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A vaccine for human immunodeficiency virus (HIV) infection is desperately needed to control the AIDS
pandemic. To address this problem, we constructed single-cycle simian immunodeficiency viruses (SIVs)
pseudotyped with the glycoprotein of vesicular stomatitis virus and expressing different levels of gamma
interferon (IFN-�) as a potential vaccine strategy. We previously showed that IFN-� expression by pseudotyped
SIVs does not alter viral single-cycle infectivity. T cells primed with dendritic cells transduced by pseudotyped
SIVs expressing high levels of IFN-� had stronger T-cell responses than those primed with dendritic cells
transduced by constructs lacking IFN-�. In the present study, we tested the immunogenicities of these
pseudotyped SIVs in a rat model. The construct expressing low levels of rat IFN-� (dSIVLR�) induced higher
levels of cell-mediated and humoral immune responses than the construct lacking IFN-� (dSIVR). Rats
vaccinated with dSIVLR� also had lower viral loads than those vaccinated with dSIVR when inoculated with a
recombinant vaccinia virus expressing SIV Gag-Pol as a surrogate challenge. The construct expressing high
levels of IFN-� (dSIVHR�) did not further enhance immunity and was less protective than dSIVLR�. In
conclusion, the data indicated that IFN-� functioned as an adjuvant to augment antigen-specific immune
responses in a dose- and cell type-related manner in vivo. Thus, fine-tuning of the cytokine expression appears
to be essential in designing vaccine vectors expressing adjuvant genes such as the gene for IFN-�. Furthermore,
we provide evidence of the utility of the rat model to evaluate the immunogenicities of single-cycle HIV/SIV
recombinant vaccines before initiating studies with nonhuman primate models.

We previously constructed vesicular stomatitis virus glyco-
protein (VSV-G)-pseudotyped single-cycle simian immunode-
ficiency viruses (SIVs) expressing two different levels of
gamma interferon (IFN-�), and we showed that IFN-� acts as
an adjuvant to augment T-cell priming by antigen-presenting
cells in an in vitro model (35). We have now proceeded to an
in vivo model to further assess the levels of immunogenicity
and efficacy of these constructs. Due to the fact that human
immunodeficiency virus (HIV)/SIV replication is subject to a
number of species-specific restrictions, efforts to develop mu-
rine models for HIV/SIV infection and disease have been
unsuccessful (3). In contrast, numerous studies have shown
that the only significant block to HIV replication in many rat
cell lines is at the level of virus entry (3, 22, 38). Transgenic rats
carrying the HIV type 1 (HIV-1) provirus develop pathological
and immunological dysfunction similar to that of humans in-
fected with HIV-1 (38). HIV long terminal repeat activity in
some rat cell lines and primary rat lymphocytes, macrophages,
and microglias was found previously to be relatively high com-
pared to that in murine cells (22, 52), although it is not equiv-
alent to that in primate cells. Unlike murine cells, most rat cells
other than primary rat T lymphocytes do not show any evi-

dence indicating a defect in Rev activity (22, 38). Moreover, an
analysis of primary rat macrophages and microglias infected
with VSV-G-pseudotyped HIV demonstrated previously that
these cells are highly permissive of viral replication (21, 22).
Therefore, the rat appears to be a practical small-animal model
for the initial evaluation of our vaccine strategy before trials
with nonhuman primates and was chosen for the present in
vivo study.

We found that rats immunized with pseudotyped single-
cycle SIVs expressing IFN-� developed stronger proliferative
and humoral immune responses to viral antigens than those
immunized with a construct lacking IFN-�. The enhancement
of immune responses appeared to be dose dependent, since the
construct expressing a low level of IFN-� (designated
SIV�ER��Ngfp/G and abbreviated dSIVLR�) resulted in en-
hanced cell-mediated immune (CMI) responses and decreased
postchallenge viral loads compared to the construct expressing
high levels of IFN-� (designated SIV�E�NR�/G and abbre-
viated dSIVHR�). Thus, fine-tuning the levels of cytokine ex-
pression appears to be essential in designing vaccine vectors
expressing adjuvant genes such as the gene for IFN-�.

MATERIALS AND METHODS

Cells, viruses, and media. HeLa, HeLa S3, and embryonic kidney (293T) cells,
as well as African green monkey kidney (BS-C-1) and rat fibroblast (Rat-2) cells,
were grown at 37°C with 5% CO2 in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and
antibiotics (100 U/ml penicillin and 100 �g/ml streptomycin), referred to here-
inafter as complete DMEM. MAGI-CCR5 cells (5) (catalogue no. 3522) were
obtained from Julie Overbaugh through the National Institutes of Health (NIH)
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AIDS Research and Reference Reagent Program and were propagated in
complete DMEM supplemented with 0.25 �g/ml Fungizone, 0.2 mg/ml G418
(Sigma, St. Louis, MO), 0.1 mg/ml hygromycin B, and 1 �g/ml puromycin. The
WR strain of vaccinia virus (VV) and the recombinant VV expressing SIV
Gag-Pol (vSIVgag-pol) were propagated in HeLa S3 cells, and virus titers
were determined using BS-C-1 cells. Serum-free UltraCULTURE medium (Bio-
Whittaker, Walkersville, MD) supplemented with 2 mM L-glutamine and anti-
biotics was used to prepare viral stocks. All cultures of rat splenocytes were
maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum,
2 mM L-glutamine, antibiotics, and 50 �M 2-�-mercaptoethanol, referred to
hereinafter as complete RPMI 1640 medium.

Animals. Groups of Fischer 344 (F344) rats (6- to 7-week-old females) were
purchased from Harlan (Indianapolis, IN). All animals were maintained in a
specific-pathogen-free facility according to NIH guidelines. Animal care proto-
cols were approved by the Animal Care and Use Administrative Advisory Com-
mittee at the University of California, Davis.

