
neutralization susceptibility could be transferred by an ex-
change of the V1 region. In contrast, the chimeras SIVmacV1-
1708/2 and SIVmacV1-1708/4 could not be neutralized with
the O-gp130 sera, based on the 75% cutoff (Fig. 5D and F).
Only at low titers (#80) was a neutralization capacity of 50%
obtained. It was further remarkable that the O-gp130 immune
sera from animal Mm1715 failed to neutralize SIVmacV1-
1708/2. Obviously, naturally occurring V1 region mutations
strongly decreased neutralization susceptibility in the cases of
SIVmacV1-1708/2 and SIVmacV1-1708/4.

In parallel, we tested sera obtained from the SIVmac-in-
fected monkey Mm1708 at 52 wpi, when the V1-1708/2 and
V1-1708/4 sequences were isolated from peripheral blood
mononuclear cells from this animal. These sera exhibited only
low to intermediate NAb titers (between 80 and 640), based on
the 75% cutoff (Table 1). Although the NAb titers of serum
from monkey Mm1708 were significantly lower than titers of
the O-gp130 immune sera, the serum was able to neutralize
the molecular clone SIVmac239, the swarm virus SIVmac32H,
and all three chimeras. In the case of the molecular clone
SIVmac239, the swarm virus SIVmac32H, and the chimera

FIG. 2. Production of infectious virus stocks. COS-7 cells were transfected
with the different viral clones. Supernatants were harvested over 6 days, and virus
production was measured in triplicate by a commercially available p24 antigen
ELISA. Here and in subsequent figures, OD450 denotes optical density at 450 nm.

FIG. 3. Viral replication in permanent human T-cell lines. Virus-containing supernatants from COS-7 cells were normalized for p27 concentration and used to infect
the CD41 cell lines CEMx174 and HUT-78. Virus production was measured in triplicate over 31 days by a commercially available p24 antigen ELISA. Values represent
the average and standard deviation from the mean of three experiments.
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SIVmacV1-32H, neutralizing efficacies of $90% were mea-
sured at titers of between 320 and 640. These sera were also
able to neutralize the chimeras SIVmacV1-1708/2 and
SIVmacV1-1708/4 with an efficacy of $75% but at low titers
(#80). These results demonstrated an increased breadth of the
V1-specific neutralizing humoral immune response in the
SIVmac-infected monkey Mm1708 compared to that of the
O-gp130 immune sera. Similar neutralization patterns were
detected for sera obtained 114 wpi from the SIV-infected
macaque Mm1604. The neutralization capacity in the presence
of the chimeric viruses SIVmacV1-1708/2 and SIVmacV1-
1708/4 was increased compared to the titers detected in the
case of Mm1708. However, the titers of the SIVmac-infected
monkey were marked lower than those obtained for the
O-gp130-immunized animals. The data indicate that the V1
region variability enables the virus to circumvent the major
neutralizing capacity of the immune serum from Mm1708,
which was mainly directed against the original SIV isolate used
for infection.

Antibody recognition of V1 region-encoded peptides. In par-
allel, we tested whether the NAb susceptibility of the different
viruses corresponded to a V1 region-specific antibody binding.
The same sera which were investigated for the NAb titers were

tested for their capacity to bind the different V1 region
epitopes from SIVmac32H as well as those isolated ex vivo
from animal Mm1708. The corresponding regions from
SIVmacV1-32H, SIVmacV1-1708/2, and SIVmacV1-1708/4
were cloned as GST fusion proteins and tested for immune
reactivity by Western blot analysis.

As expected, sera obtained from Mm1708 on the day of
infection did not react with any of the V1 regions tested (Fig.
6C). During a 1-year infection period, the animal developed a
strong immune reactivity directed against the V1-32H region
that corresponds to the major sequence of the inoculum virus
(Fig. 6C). Interestingly, at the time when the strong V1-32H-
specific reactivity was observed, we did not detect the corre-
sponding viral V1 sequence in this monkey (data not shown).
These data indicate that the original immune response di-
rected against the V1 region of the inoculum virus was stable
over time despite the absence of the corresponding V1 se-
quence. In contrast, the V1 regions V1-1708/2 and V1-1708/4,
present at 52 wpi in the peripheral blood of rhesus monkey
Mm1708, did not react with sera obtained at the same time
point. Binding to these two ex vivo-isolated V1 regions was
observed, however, with serum from the Mm1604 obtained
about 2 years after infection (Fig. 6B). Sequence analysis
showed that genotypes at least similar to those of V1-1708/2
and V1-1708/4 had developed also in this animal (Fig. 7) and
moreover suggested that the prolonged period of infection
gave rise to the development of a broader immune response.

