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We studied the capacity of active immunization of rhesus monkeys with HIV-1 envelope protein (Env) to

induce primary virus cross-reactive neutralizing antibodies to prevent infection following intravenous chal-
lenge with simian-human immunodeficiency virus (SHIV). Monkeys were immunized with the human immu-
nodeficiency type 1 (HIV-1) strain R2 Env. Initially, the Env was expressed in vivo by an alphavirus replicon
particle system, and then it was administered as soluble oligomeric gp140. Concurrently, groups of monkeys
received expression vectors that encoded either simian immunodeficiency virus (SIV) gag/pol genes or no SIV
genes in vivo to test the additional protective benefit of concurrent induction of virus-specific cell-mediated
immune (CMI) responses. Groups of control monkeys received either the gag/pol regimen or sham immuni-
zations. The antibodies induced by the Env immunization regimen neutralized diverse primary HIV-1 strains.
Similarly, potent CMI responses were induced by the gag/pol regimen, as measured by gamma interferon
enzyme-linked immunospot assays. Differences in the responses among groups of monkeys strongly suggested
that there was interference between the Env and gag/pol immunization regimens. Complete protection of some
of the monkeys against infection after intravenous challenge with the partially pathogenic SHIVy 5151 (clone 7)
was associated independently with both neutralizing antibody and CMI responses. Protection was associated
with SHIVpyy15 (clone 70 Serum neutralizing antibody titers of =1:80 or with cellular immune responses
corresponding to >2,000 spot forming cells per 10° peripheral blood mononuclear cells. Immunization was also
associated with a reduction in the magnitude and duration of virus load. Induction of cross-reactive, primary
HIV-1-neutralizing antibodies is feasible and, when potent, may result in complete protection against infection

with a heterologous challenge virus strain.

Development of an effective vaccine for prevention of hu-
man immunodeficiency virus type 1 (HIV-1) infections has
been a daunting challenge. Neutralizing antibodies may be a
critical component of immunity required for protection (11,
12). However, induction of potent neutralizing antibody re-
sponses by means of candidate vaccines has been difficult (10).
Previously, we described the induction of broadly cross-reac-
tive neutralizing responses in small animals (19). It was of
interest, therefore, to determine if similar responses could be
induced in nonhuman primates and if they could protect
against experimental challenge. Here we report results dem-
onstrating the efficacy of such neutralizing antibody responses
in the protection of rhesus monkeys from experimental chal-
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lenge with recombinant simian-human immunodeficiency virus
(SHIV).

The HIV-1 envelope glycoprotein (Env) used for immuni-
zations in this study is designated strain R2 (56, 74). The env
gene encoding this protein was obtained from an unusual HIV-
l-infected donor who had neutralizing antibodies that are
more highly cross-reactive among primary HIV-1 strains of
multiple subtypes than has been observed in sera of other
individuals with HIV-1 infection (20, 29, 70). The Env encoded
by the R2 gene appears to be in a “triggered” conformation, in
that it can mediate infection in the absence of CD4 and dis-
plays sensitivity to neutralization by antibodies that usually
exhibit little neutralizing activity unless used in the presence of
a CD4 binding site ligand (74). Neutralization epitopes that are
functional on primary strains of HIV-1 are commonly sensitive
to protein conformational changes (48). The approach we used
for immunization was intended to present the R2 Env in its
native conformation, displaying the epitopes that characterize
its triggered state. To this aim, primary immunization was
accomplished by using a Venezuelan equine encephalitis virus
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FIG. 1. Schematic diagram of immunization and challenge regimens administered to Chinese-origin Macaca mulatta. Six adult rhesus monkeys
were included in each group. VEE-R2env indicates VEE-RP expressing HIV-1lenvy, gene. VEE indicates control replicons not expressing foreign
genes. VEE-R2env and VEE replicon particle preparations were administered at doses of 10> FFU/ml, 0.5 ml subcutaneously in the inguinal
region and 0.5 ml intravenously at each time point. Sequential doses were administered on alternate sides. DNA gag/pol indicates the codon-
optimized SIV, .30 gag/pol gene in DNA plasmid expression vector. Doses of 5 mg in 1 ml each were given intramuscularly in the leg. R2 gp140
indicates gp140y, purified from supernatants of cell cultures infected with vaccinia virus expressing the glycoprotein. It was administered in 300-p.g
doses in QS-21 or 400-ug doses in RiBi adjuvant, as indicated, intramuscularly in the leg. MVA gag/pol indicates MVA expressing SIV 251 (clone 35)
gag/pol. MVA is the control MVA. Doses of MVA were 5 X 10® PFU given intradermally in the lateral thigh. VEE-gag/pol and VEE-gag indicate
VEE replicons expressing SIV ,..c>s1 (clone 15) 848/P0l 0T gag gene-coding sequences, respectively. Doses of 10° or 107 FFU, respectively, were given,

half intravenously and half intradermally in the inguinal area.

replicon particle (VEE-RP) system that has been highly effec-
tive in induction of neutralizing antibodies against a number of
glycoproteins of other viruses (17, 55) VEE-RPs produced by
this system are taken up by dendritic cells when they are inoc-
ulated into animals and transported to lymphoid tissues, where
transgenes are expressed with high efficiency (42). Booster
doses of R2 Env were administered as a truncated form,
gpl140g,, in adjuvant. The gpl40y, includes the complete
gp120 subunit and the ectodomain of gp41. The gp140y, pro-
tein was produced in cell culture by using a vaccinia expression
system (8, 21, 22) and was purified biochemically to select for
the oligomeric Env (23). The combined VEE-RP and soluble

oligomer immunization approach offered flexibility for re-
peated immunization with conformationally intact R2 Env.
The regimens were effective for induction of immune re-
sponses and prevention of infection after experimental SHIV
challenge.