Construction of pseudotyped SIVs. The plasmids were constructed as de-
scribed previously (35). The rat IFN-� gene, which replaced the macaque IFN-�
gene, was amplified from plasmid pR�cDNAII (50) by standard PCR techniques
using Pfu polymerase and primers 5�-ATAATCCGGACGCCACCATGAGTG
CTACA-3� and 5�-TCTACCTCCGGATCAGC ACCGACTCC-3� or 5�-ATAA
CCCGGGCGCCACCATGAGTGCTACA-3� and 5�-AATTATCGGCCGTCA
GCACCGACTCC-3� (engineered BspE1, XmaI, and EagI restriction endonuclease
sites are underlined). The pseudotyped particles were prepared and titers were
determined as described previously (35). To prepare high-titer stocks, viral
particles were concentrated with Centricon Plus-80 units (Millipore, Bedford,
MA) by centrifugation at 250 � g for 2.5 h in an RT6000B centrifuge (Sorvall,
Asheville, NC) (39).

Construction of vSIVgag-pol. SIVmac239 gag-pol was PCR amplified from
pSIV�nef (18) with primers 5�-TAATAGCGGCCGCCATGGGCGTGAGAA
AC-3� and 5�-AATTTACGGCCGATGAGGCTATGCCACC-3� (engineered
EagI restriction endonuclease sites are underlined). The nucleotide sequence
derived by PCR was confirmed by sequencing analysis. The gag-pol gene was
inserted at the EagI site of p2B8Rgpt (28, 50) under the control of one of two
back-to-back strong synthetic VV promoters (dsP) that are active in both early
and late stages of infection. Recombinant VV was generated by standard tech-
niques using cationic liposome-mediated transfection of BS-C-1 cell monolayers,
infected 2 h earlier with VV at 0.05 PFU per cell, with the transfer vector
p2B8RgptGP. Recombinant gpt-positive VVs were plaque purified from trans-
fection supernatants on BS-C-1 cells by using gpt selection medium (25-�g/ml
mycophenolic acid, 250-�g/ml xanthine, and 15-�g/ml hypoxanthine) (11). Blue
plaques were visualized with X-Gal (5-bromo-4-chloro-3-indolyl-D-galactopyr-
anoside) to detect the lacZ marker gene. The expression of the lacZ gene by the
final plaque-purified vSIVgag-pol was tested by cytochemical staining of infected
cell monolayers as described previously (31). High-titer stocks were generated by
infecting HeLa S3 cells with vSIVgag-pol at a multiplicity of infection (MOI) of
1. Infected cells were harvested 3 days postinfection by centrifugation at 200 �
g for 10 min. Cells were then lysed by freeze-thawing, sonication, and trypsiniza-
tion. Finally, cell lysates were clarified to remove contaminating cell debris by a
second round of sonication and centrifugation at 200 � g for 5 min. The expres-
sion of Gag and Pol was confirmed by Western blotting and a reverse transcrip-
tase (RT) assay. RT activity in the viral stocks was measured with an RT assay
kit by evaluating the incorporation of digoxigenin- and biotin-labeled dUTP into
DNA as described in the protocol of the manufacturer (Roche Diagnostics,
Germany).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western im-
munoblotting. To detect p27 Gag, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblot analysis were performed using a 4 to 20%
polyacrylamide gel (Bio-Rad, Hercules, CA) loaded with 10 �l of viral stock per
well. Samples were electrotransferred onto an Immobilon-P membrane (Amer-
sham International, Little Chalfont, Buckinghamshire, United Kingdom). The
membrane was blocked by incubation in phosphate-buffered saline (PBS) solu-
tion containing 0.1% Tween 20. p27 Gag was detected after incubation with an
anti-p27 monoclonal antibody (19) diluted 1:1,000 and subsequent incubation
with alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G
(Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:1,000 in PBS–0.1%
Tween 20. The anti-SIV p27 antibody (SIVmac p27 monoclonal antibody 55-
2F12; catalogue no. 1610) was obtained from Niels Pedersen through the NIH
AIDS Research and Reference Reagent Program. Finally, the membrane was
incubated for 15 to 30 min in BCIP (5-bromo-4-chloro-3-indolylphosphate)-
nitroblue tetrazolium solution (Roche Biochemicals, Indianapolis, IN) for the
detection of binding to specific antigens.

Immunofluorescence microscopy. Rat-2 cells were plated onto chamber slides
(5 � 103 cells/chamber) the day before transduction and then were transduced at
an MOI of 0.5 with different viral particles for 3 h. Cells were then washed
thoroughly and incubated for 0, 2, 4, 7, or 10 days in complete DMEM. Super-
natants were harvested at different time points to measure rat IFN-� production
by an enzyme-linked immunosorbent assay (ELISA) according to the protocol of
the assay kit manufacturer (R&D Systems, Minneapolis, MN). Gag concentra-
tions in 2-day culture supernatants were determined using the p27 ELISA ac-
cording to the protocol of the assay kit manufacturer (Beckman Coulter, Ful-
lerton, CA) to measure viral protein production during single-cycle infection.
Cells in each chamber were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.04% Triton X-100. PBS containing 5% goat serum was
used as a blocking solution. Cells were then stained for intracellular Gag by using
a mouse anti-p27 Gag monoclonal antibody (Advanced Bioscience Laboratory,
Kensington, MD) followed by Alexa Fluor 594-conjugated goat anti-mouse an-
tibody (Molecular Probes, Eugene, OR) diluted in PBS–5% goat serum. Slides
were mounted with mounting medium (Vector Laboratories, Burlingame, CA),
with 4�,6�-diamidino-2-phenylindole (DAPI) to counterstain nuclei. The total
number of cells in each field was determined by counting more than 500 con-
secutive nucleated cells, identified by DAPI staining, under an epifluorescence
microscope (Zeiss, Thornwood, NY), and the number of cytoplasmic red fluo-
rescence-stained cells was recorded to calculate the percentage of Gag-positive
cells. Three fields of cells for each sample preparation were counted.