Further Western blot analysis with the V1-GST fusion pro-
teins showed that the sera obtained from the three O-gp130-
immunized animals bound strongly to the V1-32H sequence
(Fig. 6C). In contrast, no reactivity was observed with the ex
vivo-isolated V1-1708/2 and V1-1708/4 regions (Fig. 6C).
These results, in combination with those of the neutralization
assays, showed that the vaccine produced on the basis of a virus
isolate with a defined major viral genotype induced a restricted
protective immune response that was circumvented by natu-
rally occurring virus variants.

DISCUSSION

It has recently been proposed that htNAb are required to
achieve protection against infection with HIV or SIV (19, 21).
In the SIV-macaque model, we have found a correlation be-
tween htNAb exhibiting 90% efficacy and protection (16),
showing for the first time that the induction of such htNAb was
a consequence of a subunit vaccination. Moreover, the devel-
opment of htNAb is dependent on the structure of the enve-
lope glycoprotein gp130 present in the vaccine and on the
immunization schedule. Whereas the protected macaques that
were immunized with O-gp130 developed htNAb, the mono-
meric form induced very low, if any, NAb titers in the unpro-
tected animals (22, 23). We further showed that the htNAb-
correlated protective effect was high in the homologous system
but rather low after challenge with a heterologous isolate (16).
In more recent experiments, the protective activity of such
htNAb has also been directly demonstrated by passive immu-
nization experiments in the SHIV model with purified immu-
noglobulins (25). The immunoglobulins were obtained from an
HIV-1-infected chimpanzee (5, 9) that had resisted successive
virus challenges with different heterologous isolates. The chim-
panzee immune serum also contained htNAb with an efficacy
of 90%, which in general are not present in HIV-infected
humans or SIV- or SHIV-infected macaques (25). However,
since the breadth of protection was rather low, the presence of
isolate-specific htNAb in the chimpanzee sera is probable.

Our previous studies had shown that a substantial part of the

FIG. 4. Coreceptor-dependent viral replication. Virus-containing superna-
tants from COS-7 cells were normalized for p27 concentration and used to infect
U87.CD4 cells expressing CCR5 or CXCR4. Virus production was measured in
triplicate over 17 days by a commercially available p24 antigen ELISA. Values
represent the average and standard deviation from the mean of three experi-
ments.
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htNAb present in the O-gp130 immune sera of the protected
animals were directed against the V1 region of the gp130 of the
homologous challenge virus SIVmac32H (13). Therefore, the
V1 region was an attractive candidate for such an isolate-
specific strong neutralizing epitope. To explore this possibility,
we constructed different V1 region chimeras based on the
molecular clone SIVmac239. Three chimeras, SIVmacV1-32H,
SIVmacV1-1708/2, and SIVmacV1-1708/4, were constructed
using the V1 region of the wild-type SIVmac32H or isolated ex
vivo 52 wpi from the SIVmac-infected macaque Mm1708. All
chimeras were replication competent and exhibited a CCR5
tropism as reported for most SIV isolates (8, 17).

Although the variation in the V1 region had no marked
influence on viral replication, a pronounced effect on neu-
tralization susceptibility was observed. Whereas the chimera
SIVmacV1-32H was neutralized with almost the same efficacy
as the wild-type swarm virus SIVmac32H, the recombinant

FIG. 5. Neutralization (MT-4 cell) assay. Neutralization was detected with different dilutions of sera from SIVmac-infected macaques Mm1708 and Mm1604 or
O-gp130-immunized macaques Mm1698, Mm1701, and Mm1715. Dotted lines indicate the cutoff at 75 and 90% virus neutralization, respectively. Each NAb titer is
the mean of three serum samples examined in parallel. In 82% of the assays, the mean deviation was 0; in the remaining assays, the results differed by one dilution step.