MATERIALS AND METHODS

Study design. The design of the present study is outlined in Fig. 1. The animals
in groups I, III, and IV received an HIV-1 Env immunization regimen. Animals
in groups I, II, and IV received simian immunodeficiency virus (SIV) gag/pol
immunization regimens. The gag/pol regimen included primary immunizations
with a DNA expression vector that produced the SIV Gag and Pol proteins (27)
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and booster immunizations with either modified vaccinia virus Ankara (MVA;
groups I and IT) or VEE-RP (group IV) that expressed an SIV gag/pol gene (67).
Similar regimens have been shown by others to induce potent CD8 T-cell re-
sponses (30, 46). The booster doses administered to the group IV monkeys
involved VEE-RPs that expressed the same SIV gag/pol as the MVA vector.
Thus, in groups I and IV we tested the combined effects of the Env and gag/pol
regimens, in group II we tested the effect of the gag/pol regimen alone, and in
group IIT we tested the effect of the Env regimen alone. Group V received only
sham immunizations. The monkeys were challenged with a SHIV at week 61 of
the protocol and observed for 12 additional weeks.

In vivo expression vectors. VEE-RP-HIV-lenvy, vectors were prepared as
described previously, by using pRepX-R2gp160ACT, pCV, and pGPm as tem-
plates for in vitro transcription of RNA (19). VEE-RP-HIV-1lenvy, was admin-
istered in doses of 10% focus forming units (FFU) at weeks 0, 1, 2, 10, 12, and
14 of the study. VEE-RP-SIVgag/pol and VEE-RP-SIVgag were prepared by
cloning of the SIV,,,c251 (clone 15 838/pol Or gag gene sequences into pRepX and
then processing as for VEE-RP-HIV-lenvy,. Doses given were 10%? or 107
FFU, respectively, with half given intravenously and half given subcutaneously in
the inguinal area. MVA was prepared as previously described (30). The dose of
5 X 10® PFU in 0.5 ml was administered intradermally in the lateral thigh. The
DNA plasmid vaccine, VR-SIVgag/pol, was constructed by inserting a codon-
optimized SIV gag/pol gene (protein sequence derived from SIV,,, .30 gag/pol,
GenBank accession no. M33262) into the VR1012 vector (27). The plasmid was
amplified in TOP10 cells (Invitrogen Corp., Carlsbad, Calif.) and purified by
using an endotoxin-free DNA purification kit (QIAGEN, Valencia, Calif.).

Neutralization assays. Neutralization assays were performed by using enve-
lope-pseudotyped luciferase reporter viruses as previously described (51, 74, 75).
The inhibitory effects of sera from immunized monkeys were determined in
comparison to the mean inhibitory effects, if any, of sera from monkeys that
received sham immunization (group V). Sera that inhibited =50% of the control
group mean were considered to be neutralizing. Many of the envelope genes and
viruses used have been previously described (51-53, 56, 57, 73-75). The env gene
sequences of the HIV-1 strains 89.6, DH12, and CA1-136 were synthesized by
PCR by using plasmid DNA (strain 89.6) (40), plasmid DNA containing a
molecular viral clone (strain DH12) (52), or genomic DNA from infected human
peripheral blood mononuclear cells (PBMCs; strain CA1-136) as a template
(57), and by using proofreading DNA polymerase. The env sequences of the
SHIV strains 89.6p, SF162p3, and DH12R (clone 7) were synthesized by PCR by
using genomic DNA from infected PBMCs as templates. The respective DNA
sequences were cloned into an expression vector and screened for function of
expressed protein on pseudotyped viruses, as previously described (56, 57).

Neutralization of replication-competent virus was measured as a function of
reduction in luciferase reporter gene expression after multiple rounds of virus
replication in 5.25.EGFP.Luc.M7 cells. This cell line is a genetically engineered
clone of CEMx174 that expresses multiple entry receptors (CD4, CXCR4, and
GPR15/Bob) and was transduced to express CCR5 (6). The cells also possess
Tat-responsive reporter genes for luciferase (Luc) and green fluorescence pro-
tein. Neutralization titers were the dilutions at which relative luminescence units
were reduced by 50% compared to virus control wells.

Production of gp140y,. The gp140y, coding sequence was prepared by inser-
tion of two translational termination codons following the lysine residue at amino
acid position 692, just prior to the predicted gp41 transmembrane region, and of
arginine-to-serine substitutions at positions 517 and 520 to disrupt the protease
cleavage signal (15, 56). The gene was subcloned into the vaccinia vector
pMCO?2, linking it to a strong synthetic vaccinia virus early-late promoter (13). A
recombinant vaccinia virus encoding gp140g, (VAC4) was generated by using
standard methodology (7). Recombinant gp140, glycoprotein was produced by
infecting BS-C-1 cells, and oligomeric gp140g, was purified from culture super-
natants by using lentil lectin Sepharose 4B affinity and size exclusion chroma-
tography (21, 23). The oligomeric gp140g, has been extensively analyzed and has
been shown by size exclusion chromatography to be approximately 40% trimer
and 60% dimer. It has also been shown to bind CD4, undergo CD4-induced
conformational change, bind CCRS, possess epitopes reactive with a wide array
of anti-Env monoclonal antibodies (MADbs), and display nine of nine CD4i
epitopes in the absence of CD4 (C. C. Broder and G. V. Quinnan, unpublished
data).

For initial immunizations, gp140g, was prepared in QS-21 adjuvant (Antigen-
ics Inc., Framingham, Mass.). Each animal was given 300 pg of gp140g, and 150
g of QS-21 in a total volume of 1 ml in two divided doses intramuscularly in the
hind legs. For the final three immunizations, 400 pg of oligomeric gp140g, was
combined with 1 ml of RiBi adjuvant (Corixa Corp., Seattle, Wash.) and then
administered in divided doses intramuscularly in the hind legs. Group V monkeys
received identical volumes of adjuvant without gp140y,.
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ELISPOT assays. Cellular immune responses were monitored by measuring
gamma interferon (IFN-y) secretion of monkey PBMCs stimulated with SIV
Gag peptide pools in an enzyme-linked immunospot (ELISPOT) assay (35). The
peptide pools were obtained by dividing 125 overlapping 15-mer peptides span-
ning the SIV 239 gag region (catalogue no. 6204; National Institutes of Health
[NIH] AIDS Research and Reference Reagent Program) into nine sequential
pools of 13 to 14 peptides each. Filter plates (Millipore Corp., Billerica, Mass.)
were coated with anti-human/monkey IFN-y antibody (MAb GZ-4; Mabtech
AB, Nacka Strand, Sweden). Freshly isolated PBMCs from each monkey were
added to the coated plates at a density of 2 X 10° cells per well. Each PBMC
sample was tested with each of the nine SIV Gag peptide pools. The final
concentration of each peptide was 2 pg/ml. After overnight incubation, the cells
were rinsed from the plates, and biotinylated anti-human/monkey IFN-y anti-
body (MAb 7-B6-1; Mabtech) was added to the wells and incubated overnight.
The plates were then washed and incubated with complexed avidin-peroxidase
(Vectastain ABC kit; Vector Labs, Burlingame, Calif.) and developed with No-
vaRed substrate (Vector Labs). Spots were counted by using an automated
reader (Zellnet Consultants, Fort Lee, N.J.). Numbers of spot-forming cells
(SFC)/10° cells for each set of wells were averaged. A response was considered
positive if the number of SFC/10° cells was at least 55 and at least four times the
background value.