Immunization protocol. Groups of F344 rats were immunized at 7 to 8 weeks
of age. Immunization was carried out by intradermal injection with 106 trans-
ducing units (TU) of pseudotyped SIVs in a final volume of 100 �l of sterile PBS
or with 100 �l of the mock control supernatant diluted in PBS into a shaved area
of the flank. On day 14, the animals were boosted intradermally with the same
regimen. On day 28, the animals were sacrificed for immunoassays.

Humoral studies. Groups of rats were bled, and serum samples were measured
individually. To detect antigen-specific antibodies by ELISA, 96-well MaxiSorp
microtiter plates (Nunc, Roskilde, Denmark) were coated overnight with 100 �l
of recombinant SIVmac251 p27 Gag produced in an Escherichia coli expression
system (ImmunoDiagnostics, Woburn, MA) and diluted 1:1,000 in PBS or with
100 �l of SIVmac251 viral lysate (ZeptoMetrix, Buffalo, NY) diluted 1:1,000 in
PBS. These dilutions were determined to give the highest readings with positive
control samples and the lowest background readings with naïve serum samples.
After overnight incubation at 4°C, plates were washed and blocked for 2 h at
37°C with 4% bovine serum albumin in PBS. The plates were then incubated for
3 h at 37°C with fourfold serial dilutions of serum from each animal. Antibody
binding was detected using horseradish peroxidase-conjugated goat anti-rat im-
munoglobulin G (Zymed, San Francisco, CA) at a 1/10,000 dilution. Finally,
optical densities (OD) at 450 nm were measured with a Labsystems Multiskan
Ascent microplate reader with a reference wavelength of 620 nm. Sample dilu-
tions were considered positive if the OD for that dilution was at least twofold
higher than the OD for the mock control serum samples at the same dilution.
Titers were expressed as the reciprocal of the highest dilution of samples scoring
positive.

Proliferation assays. Lymphocyte proliferation assays were performed as de-
scribed previously (28). Two weeks after the final vaccination, the rats in each
group were sacrificed. The spleens were removed, and the tissue was disrupted by
compression through a cell strainer (Becton Dickinson, Franklin Lakes, NJ).
Splenocytes (105 in 100 �l of complete RPMI 1640 medium) were seeded in
triplicate onto 96-well plates containing 0, 1.25, 5, or 12.5 �g/ml of baculovirus-
expressed p55 Gag (1). The mitogen concanavalin A (ConA; Sigma) at 5 �g/ml
served as a positive control, and vesicular stomatitis virus nucleoprotein
(VSV-N) at 1.25 �g/ml was used as an additional nonspecific stimulation control.
Splenocytes were incubated for 6 days at 37°C. On day 6, 1.0 �Ci of [3H]thymi-
dine per 50 �l per well was added, and cells were incubated for 18 h at 37°C. Cells
were harvested to assess the incorporation of radioactivity, and data were ex-
pressed as the stimulation indices (SI), which were calculated as the ratio of the
counts per minute in the presence and absence of antigen. An SI of greater than
3 was considered to indicate positivity (12).

Analysis of antigen-specific cytokine production. To further characterize the
type of immune response induced in vaccinated rats, splenocytes were cultured
for 3 days (106 cells/ml) in the presence of baculovirus-expressed SIV p55 Gag
(1) at a final concentration of 1.25 or 5 �g/ml or VSV-N at 1.25 �g/ml. Culture
supernatants were collected, and the concentrations of IFN-�, interleukin-2
(IL-2), and IL-4 were measured with commercially available ELISA kits (R&D
Systems).

ELISPOT assay. Splenocytes were collected as described above, and samples
were depleted of CD4� T cells by magnetic cell sorting with an autoMACS
system from Miltenyi Biotech (Auburn, CA) according to the manufacturer’s
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protocol (44). The purity of depletion was greater than 97% as determined by
flow cytometric analysis. Ninety-six-well plates (Millipore, Bedford, MA) were
coated overnight at 4°C with 6 �g/ml of mouse anti-IFN-� monoclonal antibody
(eBioscience, San Diego, CA). The plates were washed and blocked with com-
plete RPMI 1640 medium. Aliquots of CD4�-T-cell-depleted splenocytes (105

cells/50 �l/well) were transferred onto the plates for 24 h of incubation in the
presence of overlapping 15-mer peptides spanning SIV Gag (with 11-amino-acid
overlaps) at a final concentration of 1 �g/ml of each peptide. These peptides
were obtained through the NIH AIDS Research and Reference Reagent Pro-
gram. Negative controls were medium alone and a human T-lymphotropic virus
Env peptide pool (obtained from Renu Lal through the NIH AIDS Research and
Reference Reagent Program) (43) at a final concentration of 1 �g/ml of each
peptide. Negative controls were also supplemented with dimethyl sulfoxide to a
final concentration equivalent to that in the SIV peptide pools. ConA (5 �g/ml;
Sigma) served as a positive control. The plates were washed and incubated
for 1.5 h with 2 �g/ml of biotin-conjugated anti-IFN-� polyclonal antibody
(eBioscience). The wells were subsequently incubated for 1 h with 100 �l of
1:1,000-diluted streptavidin-alkaline phosphatase (Mabtech, Mariemont, OH),
followed by BCIP-nitroblue tetrazolium (Roche Biochemicals, Indianapolis, IN)
as a substrate. Spot-forming cells (SFC) were counted by using a KS enzyme-
linked immunospot (ELISPOT) compact system (Carl Zeiss, Oberkochen, Ger-
many). The mean number of SFC in duplicate wells was calculated. Wells were
scored positive if the number of SFC per well was greater than the average for
the medium-alone wells � 2 standard deviations (34). Results were normalized
as the number of SFC per 106 cells.