TABLE 1. NAb titers of sera from O-gp130-immunized and
SIVmac-infected rhesus macaquesa

Virus
NAb titer

Mm1698 Mm1701 Mm1715 Mm1708 Mm1604

SIVmac239 5,120 2,560 2,560 320 320
SIVmacV1-32H 1,280 2,560 1,280 640 640
SIVmacV1-1708/2 ,40 ,40 ,40 40 160
SIVmacV1-1708/4 ,40 ,40 ,40 80 320
SIVmac32H 5,120 2,560 5,120 320 80

a Serum samples were obtained from Mm1698, Mm1701, and Mm1715 after
O-gp130 immunization; serum samples from Mm1708 and Mm1604 were ob-
tained 52 and 114 wpi, respectively, after SIVmac infection. Neutralization was
defined as 75% reduction of virus-induced cell death in the MT-4 cell assay.
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viruses SIVmacV1-1708/2 and SIVmacV1-1708/4 were highly
resistant upon incubation with O-gp130 immune sera. The
observation that the O-gp130 immune sera contained residual
neutralizing activity was expected from a previous study in
which the V1 region was described as a linear neutralizing
epitope (13). Hence, the results of our previous and present

studies suggest additional viral neutralizing epitopes outside
the V1 region (2, 3, 11, 14, 18, 20) as targets for O-gp130
immune sera. The most pronounced neutralization escape was
found with the chimera SIVmacV1-1708/2, containing the in-
sertion of four threonine residues in the V1 region. These
results support previous studies that the development of po-
tential glycosylation sites in the V1 region are an important
mechanism for SIV to circumvent the NAb in infected ma-
caques (7, 24). However, the results obtained with SIVmacV1-
1708/4, which showed a less pronounced variability in the V1
region and which was also strongly neutralization resistant,
suggested an additional mechanism to overcome the activity of
htNAb. In agreement with the results obtained in the neutral-
ization assays, we observed, in parallel, that the V1 regions
isolated ex vivo did not bind antibodies from the O-gp130 sera
whereas the corresponding region from SIVmac32H reacted
strongly with the same sera.

A similar pattern of neutralization and epitope binding was
found for sera from the SIVmac-infected monkey Mm1708.
Sera which obtained 52 wpi moderately neutralized the wild-
type swarm virus SIVmac32H, the wild-type molecular clone
SIVmac239, and the chimera SIVmacV1-32H. Whereas low

FIG. 6. Antibody binding to GST-V1 fusion proteins. GST-V1 fusion proteins were expressed in E. coli, affinity purified, separated by SDS-PAGE, and transferred
to a nitrocellulose membrane. Fusion proteins were stained with Coomassie blue (A) and detected with sera from SIVmac-infected Mm1604 (B) or SIVmac
infected-Mm1708 (C) on the day of infection or 52 wpi, respectively, and with sera from the O-gp130-immunized animal Mm1698, Mm1701, or Mm1715. All sera were
diluted 1:200 for Western blot analysis.

FIG. 7. Alignment of predicted proviral V1 amino acid sequences (in single-
letter code) from SIVmac-infected rhesus macaque Mm1604 and from
SIVmacV1-1708/2, SIVmacV1-1708/4, and SIVmacV1-32H. Comparison was
done with the program PILEUP of the Wisconsin Package (Genetics Computer
Group, Madison, Wis.). Amino acid identities and deletions are denoted by
dashes and periods, respectively.
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neutralization was found when the same sera were tested
against the chimeras SIVmacV1-1708/2 and SIVmacV1-
1708/4, the ex vivo-isolated V1 regions failed to react with the
sera obtained 52 wpi from Mm1708. The same sera showed,
however, strong reactivity with the V1 region of the original
swarm virus SIVmac32H. Interestingly, sera obtained from
macaque Mm1604 at 114 wpi neutralized the chimeras
SIVmacV1-1708/2 and SIVmacV1-1708/4 with increased effi-
cacy. In Western blot analysis, these sera also reacted with the
ex vivo-isolated regions V1-1708/2 and V1-1708/4. These re-
sults suggested that the increased antibody binding affinity and
neutralization capacity developed within the second year of
infection in the presence of V1-1708/2- and V1-1708/4-related
V1 sequences in animal Mm1604. The results demonstrated
furthermore that a V1-dependent neutralization escape plays a
role not only after vaccination but also during infection.