Animals. The 30 adult Chinese rhesus macaques (Macaca mulatta) used in this
study were captive bred. Before their inclusion in the study, all animals were
screened and confirmed to be free of antibodies to SIV, simian retrovirus, and
simian T-cell leukemia virus type 1. The animals were housed at the Southern
Research Institute, Frederick, Md., or at BIOQUAL, Inc., Rockville, Md., in
accordance with American Association for Accreditation of Laboratory Animal
Care standards.

Peripheral blood. PBMCs were isolated from EDTA-treated venous blood by
density gradient separation with Ficoll-Hypaque (Ficoll-Paque Plus; Amersham
Biosciences, Piscataway, N.J.). Cells were washed twice with Hanks’ balanced salt
solution without Ca2* or Mg2" (GIBCO, Carlsbad, Calif.).

Flow cytometry. Peripheral blood lymphocyte subset analysis was performed
on a fluorescence-activated cell sorter-scan flow cytometer (Becton-Dickinson,
Mountain View, Calif.) by using a panel of mouse anti-human MAbs known to
cross-react with macaque receptors. The lymphocyte subsets were stained with
anti-CD-4 (Leu-3a-FITC; Becton-Dickinson) and anti-CD-3/CD-8 (Leu-2a-
PerCP; Becton-Dickinson). Staining was performed on whole blood prepara-
tions. Analysis was performed on lysed and paraformaldehyde-fixed cells.

SIV viral RNA quantification. SIV viral RNA was quantified by using a
procedure described by Suryanarayana et al. (66). Plasma was added in 500-ml
aliquots to 1 ml of Dulbecco’s phosphate-buffered saline and spun for 1 h at
10,000 rpm. The viral pellet was then lysed by using RNASTAT-60 (Tel-Test B).
The samples were then amplified as previously described, with the exception of
the primers and probe (66). The primers used were SIV-F (5'-AGTATGGGC
AGCAAATGAAT-3") and SIV-R (5'-TTCTCTTCTGCGTGAATGC-3"), and
the probe used was SIV-P ((FAMAGAT-TTGGATTAGCAGAAAGCCTGTT
GGA-TAMRA).

Serum enzyme immunoassay. An antigen capture enzyme immunoassay was
used to determine serum immunoglobulin (Ig) responses. Immulon II plates
(Dynex Technologies, Inc., Chantilly, Va.) were coated with 100 wl of human
HIV-1 immune globulin per well at a dilution of 1:1,000 in phosphate-buffered
saline containing 1% NP-40 overnight at 4°C. After plates were blocked with
nonfat dry milk (BLOTTO) at 37°C for 2 h, 100 pl of HIV-1 IIIB strain gp140,
at a concentration of 50 ng/ml in 5% nonfat dry milk with Tween, was added to
each well. The gp140 was purified from medium of cell cultures infected with
recombinant vaccinia virus as previously described (21). The plates were incu-
bated at 37°C for 1 h. After plates were washed, serially diluted monkey serum
was added to the wells, and the plates were incubated at 37°C for 1 h. Reactions
were further developed by using biotinylated anti-human IgG. Positive and
negative control sera were included in each assay. Sera were assigned titers equal
to the highest dilutions that produced reactions twice the level of the negative
control serum.

Cells and culture conditions. Human Hela (CCL-2), HeLaS3 (CCL-2.2),
HuTk ™ 143B (CRL 8303), and HEK293T (CRL11554) cells and simian BSC-1
(CCL-26) and CV-1 (CCL-70) cells were obtained from the American Type
Culture Collection, Manassas, Va. HuTk-, BSC-1, and CV-1 cells were main-
tained in Eagle’s minimum essential medium supplemented with 10% bovine calf
serum (BCS) and 2 mM L-glutamine and antibiotics. HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% BCS and 2 mM
L-glutamine and antibiotics. HeLaS3 cells were maintained in vented spinner
bottles at 37°C in Eagle’s minimum essential spinner medium, 5% horse serum,
and 2 mM glutamine. HeLa cell monolayers were maintained in Dulbecco’s
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FIG. 2. SIV Gag peptide-specific cellular immune responses of
monkeys to immunization with DNA and MVA vectors expressing the
SIV-gag/pol gene. Responses were measured in IFN-y ELISPOT as-
says, and results are shown as numbers of SFC per 10° PBMC. Re-
sponses were considered positive if there were greater than 55 SFC/10°
PBMC and results were at least four times the background level. Only
those responses that were rated as positive are included in the graphs.
PBMC were stimulated in aliquots with nine different pools, each
consisting of a mixture of 15-mer peptides. Collectively, the pools
included sequences homologous to the full Gag amino acid sequence.
Heights of bars indicate cumulative number of SFC for all positive
responses, with background subtracted, at the time points indicated.

modified Eagle’s medium (Quality Biologicals, Gaithersburg, Md.) supple-
mented with 10% BCS and 2 mM L-glutamine. Cell cultures were maintained at
37°C in a humidified 5% CO, atmosphere. Roller bottle cultures of BSC-1 cells
were maintained in Eagle’s minimum essential medium supplemented with 10%
BCS at 37° at 0.5 revolutions/min.