Challenge studies. Groups of female F344 rats were immunized twice as
described above. Two weeks after the final immunization, they were inoculated
intraperitoneally with 5 �107 PFU of vSIVgag-pol in a final volume of 250 �l of
sterile PBS. Ovaries were removed 3 days postchallenge, weighed, homogenized,
and resuspended in DMEM at a concentration of 10% (wt/vol). The tissues were
then lysed by freeze-thawing and trypsinization. Viral titers were determined by
a plaque assay on BS-C-1 cell monolayers and defined as the numbers of PFU
per organ (28).

Data analysis. Statistical analyses were performed with the statistical software
program Prism, version 4.0 (GraphPad Software Inc., San Diego, CA). Data
were expressed as the means � the standard errors of the means (SEM), and a
P value of 	0.05 was considered significant. The comparative analysis of animal
groups subjected to different vaccine regimens was performed by using the
Kruskal-Wallis H test, followed by Dunn’s multiple-comparison test, or one-way
analysis of variance (ANOVA), followed by the Newman-Keuls multiple-com-
parison test.

RESULTS

Construction of IFN-�-expressing pseudotyped single-cycle
SIVs. We previously constructed and characterized VSV-G-
pseudotyped SIVs expressing IFN-� (35). As an initial study of
the efficacy of this strategy in vivo, inbred rats were used due to
their low cost, small size, and relatively well-characterized im-
mune system. The macaque IFN-� gene was replaced with the
rat IFN-� gene due to the species specificity of IFN-� (Fig. 1).
Viral titers were determined by two quantification approaches
and expressed as numbers of green fluorescent protein (GFP)-
forming units per milliliter and numbers of TU per milliliter
(Table 1). As expected, the titers obtained by the two methods
were equivalent, and the latter titers were used in later exper-
iments to determine the doses given as immunogens.

Kinetics and levels of Gag expression were not significantly
altered by different levels of IFN-�. The expression of IFN-�
from different regions of the SIV genome resulted in different
levels of the cytokine. Since this variation may affect the levels
of gag gene expression or the turnover of target cells, we
measured the expression of Gag by intracellular staining in
parallel with the quantification of IFN-� in the cell culture
supernatant over time. In a pilot study, we compared cell

FIG. 1. Strategy for generating pseudotyped single-cycle SIVs expressing IFN-� and a mock control. Deletions in full-length SIVmac239
proviral DNA are shown as shaded regions, and the inserted rat IFN-� (R�) and GFP genes are shown as open boxes. An IFN-� gene was also
inserted in the antisense orientation and is designated aR�. Pseudotyped SIVs or the mock control was generated by the transient cotransfection
of 293T cells with pVSV-G and a plasmid encoding the defective proviral DNA or pLGRN. LTR, long terminal repeat; CMV, cytomegalovirus;
pA, polyadenylation signal.

TABLE 1. Titers of VSV-G-pseudotyped SIVs

Viral particle type Designation No. of GFU/mla No. of TU/mlb

SIV�EaR��Ngfp/G dSIVR 2.0 � 107 1.6 � 107

SIV�ER��Ngfp/G dSIVLR� 1.4 � 107 1.2 � 107

SIV�E�NR�/G dSIVHR� NAc 6.4 � 107

a GFP-forming units (GFU) per milliliter of viral stocks as measured on HeLa
cells.

b TU per milliliter of viral stocks as measured on MAGI-CCR5 cells.
c NA, not applicable.
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staining patterns at MOIs of 5, 1, and 0.5 and observed a high
level of cell death in dSIVHR�-transduced cells only at an MOI
of 5 (data not shown). Since the level of transduction of cells in
vivo is unlikely to be as high as an MOI of 5, we performed
subsequent experiments using an MOI of 0.5. As shown in Fig.
2A, IFN-� was expressed at significantly higher levels from the
nef site (dSIVHR�) than from the env site (dSIVLR�) over the
10-day period of measurement, while the expression of
the IFN-� gene inserted in the antisense orientation (dSIVR)
was not detectable. No IFN-� could be detected at day 0 in any
group of cells (data not shown). The transduction of Rat-2 cells
with the different viral particles did not result in any significant
difference in the frequency of Gag-positive cells over the 10-
day time period (Fig. 2B). p27 Gag was detected at day 0 in
100% of cells, presumably by the staining of internalized viral
particles (data not shown). The staining of cells for Gag ex-
pression resulted in bright cytoplasmic fluorescence beginning
on day 2 posttransduction. We also measured p27 Gag con-
centrations in supernatants of transduced cells to compare late
gene expression patterns among the different constructs in
HeLa cells (which are not responsive to rat IFN-�) and Rat-2
cells (which are responsive to rat IFN-�). Levels of p27 Gag in
the supernatants of dSIVR-, dSIVLR�-, or dSIVHR�-trans-
duced HeLa or Rat-2 cells were not significantly different (Ta-
ble 2). Gag was undetectable in the supernatants of the mock-
transduced cells. The treatment of cells with azidothymidine
(an RT inhibitor) before the addition of the pseudotyped vi-
ruses led to undetectable levels of Gag (data not shown),
indicating that the assay measured newly synthesized viral pro-
teins but not the original transducing particles. These experi-

ments demonstrated that the expression of IFN-� at early or
late stages of the viral replication cycle did not alter levels and
kinetics of Gag expression at a low MOI.