Our results further demonstrated that the development of
htNAb directed against a single V1 region was possible only in
vaccine experiments including a minimum of six immuniza-
tions over a period of 6 months. Changes in the immunization
schedule or the adjuvant resulted in a reduced development of
NAb and the loss of sterilizing immunity (23). In infected
animals, the V1 sequences present early in the infection obvi-
ously disappear with time and will be replaced by others. This
observation suggests that the period given for each sequence is
too short for the immune system to develop htNAb, which
seems to be also necessary for efficient virus elimination.

Our vaccination experiments demonstrated that NAb in-
duced by O-gp130 are mainly directed against an isolate-spe-
cific V1 region variant. Therefore, the efficacy of this vaccine is
limited by the breadth of neutralization rather than by the NAb
titer. This assumption, however, should be tested in an O-
gp130 vaccine experiment where the immunized animals are
challenged with the chimeras SIVmacV1-1708/2 and SIVmacV1-
1708/4, to determine whether the in vitro experiments can be
directly transferred to the in vivo situation of O-gp130-immu-
nized animals. The limitation of the O-gp130 vaccine is further
incentive to develop and test a multivalent V1 region-specific
vaccine.
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16. Lüke, W., C. Coulibaly, U. Dittmer, G. Voss, R. Oesterle, B. Makoschey, U.
Sauermann, E. Jurkiewicz, C. Stahl-Hennig, H. Petry, and G. Hunsmann.
1996. Simian immunodeficiency virus (SIV) gp130 oligomers protect rhesus
macaques (Macaca mulatta) against the infection with SIVmac32H grown on
T-cells or derived ex vivo. Virology 216:444–450.

17. Marcon, J., H. Choe, K. A. Martin, M. Farzan, P. D. Ponath, L. Wu, W.
Newman, C. Gerard, and J. Sodroski. 1997. Utilization of C-C chemokine
receptor 5 by the envelope glycoproteins of a pathogenic simian immuno-
deficiency virus, SIVmac239. J. Virol. 71:2522–2527.

18. Matsumi, S., S. Matsushita, K. Yoshimura, K. Javaherian, and K. Takat-
suki. 1995. Neutralizing monoclonal antibody against an external envelope
glycoprotein (gp110) of SIVmac251 of SIVmac251. AIDS Res. Hum. Ret-
roviruses 11:501–508.

19. Moore, J. P., and D. R. Burton. 1999. HIV-1 neutralizing antibodies: how full
is the bottle? Nat. Med. 5:142–144.

20. Palker, T. J., A. J. Muir, D. E. Spragion, H. F. Staats, A. Langlois, and D. C.
Montefiori. 1996. The V3 domain of SIVmac251 gp120 contains a linear
neutralizing epitope. Virology 224:415–426.

21. Parren, P. W., M. Wang, A. Trkola, J. M. Binley, H. Katinger, J. P. Moore,
and D. R. Burton. 1998. Antibody neutralization-resistant primary isolates of
human immunodeficiency virus type 1. J. Virol. 72:10270–10274.

22. Petry, H., C. Stahl-Hennig, U. Dittmer, D. Jones, G. Farrar, H. Wachter, D.
Fuchs, T. Nisslein, E. Jurkiewicz, G. Hunsmann, and W. Lüke. 1998. A
subunit vaccine consisting of gp130-oligomers but not of gp130-monomers
protects rhesus macaques against the productive infection with SIVmac32H.
AIDS 12:329–330.

23. Petry, H., U. Dittmer, D. Jones, G. Farrar, H. Wachter, D. Fuchs, T. Nißlein,
E. Jurkiewicz, G. Hunsmann, C. Stahl-Hennig, and W. Lüke. 1998. Prechal-
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