RESULTS

Virus-specific cell-mediated immune responses. The virus-
specific cell-mediated immune responses of the monkeys were
monitored by using an IFN-y ELISPOT assay that tested re-
sponses to nine different pools of overlapping peptides repre-
sentative of the entire Gag sequence (Fig. 2). Animals in group
II (gag/pol only group) developed T-cell responses against mul-
tiple Gag peptide pools that were apparent following the DNA
vector priming doses, between weeks 0 and 14 (note that the
responses shown in Fig. 2 are the sums of the responses ob-
served against individual peptide pools). There was further
enhancement of specific T-cell responses by the booster doses
of MVA (note that the scale of the abscissa in Fig. 2 varies
from date to date). The frequency of responses observed at
week 14 in groups I and IV, which received both Env and
gag/pol regimens, was significantly less than the frequency in
group II (chi-square test, P = 0.036), and the magnitude of the
responses was greater in group II. These results suggest that
concurrent administration of the VEE-RP-HIV-lenv to the
animals receiving the DNA-gag/pol vector inhibited induction
of the primary immune responses against the Gag T-cell
epitopes expressed by the DNA vector. Four of the monkeys in
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group I had anti-Gag T-cell responses following the MVA-
SIVgag/pol booster (compare week 26 to earlier weeks), while
none of the monkeys in group IV developed anti-Gag T-cell
responses following the VEE-RP-SIVgag/pol booster. Possible
reasons for the nonresponse in group IV included the possi-
bility that anti-VEE immunity may have been induced by pre-
vious VEE-RP administration and that the length of the gag/
pol coding sequence may have exceeded the gene size that
could be expressed efficiently by the VEE-RP. Indeed, the
yield of VEE-RP-SIVgag in FFU was about 10-fold higher
than the yield of VEE-RP-SIVgag/pol (data not shown), con-
sistent with the possibility that the large size of the gag/pol
insert might limit replicon function. To further evaluate these
possibilities, monkeys in group IV were given VEE-RP-SIVgag
on week 45. Again, no anti-Gag responses were detected, con-
sistent with the possibility that anti-VEE immunity may have
inhibited infections with the VEE-RP. By week 47 of the study,
all animals in group II had detectable anti-Gag T-cell re-
sponses, while only two animals in group I and no animal in
group IV had detectable responses.

Antibody responses. All monkeys in groups I, III, and IV
developed antibody responses to immunization. Binding anti-
body responses, as measured by enzyme-linked immunosor-
bent assay (ELISA), are shown in Fig. 3. Antibody responses
were monitored by ELISA over the first 28 weeks of the im-
munization regimen. The geometric mean titers obtained by
the monkeys in groups I, III, and IV were 1:28,500, 1:185,800,
and 1:49,000, respectively. In each group, the geometric mean
titer remained essentially constant after week 16 or 24. In
groups I and IV there was no increase compared to week 16
titers in geometric mean titers following the administration of
gp140 in QS21 adjuvant. In group III there was some change in
the mean titer observed, which corresponded to a fourfold
change in one monkey and a twofold change in another mon-
key, while the four remaining monkeys in the group experi-
enced no change. Statistical analyses were performed by using
the log-transformed titers for each monkey, as shown in Fig. 3.
The geometric mean titer obtained for group III monkeys at
week 28 was significantly higher, by a two-tailed Student’s # test
(done in Excel), than the geometric mean titer obtained for
groups I (P = 0.0035) or IV (P = 0.044).

Neutralizing antibody responses are shown in Fig. 4. Evolu-
tion of neutralizing antibodies against homologous HIV-1g,,
HIV-1gg5, and SHIVpiior (clone 7y @€ shown in Fig. 4A.
Responses were observed in all three groups immunized with
Env immunogens following the series of VEE-RP-HIV-1lenv
immunizations. Few monkeys had increases in antibody titers
following doses of gp140y, in QS-21 adjuvant at weeks 22 and
26 of the study. These neutralizing antibody results through
week 28 were consistent with the results obtained by ELISAs,
indicating that no booster effect was apparent following ad-
ministration of soluble gp140 in QS21 adjuvant. Therefore, we
elected to try the administration of additional doses of gp140y,
in RiBi adjuvant at weeks 33, 48, and 59 of the study. Since
augmentation of the amount of protein to be administered was
also feasible, the dose of gp140 administered was increased
from 300 to 400 pg/dose. Significant responses were then ob-
served after the week 33 doses. We have no explanation for the
differences in responses seen when the gp140g, was given in
QS-21 or RiBi adjuvant, although it is possible that the higher
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FIG. 3. Envg, gp140 binding antibody responses of rhesus macaques immunized with VEE-RP expressing gp160A CTg, and then boosted with
soluble gp140g, in QS21 adjuvant. Oligomeric gp140g, was used as solid phase reagent in an ELISA. Open symbols indicate responses of individual
monkeys, and closed symbols indicate geometric mean titers for each group.

dose of Env used in conjunction with RiBi may be important.
Before the week 48 doses, titers had declined to levels similar
to week 16 levels. Elevated responses were again observed
following the week 48 doses, with titers reaching levels similar
to the week 36 titers.

Significant differences in the neutralizing antibody titers ob-
tained were observed at week 51 among the three Env-immu-
nized groups, as determined by analysis of variance and Stu-
dent ¢ tests, with group III having higher geometric mean
responses against each of the three viruses than groups I and
IV. The differences were statistically significant at a P value of
<0.05 in comparison to groups I and IV against HIV-1gp 4,
and SHIV 15k (clone 7y @0d in comparison to group I against
HIV-1g,. These differences between groups could indicate an
interfering effect of the gag/pol immunization regimen on the
capacity of the monkeys to develop neutralizing antibody re-
sponses to the Env regimen. Since additional doses of gp140g,
in RiBi adjuvant did not appear to boost the titers of neutral-
izing antibodies above the level obtained at week 36 of the
study, a final boost was given on week 59 in anticipation of
SHIV challenge on week 61.