Preparation of surrogate challenge virus. In order to eval-
uate vaccine efficiency, we constructed a VV (WR strain) ex-
pressing SIV Gag-Pol to be used as a surrogate challenge (2,
46). The gag-pol open reading frame was cloned by PCR and
inserted under the dsP which were previously demonstrated to
result in increased levels of expression compared to VV natu-
ral promoters (49). The gag-pol fragment was then introduced
into the VV genome through homologous recombination and
insertional inactivation of the VV B8R gene, generating vSIV-
gag-pol. The expression of Gag was confirmed by Western blot
analysis using an anti-SIV p27 monoclonal antibody (19) (Fig.
3A), and the expression of Pol was confirmed by measuring RT
activity (Fig. 3B). Results indicated that SIV Gag-Pol was
expressed properly in the VV vector. We also used this viral
stock as a positive control for the immunogenicity assays de-
scribed in the following section, since it is a replication-com-
petent virus and the expression of viral genes by VV in rat cells

FIG. 2. IFN-� was expressed at lower and higher levels by different constructs and did not alter the kinetics of Gag expression. (A) The rat
IFN-� concentrations in supernatants of Rat-2 cells transduced with the mock control, dSIVR, dSIVLR�, or dSIVHR� at an MOI of 0.5 were
measured by ELISA at 2, 4, 7, and 10 days posttransduction. (B) In parallel, at the above-mentioned time points, transduced Rat-2 cells were
stained intracellularly using antibody to Gag and the frequency of Gag-positive cells was recorded using the fluorescence microscope. The mean
value for three fields for each sample stained in duplicate is shown, with bars indicating the SEM.

TABLE 2. Gag produced by single-cycle SIVs in different cell linesa

Viral particle
designation

Amt of Gag (ng/ml) produced in:

HeLa cells Rat-2 cells

Mock 	0.049b 	0.049b

dSIVR 0.67 � 0.026 0.45 � 0.089
dSIVLR� 0.61 � 0.0079 0.35 � 0.063
dSIVHR� 0.71 � 0.043 0.35 � 0.030

a HeLa or Rat-2 cells were transduced with different constructs at an MOI of
0.5. Two days posttransduction, supernatants were collected and p27 Gag con-
centrations were measured by ELISA. The data shown are the mean values �
SEM for triplicate samples.

b The detection range for this assay is 0.049 to 
0.784 ng/ml. The reading was
under the detection limit.

FIG. 3. Gag-Pol was expressed by vSIVgag-pol. (A) vSIVgag-pol
was generated in B-SC-1 cells, harvested, and blotted using an anti-SIV
p27 monoclonal antibody to confirm Gag expression. Lanes: 1, molec-
ular mass standard (the molecular mass is marked on the left); 2,
parental WR strain VV, which served as a negative control; 3, vSIV-
gag-pol; and 4, SIVmac239, which served as a positive control. (B) An
RT assay was performed to confirm pol gene function in vSIVgag-pol.
WR strain VV and SIVmac239 were negative and positive controls,
respectively.
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is not compromised. Thus, this control construct will be immu-
nogenic.

Characterization of vaccine-induced humoral and CMI re-
sponses. The purpose of this study was to compare different
single-cycle SIV constructs to determine the effects of lower
and higher levels of IFN-� expression on immunogenicity in
vivo. Intradermal vaccination was chosen since Langerhans
cells are located mainly in the stratum spinosum, where trans-
duction with pseudotyped SIV particles will induce them to
mature into potent antigen-presenting cells. Furthermore, it
has been shown previously that HIV-1 long terminal repeat-
driven gene expression takes place preferentially in Langer-
hans cells in the skin and lymphoid organs of transgenic mice
(29). We measured vaccine-induced humoral responses by
ELISA using two different coating antigens: p27 Gag expressed
in E. coli and whole inactivated SIVmac251. In preliminary
studies, one immunization gave rise to low SIV-specific anti-
body titers (data not shown) while one boost increased the
titers significantly. The second boost further increased anti-
body titers in each group but also dramatically increased titers
of antibodies to VSV-G (data not shown), which is not desir-
able as it may interfere with SIV-specific immunity (24). We
therefore chose one immunization with one boost as our vac-
cine regimen and then analyzed the immune responses to SIV.
Gag-specific antibody was detected in some animals in each
group but not in the mock-vaccinated rats. No significant dif-
ferences among the vaccinated groups were found (Fig. 4).
This outcome may be due to the fact that Gag is not readily
expressed, processed, and secreted in rat cells (3, 22). We fur-
ther measured titers by ELISA using inactivated SIVmac251 as
a coating antigen, and antibody was detected in almost all
immunized animals (Fig. 4). Rats vaccinated with dSIVLR� and
dSIVHR� had significantly higher antibody titers than the
mock-vaccinated group (P 	 0.05). Using inactivated virus as a
coating antigen increases the number of available SIV
epitopes. However, this effect did not result in increased titers
in the vSIVgag-pol-vaccinated group. This result suggested

that viral proteins other than Gag-Pol play important roles in
the immunogenicities of pseudotyped SIVs.

We then measured p55 Gag-specific lymphocyte prolifera-
tion responses to evaluate CD4�-T-cell responses (12, 13).
Splenocytes harvested at 2 weeks postboost were stimulated by
p55 Gag at increasing concentrations. VSV-N and ConA
served as negative and positive controls, respectively. VSV-N
consistently resulted in an SI of no more than 3, while ConA
resulted in an SI of �50 (data not shown). The vSIVgag-pol
group also served as a positive control. The finding that im-
mune responses to p55 Gag at 12.5 and 5 �g/ml were similar
suggests that the latter concentration had reached the thresh-
old level for maximum cellular responses. There were no sig-
nificant differences between the dSIVHR� and dSIVLR�

groups. The dSIVLR� group had a significantly higher SI than
the dSIVR- and mock-vaccinated groups (P 	 0.05) at only one
concentration (1.25 �g/ml of p55 Gag), due probably to the
high variability of the results at the other Gag concentrations
(Fig. 5). Overall, animals vaccinated with dSIVs expressing
IFN-� had greater proliferative responses to Gag than those
vaccinated with dSIVR.