The cross-reactivity of the neutralizing antibody responses of
the monkeys against other strains of HIV-1 and SHIV was also
examined (Fig. 4B and C). Neutralizing activity was observed
against two additional subtype B strains and against individual
subtypes C, A/G, and F strains (Fig. 3B), but not against
subtype E or D strain. In replicating virus neutralization assays,
one or more of the selected sera tested neutralized each of the
three subtype B strains (Fig. 4C). Sera from weeks 36 and 51
were tested for neutralization of SHIVgg 42,5 and SHIVgg g,
(results not shown). A few of the sera inhibited infection of
SHIVgg 62,3 Weakly, but none of the sera neutralized
SHIVgg s,,- However, sera from all of the Env-immunized mon-
keys neutralized HIV-1gg6, (Fig. 4A), and sera pooled from
group III monkeys neutralized HIV-1g, 4 (results not shown).
Thus, the neutralizing sensitivity or specificity of SHIV g 453
and SHIVg, ¢, differed significantly from the HIV-1 strains

from which they were derived. Overall, these results demon-
strate that the neutralizing antibody responses that were in-
duced were cross-reactive among multiple subtypes of HIV-1.

SHIV challenge virus in vivo titration. In order to test our
hypothesis regarding the efficacy of neutralizing antibodies, it
was necessary to identify a SHIV that was neutralized by the
antibodies induced by our Env immunization regimen. Among
the three SHIV strains tested, only SHIVp15k (clone 7) Was
neutralized consistently. Virus derived from clone 7 of patho-
genic SHIV .k Was provided by M. Martin (NIH, Bethesda,
Md.) (32, 33). The virus was propagated in rhesus monkey
PBMCs, and its infectivity was determined in MT4 cells. An in
vivo titration of the virus pool was conducted in adult rhesus
monkeys of Chinese origin. Two animals each received 1,000,
100, 10, 1, 0.1, or 0.01 times the 50%-tissue culture infectious
dose (TCIDs,) by the intravenous route. Assays were per-
formed on plasma for viral RNA and on peripheral blood
lymphocytes for ratios of CD4*/CD8" cells (Fig. 5). By 1 or 2
weeks after inoculation, all monkeys that received =10 TCIDj,
became positive for viral RNA in plasma, while none of the
monkeys that received lower doses became positive (Fig. 5A).
Peak viral loads occurred at 3 weeks after inoculation and
ranged between 10*® and 10° copies/ml. Five of the monkeys
converted to viral RNA negative by 8 weeks, while one monkey
remained viral RNA positive until euthanized 3 months after
inoculation. The monkey with persistent viremia had a persis-
tent alteration in the CD4/CDS ratio (Fig. 5B), which was
accompanied by a decline to near zero levels of CD4" cells
(data not shown). Aliquots of the virus pool that were used in
the in vivo titration study were administered in doses of 1,000
TCIDs, to two Indian-origin rhesus monkeys to determine
whether the degree of pathogenicity of the virus pool derived
from SHIVpi115r (clone 7y Was related to the origin of monkeys
being tested. These two monkeys of Indian origin developed
transient viremia similar to the majority of the monkeys of
Chinese origin used in the titration study. These results indi-
cated that the challenge pool of SHIV 515k (clone 7) Was cOn-



VoL. 79, 2005
A B
5120 HIV-1 SF162 5 320
1280 = 160
320 | aw
= 40
80 i
E 20
il F,
20 £
0 12 24 36 48 60 2 8 8 0 0 @ & 8
Weeks on study 4 =+ ® oa LT ox = =
= ¥ 5 T ¢ T 2 N
s i1 - fac = = ::
z = S oo o=
5 = = =
= o
= R2
= HIV-1 Strain
= 320
-
S
3 160 C
5 SF162
s .
= 4 40, .
- .
S 20 20 ¢
-
S <
% 0 12 24 36 48 60 <201 o il
[} Weeks on study +]
= £ BX08
s 40, .
H i
-'_i 20
SHIV DHI2 Clone 7 &
80 2 <20 . .2
BAL
40 40+
.
M0 204
<20{ & o 2
<20 ‘
-~ -~
0 12 24 36 48 60 egeQ
Weeks on study EEEE
=—==%
-—z==

FIG. 4. Neutralizing antibody responses induced by immunization
of rhesus monkeys with R2 envelope immunogens. (A and B) Assays
were performed by using pseudotyped luciferase reporter viruses. In
panel A, sera from sequential time points during the study period
were assayed for neutralization of HIV-l1ggq,, HIV-1g,, and
SHIVpi12R (Clone 7)- Results shown are geometric means for sera from
animals in group I (#), group III (m), and group IV (A). In panel B,
pools of sera from five or six monkeys in each of groups II (open bars),
group III (filled bars), and group IV (striped bars) were tested in
pseudotyped virus neutralization assays against the HIV-1 strains
shown. Neutralization titers are the endpoint dilutions that resulted in
>50% inhibition of virus infection. (C) HIV-1 neutralization measured
by using replication-competent viruses and selected sera from monkeys
in groups I, III, and IV. Neutralization titers are the endpoint dilutions
of sera that mediated >80% inhibition of virus infection. Sera used for
panels B and C were from week 51 of the study.

sistently infectious and moderately pathogenic for rhesus mon-
keys of Chinese origin and produced similar consequences in
rhesus monkeys of Indian origin.

Monkey challenge study. Each monkey in the challenge
study was inoculated intravenously with 100 TCIDs, of
SHIVpui2r (Clone 7). Viremia was observed in each of the
control animals in group V within 1 or 2 weeks, with peak
levels occurring at 2 or 3 weeks after inoculation (Fig. 6, left
side panels). Peak levels varied between 10° to 1057 copies/ml.
Viremia was no longer detected in any group V monkey by 5
weeks after inoculation. Viremia was detected in four of five
monkeys in group I, two of six in group II, four of six in group
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A

RNA copies/ml

% CD4+ T-cells

Weeks post infection

FIG. 5. Titration of SHIV 15 (clone 7y POOL in Chinese-origin rhe-
sus monkeys. Individual monkeys were inoculated with 1,000 (m, A),
100 (V, #), or 10 (@, 0J) TCIDs, of SHIVpi1or (Clone 7)- Additional
monkeys received inocula in each of the following amounts (two mon-
keys for each dose): 1, 0.1, and 0.01 TCIDs; results for these monkeys
are not shown, since none developed infection detected by our testing.
(A) Viral RNA copies per milliliter of plasma at times after inocula-
tion, as determined by reverse transcription-PCR. (B) CD4/CDS ratios
at indicated times after infection.