We next evaluated antigen-specific CD8�-T-cell responses
using the IFN-� ELISPOT assay. At 2 weeks postboost, CD4-
depleted splenocytes were stimulated in vitro with pools of
15-mer peptides spanning SIV Gag. A human T-lymphotropic
virus Env peptide was used as a mock stimulation control and
did not result in positive responses. dSIVR did not induce
significantly higher levels of CD8 responses than the mock
control (P � 0.05) (Fig. 6), whereas dSIVLR� induced stronger
CD8 responses than the mock control (P 	 0.01) and dSIVR

(P 	 0.05). Unexpectedly, dSIVHR� gave rise to significantly
weaker CD8 responses than dSIVLR� (P 	 0.05). These re-
sponses were not significantly different from those of the mock-
and the dSIVR-immunized groups, suggesting that concentra-
tions of IFN-� that enhance the immune response have a

FIG. 4. Prechallenge antigen-specific humoral responses were en-
hanced by IFN-� expression. Groups of F344 rats (five animals per
group) were inoculated and boosted once with different constructs.
Antibody titers 2 weeks after the boost were determined using recom-
binant SIVmac251 p27 Gag (corresponding to the first column for each
group) produced in an E. coli expression system or SIVmac251 viral
lysates (corresponding to the second column for each group) as coating
antigens for ELISA. Results are shown as mean titers of individual
samples assayed in duplicate and the geometric means for each group
(bars). Comparative analysis was performed by using nonparametric
ANOVA, followed by a multiple-comparison test. Statistically signifi-
cant differences (P 	 0.05) between pseudotyped SIV groups and the
mock control are marked by *.

FIG. 5. Prechallenge p55 Gag-specific T-cell proliferation was en-
hanced by IFN-� expression. Five groups of F344 rats (six animals per
group) were vaccinated and boosted once with different constructs.
Splenocytes were obtained at 2 weeks postboost and then stimulated in
vitro with baculovirus-expressed VSV-N at a final concentration of
1.25 �g/ml or p55 Gag at a final concentration of 0, 1.25, 5, or 12.5
�g/ml. Cell proliferation was expressed as the SI, which was calculated
as a ratio of the counts per minute in the presence and absence of
antigen. Statistic analysis was performed using ANOVA. A significant
difference (P 	 0.05) between dSIVLR�-immunized and mock-immu-
nized animals is marked by *, while a significant difference between
dSIVLR�-immunized and dSIVR-immunized animals is marked by �.
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narrow range. Although a direct comparison cannot be
made, 106 TU of dSIVLR� induced CD8 responses equiva-
lent to those induced by vaccination with vSIVgag-pol, in-
dicating the strong adjuvant effects of IFN-� expressed at
this level by single-cycle SIV.

To study the vaccine-induced cytokine secretion profile of
Th cells, various cytokines were measured in supernatants of
splenocytes that were stimulated with SIV p55 Gag at final
concentrations of 1.25 and 5 �g/ml, which were within a linear
range for detection of the proliferative responses; VSV-N at
1.25 �g/ml served as a control. VSV-N induced low levels of
IFN-� nonspecifically in cells obtained from dSIVR- and
dSIVLR�-vaccinated animals but not vSIVgag-pol-vaccinated
rats. This observation suggests that splenocytes from dSIVR-
and dSIVLR�-vaccinated animals were more activated than
those from vSIVgag-pol-vaccinated animals. This difference
may be due to the length of time of exposure to the antigen
since the recombinant VV vector is rapidly cleared compared

to the integrated retrovirus vector. Similar to the samples an-
alyzed for CD8�-T-cell responses by the IFN-� ELISPOT as-
say, cells from the various groups showed that dSIVLR�-vacci-
nated rats secreted larger amounts of IFN-� in response to
specific antigen than splenocytes obtained from mock- or
dSIVR-immunized animals (Fig. 7A). However, vaccination
with dSIVHR� again resulted in cells with a reduced IFN-�
expression response to specific antigen compared to those of T
cells from animals vaccinated with dSIVR or dSIVLR�. This
result suggests that the higher level of expression of IFN-�
from dSIVHR� may result in negative regulation of IFN-�
secretion from T cells. All of the vaccines appeared to polarize
CD4� T lymphocytes to a Th1 immune response, since the
cells secreted higher levels of IFN-� and IL-2 than IL-4 (Fig.
7). Despite the lower levels of IFN-� secretion from cells from
dSIVHR�-vaccinated animals, the levels of IL-2 secreted were
similar to those induced by the other vaccines (Fig. 7B). The
relative levels of IL-2 in each group correlated with the pro-
liferation responses shown in Fig. 5.

Surrogate VV challenge. Due to the significant block to
HIV/SIV entry into rat cells (3, 22, 38), direct challenge of
vaccinated rats by SIV is impossible. On the other hand, sur-
rogate challenge by VV expressing HIV proteins has been used
previously for mice to prove the effectiveness of HIV DNA or
peptide vaccines (2, 46); we thus challenged F344 rats intra-
peritoneally with the WR strain construct vSIVgag-pol for the
same purpose. We collected ovaries after the challenge, since
VV replicates to high titers in this tissue. We then performed
a plaque assay to measure the VV load. In preliminary studies,
we detected the highest levels of VV in ovaries of unimmu-
nized animals 3 days postchallenge (data not shown). Chal-
lenge virus was undetectable in rats vaccinated with vSIVgag-
pol, as expected (Fig. 8), although the result for this group
cannot specifically indicate what type of immunity was acting to
reduce virus loads in the challenge of the pseudotyped-virus-
vaccinated animals. There were no differences in viral loads
after challenge in the mock- and dSIVR-vaccinated groups,
which correlated with the poor immunogenicity of the vaccine
as discussed above. Rats immunized with dSIVLR� had a 70%
reduction of viral load on average; one of five animals had
undetectable VV loads. The dSIVHR� group had the highest