II1, and five of six in group IV (Fig. 6, left column). For each
group of immunized monkeys, the average area under the
curve, representing virus RNA copies per milliliter of plasma
over time postchallenge, was significantly reduced compared to
group V (P < 0.01 by a two-tailed Student’s ¢ test) (Fig. 7A),
and the mean duration of viremia was significantly reduced
compared to duration in group V (P < 0.05 by a two-tailed
Student’s ¢ test) (Fig. 7B). Significant declines in numbers of
CD4™ cells per milliliter of blood occurred transiently in only
one animal in group V (Fig. 6, middle column). All of the
animals with detected viremia developed SHIVpiior (cione 7y
neutralizing antibody responses to infection (Fig. 6, right col-
umn). In addition, one of the animals in group II and the
animal in group IV without detected viremia also had neutral-
izing antibody responses. Monkey sera were also tested for
occurrence of anti-p27 antibody responses by ELISAs (results
not shown). All of the monkeys with postchallenge neutralizing
responses also developed anti-p27 responses. Overall, the re-
sults indicated that all monkeys became infected with
SHIVbh12R (Clone 7) €XCept for one monkey in group I, three
monkeys in group II, and two monkeys in group III. In addi-
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FIG. 6. Responses of immunized and control monkeys to intravenous challenge with SHIVp15r (cione 7)- (Left column graphs) Viral RNA
copies per milliliter of plasma, determined as described in the legend to Fig. 4. (Middle column) Numbers of CD4 " cells per milliliter of peripheral
blood. (Right column) Changes in SHIV 1ok (clone 7) N€Utralization titers from before challenge to 12 weeks after SHIV challenge.

tion, immunized monkeys that became infected had attenuated
levels of viremia, compared to levels in group V monkeys.

Correlations between prechallenge immune responses and
protection from SHIV infection. Relationships were examined
between prechallenge immune responses and occurrence of
infection. The four monkeys that received the gag/pol immu-
nization regimen, and in which we found no evidence of infec-
tion postchallenge, were monkeys 6, 7, 9, and 10. These four
monkeys had cell-mediated immune (CMI) responses that
were 4.3- to 14.3-fold higher in magnitude than any of the
monkeys in groups L, I, and IV in which we detected infection
(Fig. 2). The association of high-potency CMI responses with
an absence of detectable infection postchallenge is consistent
with the notion that cytotoxic T lymphocytes (CTL) are a
protective mechanism in these monkeys.

There were three monkeys that received Env immunization

in which we did not detect infection postchallenge. The animal
in group I that remained uninfected was number 6. This animal
also had a significant T-cell response, as just discussed. How-
ever, neither of the animals in group III that remained unin-
fected had received gag/pol immunization. We could not assay
for Env-specific T-cell responses in our animals. Most CTL
responses in HIV infections are directed against nonenvelope
proteins, but escape mutation at an Env-specific CTL epitope
early in infection has been documented (5, 63). Nevertheless,
we cannot exclude the possibility that Env-specific CTL may
have contributed to the control of infection in these animals (5,
47). The two animals in group III that received the Env im-
munization regimen in which we did not detect evidence of
SHIV infection were numbers 16 and 18. The prechallenge
anti-SHIV 10k (clone 7)-N€ULralizing antibody titers in mon-
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FIG. 7. Analyses of differences between virus loads of immunized
and control monkeys. (A) Areas under curves for each monkey were
calculated, and mean areas were determined. (B) Mean number of
days of positivity in assay for plasma viral RNA per group is shown.
Results in each panel were compared by a Student’s ¢ test with Excel.

keys 6, 16, and 18 were 1:40, 1:80, and 1:80, respectively, as
shown in Fig. 8. No other monkey had a prechallenge
SHIVpu12 (clone 7) N€Utralization titer of =1:80. In addition, as
discussed above, the highest binding and neutralizing antibody
responses were observed in group III, which also had the highest
level of apparent protection of the Env-immunized groups. In all
the studies we report here, a total of 14 nonimmune rhesus mon-
keys have been inoculated with aliquots containing =10 TCIDs,,
of the pool of SHIV 2R (clone 7) used in this study, and all have
become infected, with virus loads exceeding those observed in our
immunized animals. The differences in rates of protection in our
Env-immunized animals with neutralization titers of =1:40 (3 of

Number of Monkeys
== = I~ - ]

<20 20 40 80
1/Neutralization Titer

FIG. 8. Correlation between SHIV 53155 clone 7y-N€Utralizing anti-
body titer and protection from infection after intravenous challenge
with the same SHIV. Titers were determined on testing of sera taken
at week 51 of the study.
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12 animals) compared to the total control experience (0 of 14) is
significant by chi-square analysis (P = 0.047). Considering the
evidence that concurrent administration of the gag/pol immuni-
zation regimen may have interfered with Env immunization, the
best estimate of the protection rate afforded by levels of neutral-
izing antibodies in the range of 1:40 to 1:80 may be reflected by
the group III experience, with 33% apparent protection. Our
interpretation is consistent with the published findings of the
protection of rhesus monkeys from SHIV ;- infection by pas-
sive immunization with Ig, and protection against SHIV, g, chal-
lenge with MADbs. The experience of Shibata et al. in passive
immunization with HIV-1-immune IgG demonstrated protection
at serum neutralization titers about twofold higher than we
achieved in monkeys that appeared to be protected (60). In other
passive immunization studies of MAbs with or without human
IgG, Mascola et al. and Shibata et al. demonstrated 80% protec-
tion against pathogenic SHIV at serum titers of 1:579 to 1:2,800
and 50% protection at serum titers of 1:69 to 1:153 (4345, 60).

DISCUSSION

Prevention of infection in experimental HIV-1 animal mod-
els is the elusive goal of preclinical efficacy studies of experi-
mental HIV-1 vaccines. The strongest protection that has been
observed to date in vaccine studies in animal models has in-
volved either passive immunization with IgG and/or MAbs that
neutralize HIV-1 or active immunization to induce neutraliz-
ing antibodies (28, 44, 45, 60). The previous study that dem-
onstrated the efficacy of neutralizing antibodies induced by
active immunization involved an immunogen that is expected
to induce a narrowly specific immune response. That study
demonstrated cross-neutralization only against a strain of
HIV-1 derived from the same donor as the vaccine and pro-
tection against a strain of SHIV constructed from the same late
isolate from that donor (28). We were able to induce neutral-
izing antibodies in rhesus monkeys with broad cross-reactivity
against heterologous strains of HIV-1 and with neutralizing
activity against a heterologous strain of SHIV. The anti-
SHIVph12R (clone 7y N€Utralization titers approached the levels
that were associated with protection in the earlier studies of
passive immunization. We found that animals with higher lev-
els of serum neutralizing activity, near the range previously
associated with protection, were protected from infection in
our study. Moreover, the challenge virus used in our study was
not closely related to the strain used for immunization. Our
study demonstrates the feasibility of induction of broadly
cross-reactive neutralizing antibodies by vaccination for pro-
tection against HIV-1 infection.

The HIV-1 Env, designated strain R2, that was used for the
induction of neutralizing antibodies in monkeys in the present
study is unusual. It is derived from a donor with broadly cross-
reactive neutralizing antibodies and has properties that suggest
that it exhibits a conformation that HIV-1 Env proteins usually
exhibit only after binding of the primary receptor for HIV-1,
CD4 (19, 56, 70, 74). Immunogens very similar to those used
here, and based on the same Env, induce neutralizing antibod-
ies in small animals with cross-reactivity profiles very similar to
those induced in monkeys in the present study (19). The
epitopes that are recognized by the neutralizing antibodies
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induced by this Env are unknown. However, multiple, con-
served neutralization epitopes are induced by CD4 binding,
and it is possible that antibodies with multiple neutralization
specificities are induced by the R2 Env. While the cross-reac-
tivity of the neutralizing response induced by R2 is not univer-
sal, it is substantial. In contrast to the previous report of
Heeney et al., in which variable loop peptides were used to
induce antibodies that neutralized and protected against a
homologous SHIV (28), the approach of the present study has
the potential to result in protection against diverse strains of
HIV-1. Such protection will be required of an HIV-1 vaccine
for use in humans.

The principal hypothesis addressed by this study was that
neutralizing antibodies, in the presence or absence of potent
cellular immunity, would mediate protection against intrave-
nous challenge infection with SHIV. Several factors limited the
extent to which we could test this hypothesis. Specifically, there
was immunological interference between the regimens used to
induce neutralizing antibodies and CM], it appeared that the
monkeys did not respond as well to Env administered in QS21
compared to RiBi adjuvant, and the attempt to boost CMI
responses by administration of VEE-RPs expressing SIVgag/
pol did not induce the expected responses. Our data strongly
indicate that coadministration of VEE replicons expressing
HIV-1 Env and plasmid DNA expressing SIVgag/pol resulted
in nearly complete inhibition of the CMI responses induced by
the administration of DNA expressing gag/pol alone and was
consistent with some level of interference by the plasmid DNA
expressing Gag/Pol with the neutralizing antibody response to
the HIV-1 Env. The result was that we could only test the
protective effects of the CMI and neutralizing antibody re-
sponses independently. Our data do not permit us to deter-
mine whether the interference was vector or HIV-1 antigen
dependent. Interference with CMI responses attributed to co-
immunization with multiple HIV antigens has been reported
(39, 54). Monkeys given Env in the form of soluble gp140 in
QS21 adjuvant following primary immunization with VEE rep-
licons expressing Env from the same donor appeared to expe-
rience minimal, if any, booster response, while responses to
gp140 in RiBi adjuvant appeared somewhat better. This find-
ing resulted in the extension of the duration and added com-
plexity of the immunization regimen used. The reason for the
apparent difference between the two adjuvants is unclear, al-
though similar results have been obtained by others (M. Lewis,
personal communication). The failure of monkeys to develop
an enhanced CMI response to SIV Gag/Pol antigens after
boosting with VEE replicons expressing the SIVgag/pol gene is
enigmatic. Good CMI responses to SIV Gag/Pol antigens after
immunization with similar VEE-RPs have been observed (18).
In our assessment, the failure of the same monkeys to respond
subsequently to the administration of VEE-RPs expressing the
SIVgag gene favors the possibility that an immune response to
VEE may have interfered with the response. However, we
were not able to test for direct evidence of interfering VEE-
specific immune responses in this study. Development of a
better understanding of our observation may facilitate subse-
quent efforts to use alphavirus replicons as vaccine delivery
systems. The various difficulties we encountered exemplify
problems that may be encountered when applying multiple or
sequential immunization modalities or when attempting to in-
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duce diverse effector mechanisms against a single agent. De-
spite these difficulties, we were able to test the efficacy of
neutralizing antibody and CMI responses, independently,
against SHIV challenge but as separate rather than combined
effector mechanisms.