FIG. 6. Gag-specific CD8� T-cell responses were significantly en-
hanced by low levels of IFN-� expression. CD4�-T-cell-depleted-
splenocytes from animals (six animals per group) immunized with
different constructs were stimulated with 15-mer peptide pools span-
ning SIV Gag, and IFN-�-secreting cells were identified by using an
ELISPOT analysis. A human T-lymphotropic virus Env peptide pool
was used as a control and did not give rise to detectable numbers of
SFC (result not shown). Bars represent the mean number of SFC for
each group, and error bars represent SEM. Statistical analysis was
performed using ANOVA. The significant difference (P 	 0.05) be-
tween dSIVLR�-immunized and mock-immunized animals is marked
by *, while the significant difference between dSIVLR�-immunized and
dSIVR immunized-animals is marked by �.

FIG. 7. Prominent Th1 polarization in dSIVLR�-immunized animals was detected. The production of IFN-�, IL-2, and IL-4 after SIVp55
Gag-specific stimulation or VSV-N nonspecific stimulation of splenocytes from immunized animals was demonstrated. Cytokine concentrations in
supernatants of stimulated cells were measured by ELISA. Positive controls were ConA-stimulated splenocytes (results not shown). Bars represent
the mean concentration for each group, and error bars represent SEM.
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mean viral load of all the groups, although one of five animals
had a very low viral load. The viral load in this group was
significantly higher than that in the dSIVLR� group (P 	 0.05),
correlating with the lower levels of IFN-�, a critical mediator in
VV clearance (14, 37), secreted by both CD8� and CD4� T
cells after in vitro restimulation with SIV Gag. Again, the
pseudochallenge results correlated with the immune responses
measured as described above.

DISCUSSION

We have been investigating ways to produce safe and effi-
cacious vaccines by incorporating adjuvant and attenuating
genes. Our previous studies demonstrated that, in the VV and
SIV systems, the expression of IFN-� enhances host immune
defenses while attenuating pathogenic agents (16, 17, 27). Dif-
ferential production of cytokines by Th cells during an immune
response has important regulatory effects on the nature of
the response. Infection with virulent SIVmac239 induced a
Th2 response (high levels of IL-4, IL-10, macrophage inflam-
matory proteins 1� and 1�, monocyte chemoattractant protein
1, and RANTES and low levels of IL-12 and granzyme B),
whereas infection with the more attenuated SIV�nef resulted in
a Th1 response (53). Therefore, the maintenance of a Th1
phenotype is probably critical to the control of HIV/SIV rep-
lication. IFN-� inhibits the proliferation of Th2 cells, resulting
in the preferential expansion of Th1 cells (9). This cytokine
affects the activities of macrophages, natural killer cells, den-
dritic cells, and T cells by enhancing antigen presentation, cell
differentiation, and cytokine expression profiles, ultimately re-
sulting in enhanced antiviral effector functions (32). Thus, we
constructed VSV-G-pseudotyped single-cycle SIVs expressing
human IFN-� to enhance immunogenicity as well as mimic
live-attenuated vaccines, minimize pathogenesis, and expand
target cell populations (35). By placing the IFN-� gene at
different regions in the SIV genome, we obtained lower and
higher levels of IFN-� expression and showed that the resulting
constructs enhanced the activation and function of primate
dendritic cells in vitro (35).

To further test the immunogenicities of these constructs, we
replaced the human IFN-� gene with the rat IFN-� gene to
enable us to do preliminary experiments in a rat model. After

confirming that kinetics and levels of Gag expression were not
affected significantly by IFN-� expression in vitro (Fig. 2 and
Table 2), we compared the immunogenicities of the different
constructs by measuring immune responses to SIV Gag in
animals. It has been shown previously that rat-derived cells
support substantial levels of early HIV gene expression while
displaying quantitative, qualitative, and cell type-specific limi-
tations in supporting the expression of late genes such as gag
(22). We demonstrated that Gag is detectable in the superna-
tants of Rat-2 cells, although it is expressed at a lower level
than that in HeLa cells (Table 2). Although the lower viral
gene expression in rat cells may have affected vaccine immu-
nogenicity, there were detectable differences in resistance to
challenge. Thus, the rat model appears to be suitable for pre-
liminary studies before initiating experiments with nonhuman
primates.

IFN-� expression in both of our vaccine constructs enhanced
antigen-specific humoral and proliferative responses. How-
ever, the different levels of IFN-� had different effects on the
responses of CD4� and CD8� T lymphocytes to specific anti-
gen, as demonstrated by measuring IFN-� secretion. Com-
pared to vaccination with dSIVR, vaccination with dSIVLR�

induced strong CD4�-T-cell lymphoproliferative responses, in-
creased numbers of IFN-�-secreting CD8� T cells, and pro-
nounced Th1 polarization 2 weeks postboost. On the other
hand, vaccination with dSIVHR� resulted in decreased levels of
IFN-� secretion from both CD4� and CD8� T cells compared
to vaccination with dSIVR and dSIVLR�, although levels of
antibody, proliferative responses, and IL-2 secretion were sim-
ilar to those induced by vaccination with dSIVLR�. Moreover,
vaccination with dSIVLR� resulted in lower viral loads post-
challenge than vaccination with dSIVHR�; rats immunized with
dSIVHR� had mean viral loads higher than those found in the
mock-vaccinated controls. Since IFN-� is a critical component
of mediators essential to VV clearance (14, 37), a diminished
IFN-� response to viral antigens is likely to result in greater
virus replication. Hence, it is not surprising that in vitro assays
demonstrating less IFN-� secretion from both CD8� and
CD4� splenocytes from the dSIVHR�-vaccinated group after
restimulation correlated with higher postchallenge VV loads.
In contrast, vaccination with dSIVLR� appeared to result in a
prolonged effector phase, causing higher levels of responses to
nonspecific antigen (VSV-N) and greater memory responses to
specific antigen (Gag). These responses suggest that the ex-
pression of IFN-� at this level may induce immune responses
more similar to those induced by live-attenuated SIVs, due
possibly to persistent antigenic stimulation (24). How these
constructs influence long-term protective immunity against
SIV challenge remains to be determined.