The neutralizing antibody responses we obtained were more
potent and broadly cross-reactive against primary strains of
HIV-1 than has been reported elsewhere. The proportion of
primary HIV-1 strains neutralized in our study was 11 of 13.
These results included mostly strains that are not known to be
particularly neutralization sensitive. Neutralization titers
ranged from 1:20 to 1:320. All tests included comparisons to
sham immunized control sera, and neutralizing activity at the
higher titers observed were many times greater in potency than
any nonspecific activity present in control sera. The concurrent
development of neutralizing activity against multiple strains at
the same time that the neutralizing activity against the R2 and
SF162 strains was increasing progressively to high titers pro-
vided a clear demonstration of the cross-reactive nature of the
responses we observed. Our results are distinct from those
reported by others in studies of macaque immunization. Re-
cent efforts to use synthetic peptides or recombinant proteins
in creative ways that may induce effective neutralizing antibody
responses have not substantially improved on the disappoint-
ing results obtained with similar approaches used in early HIV
vaccine studies (9, 23, 25, 28, 38, 41, 68, 69). Neither has the
use of a virus-like particle vaccine or in vivo expression systems
achieved potent primary virus-neutralizing antibody responses
(2, 4, 16, 24, 37, 49, 50, 58, 59, 72). The outcome obtained in
such studies always included one of the following: no neutral-
izing antibodies were detected, neutralizing antibodies were
obtained that were specific for the homologous immunizing
strain or cross-reacted with only T-cell line-adapted strains, or
neutralizing antibodies were not observed until after the mon-
keys were challenged with SHIV. Fouts et al. reported induc-
tion of cross-reactive primary virus-neutralizing antibodies af-
ter the immunization of monkeys with Env cross-linked with
soluble CD4 (26). However, there is no consensus as to
whether the inhibitory effect they reported is mediated by
antibodies against HIV. The most promising results reported
elsewhere to date involve the use of SF162 strain Env with
variable region 2 (V2) partially deleted (3, 14, 15, 64, 65). The
V2 deletion enhances the capacity of the Env to induce cross-
reactive neutralizing antibodies in rabbits, and neutralizing
responses induced in two monkeys, ranging from 56 to 95%
neutralization of primary isolates at 1:10 serum dilutions, were
reported (64). Monkeys immunized with SF162 strain Env with
the V2 deletion were partially protected against challenge with
a nonpathogenic SHIV expressing Env homologous to the
immunogen (14, 15). Cross-reactivity against a partially patho-
genic, heterologous SHIV challenge virus is another notable
difference between the data obtained with the SF162A V2
immunogen and our results. The immunization regimen we
used induced responses that were substantially greater than
any of these reported previously.

The regimen we used involved multiple immunizations with
VEE-RP preparations. We have not yet determined whether
the regimen induced antibodies that neutralize the VEE rep-
licons. The failure of VEE replicons that expressed gag/pol or
gag to boost anti-gag/pol CMI responses is consistent with the
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possibility that earlier immunizations with VEE-RP Env may
have induced VEE-neutralizing antibodies. This question is
also relevant to the possibility of using VEE-RP to further
boost neutralizing antibody responses and will be addressed in
future studies.

There is presently no ideal challenge model for the evalua-
tion of the efficacy of candidate HIV vaccines. The model most
commonly employed uses pathogenic SHIV in rhesus monkeys
(36, 71). However, recombinant SHIVs are not naturally
pathogenic for rhesus monkeys but have been adapted in some
cases by serial passage in vivo in order to enable manifest
greater virulence in monkeys. Use of such pathogenic SHIVs
has been favored in studies attempting to assess the efficacy of
immunization regimens that are designed to induce potent
CTL responses (71). Pathogenic SHIVs are used because of
concern that the effects of CTL responses on infections by
nonpathogenic SHIVs may not be relevant to the protection of
humans from HIV infection. This concern is based in part on
the observation that CTL responses can attenuate early SIV
replication but not prevent infection with highly pathogenic
SIV in rhesus monkeys and that such attenuated infections
progress to immunodeficiency (71). The SHIV titration study we
report here indicates that the clonally derived SHIV bi410r (cione 7y
was probably less pathogenic than the pathogenic SHIV 514151
pool from which it was derived (33, 34). Nevertheless, the
objective of using immunization to induce neutralizing anti-
bodies is to prevent the establishment of infection, not to
attenuate initial or later stages of infection. Thus, it may not
be pertinent to use highly pathogenic challenge viruses if pro-
tection from infection can be discerned equally well with less
pathogenic SHIVs. Therefore, we used this SHIVpy1or (cione 7)
preparation, since it permitted us to test the hypothesis that
neutralizing antibodies can indeed protect against SHIV chal-
lenge infection.

Our studies demonstrate protective effects of both Gag-
specific CMI and neutralizing antibodies against the SHIV
challenge virus used. The protective effect of gag/pol immuni-
zation overall was reflected in the infection rate of 4 of 17
monkeys. However, since the Env immunization regimen
clearly interfered with induction of CTL, consideration of the
infection rate in group II probably provides a more meaningful
estimate of the protection rate. Three of six monkeys in group
IT were protected. The protective effect of CTL is based on the
capacity of memory T cells to respond to antigen stimulation
associated with virus replication in vivo. Suppression of the
manifestations of infection was associated with the most potent
CMI responses and probably reflected the effects of such re-
sponses in the prevention of manifestations of infection with a
challenge virus of such a low to moderate pathogenicity. The
level of protection we observed is greater than that which has
been reported by others using similar immunization regimens
(1, 2). Whether such responses might contribute to complete
suppression of clinically evident HIV-1 infections in humans
has yet to be determined.

Evidence that neutralizing antibodies protected against
SHIV infection was also notable. Protection against infection
was observed in 3 of 17 monkeys that received the Env immu-
nization regimen and 2 of 6 monkeys that received the Env
regimen alone. We were unable to test the possibility that
Env-specific CMI contributed to protection against SHIV chal-
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lenge because of the absence of available pools of peptides
corresponding to sequences of the immunizing or challenge
virus strains used in the study. Nevertheless, the finding that
protection was observed only in monkeys mounting the highest
levels of neutralization of the challenge virus is suggestive that
neutralization contributed to protection. Indeed, the breadth
of cross-reactivity and the magnitude of the neutralizing anti-
body responses we induced were notable. Our study protocol
induced neutralizing responses that were active against 11 of
13 primary HIV strains tested, only two of which, SF162 and
BXOS8, are considered to be somewhat neutralization-sensitive
strains. The demonstration that such responses can be induced
in monkeys fosters hope that more potent and more cross-
reactive responses may be induced by modified or enhanced
immunization regimens. The neutralizing antibodies induced
did not cross-react with SHIVgq 4, or SHIVgr4s,3, although
they did neutralize HIV-14,  and HIV-1gp,,. The alteration
of the neutralization properties of SHIV consequent to adap-
tation to monkeys is likely to be relevant to the use of these
viruses as models for human infections (31, 61, 62). In this
study, we demonstrate for the first time that active immuniza-
tion to induce neutralizing antibodies protected rhesus mon-
keys from experimental challenge from moderately patho-
genic, heterologous SHIV against which the neutralizing
response was cross-reactive. It is likely that subsequent studies
involving regimens that induce more potent and broadly cross-
reactive responses will result in the levels and breadth of pro-
tection sufficient to justify studies in human populations.
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