The poorer protection against surrogate challenge in the
dSIVHR�-vaccinated rats suggests that the range of IFN-� ex-
pression levels required to enhance protective immunity is
relatively narrow and too much IFN-� can actually result in an
immune response that may potentiate viral replication by de-
creasing CD4�- and CD8�-T-lymphocyte responses. A very
similar result for a Mycobacterium tuberculosis vaccine regime
using IFN-� as an adjuvant was seen previously. Whereas a
dose of 5 �g of IFN-� per mouse per immunization gave
optimal protection, 50 �g of IFN-� per mouse resulted in a
virus load that was equal to or even higher than that observed

FIG. 8. VV loads in ovaries after surrogate challenge corresponded
to prechallenge T-cell responses. Immunized and naïve rats were chal-
lenged by vSIVgag-pol as described in Materials and Methods. Ovaries
were collected and assayed on BS-C-1 cells to determine VV loads 3
days postchallenge. Naïve rats served as a control. Data represent viral
loads in individual rats, and bars indicate the geometric mean for each
group.
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in naïve animals (20). A high level of IFN-� may activate
non-T-cell populations, such as macrophages and granulo-
cytes; the latter secrete factors including reactive oxygen me-
tabolites that impair T-cell activity by downregulating the 
subunit of the T-cell receptor complex (4). Consistent with this
pattern, other groups have suggested that high levels of IFN-�
promote the induction of inducible nitric oxide synthase by
activated macrophages, generating levels of nitric oxide (NO)
which can inhibit T-cell proliferation (23, 51). The inhibition is
dose dependent and transient (15, 25) and likely to be cell type
dependent, since CD8� T cells are more susceptible to the
detrimental effects of NO than CD4� T cells and B cells are
protected by NO against apoptosis (26, 33). This explains why
T and B cells reacted differently to high levels of IFN-� ex-
pression in the present study. The discrepancy in dSIVHR�-
induced immune responses between the present in vivo study
and our previous in vitro study is likely due to the fact that
monocyte-derived dendritic cells were used previously as anti-
gen-presenting cells, which are not affected by NO-mediated
immune impairment (51). Nevertheless, the in vitro study re-
sults and the in vivo proliferation and antibody responses in-
dicate that the lack of protection by dSIVHR� is not due to low
immunogenicity of this construct. This does not suggest, but
cannot exclude the possibility, that the overexpression of
IFN-� from the nef locus, encoding a viral early gene product,
might have had cytotoxic side effects that shortened the life
span of dSIVHR�-transduced cells and thereby reduced the
half-life of antigen presentation in vivo.

Other nonreplicating viral vectors, including modified VV
Ankara, replication-defective adenovirus, and alphavirus rep-
licons (7, 36, 47), have been used as SIV vaccine strategies for
safety reasons. Although strong CMI responses have been in-
duced, preexisting vector-induced immunity can interfere with
vaccine efficacy and may limit the efficiency of booster immu-
nization. Preexisting immunity to VSV-G in humans or rhesus
macaques is quite rare (8), and this approach should induce
the optimal level of immune response since there is no inter-
ference from previous vaccination with the vector. Moreover,
the construction of pseudotyped SIVs with different serotypes
of VSV-G may further increase the efficiency of booster im-
munizations by eliminating the interference of neutralizing
antibodies generated against the priming serotype (42). Since
the preparation of pseudotyped viral particles is relatively sim-
ple, VSV-G could also be replaced by other viral envelopes to
specifically target an organ or cell types (6, 48). Thus, this is an
open-ended system, with wide-ranging applications for differ-
ent therapeutic and prophylactic purposes. Another advantage
of our strategy is that it permits mucosal administration, since
this is the natural route of vesicular stomatitis virus (VSV)
infection (30). It has been shown previously that a single in-
tranasal (i.n.) immunization with a recombinant VSV express-
ing the hemagglutinin protein of influenza or measles virus
completely protects animals against lethal challenge with in-
fluenza or measles virus (40, 45). VSV expressing HIV/SIV gag
or env has been widely studied recently, with promising results
(36, 41). Significantly stronger antigen-specific CMI responses
to i.n. vaccination than to intramuscular vaccination have been
detected previously (8). Since our strategy also utilizes a VSV-
G-mediated entry mechanism, our future studies will employ

i.n. administration, which may further enhance mucosal immu-
nity.

A study of rhesus macaques immunized with a single-cycle
SIV showed promising results in inducing virus-specific immu-
nity and reducing viral loads after challenge with SIVmac239
(10). Our study provides evidence for the specific enhancement
of the CMI and humoral responses to SIV by the expression of
IFN-� in a single-cycle SIV construct and provides evidence
of the usefulness of the rat model. Due to the limited number of
animals in each group, high variations in viral loads in some
groups were observed, which may contribute to the lack of
significant differences in postchallenge virus loads. Lower viral
gene expression in rat cells than in primate cells may also affect
vaccine immunogenicity, as well as vaccine efficacy. Since
IFN-� may play different roles in VV and SIV clearance, it is
possible that we might observe different results if a direct SIV
challenge of rats was possible. Since the results in our study
were encouraging, we plan to conduct similar studies with
rhesus macaques to confirm our observations with the rat
model.
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