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A replication-competent rhabdovirus-based vector expressing human immunodeficiency virus type 1 (HIV-1)
Gag protein was characterized on human cell lines and analyzed for the induction of a cellular immune
response in mice. We previously described a rabies virus (RV) vaccine strain-based vector expressing HIV-1
gp160. The recombinant RV was able to induce strong humoral and cellular immune responses against the
HIV-1 envelope protein in mice (M. J. Schnell et al., Proc. Natl. Acad. Sci. USA 97:3544-3549, 2000; J. P.
McGettigan et al., J. Virol. 75:4430-4434, 2001). Recent research suggests that the HIV-1 Gag protein is
another important target for cell-mediated host immune defense. Here we show that HIV-1 Gag can efficiently
be expressed by RV on both human and nonhuman cell lines. Infection of HeLa cells with recombinant RV
expressing HIV-1 Gag resulted in efficient expression of HIV-1 precursor protein p55 as indicated by both
immunostaining and Western blotting. Moreover, HIV-1 p24 antigen capture enzyme-linked immunosorbent
assay and electron microscopy showed efficient release of HIV-1 virus-like particles in addition to bullet-shaped
RYV particles in the supernatants of the infected cells. To initially screen the immunogenicity of this new vaccine
vector, BALB/c mice received a single vaccination with the recombinant RV expressing HIV-1 Gag. Immunized
mice developed a vigorous CD8" cytotoxic T-lymphocyte response against HIV-1 Gag. In addition, 26.8% of
CD8™ T cells from mice immunized with RV expressing HIV-1 Gag produced gamma interferon after challenge
with a recombinant vaccinia virus expressing HIV-1 Gag. These results further confirm and extend the potency

of RV-based vectors as a potential HIV-1 vaccine.

Even though the requirements for protective immune re-
sponses against human immunodeficiency virus type 1 (HIV-1)
are not well defined, growing evidence suggests that a CD8*
cytotoxic T-lymphocyte (CTL)-mediated immune response is
critical in controlling HIV-1 infection (19, 35). This finding is
based on several studies showing that exposed but uninfected
individuals have HIV-1-specific CTLs without detectable anti-
bodies (42, 43). In addition, data show a strong correlation
between a high frequency of HIV-1-specific CTLs with a low
HIV-1 viral titer and a slow disease progression in chronically
HIV-1-infected individuals (24, 31). It also has been shown
that CTL numbers decline in association with progression of
AIDS (24). In addition, eliminating CD8" lymphocytes from
monkeys during chronic simian immunodeficiency virus (SIV)
infection resulted in a rapid and marked increase in viremia,
which was again suppressed coincident with the reappearance
of SIV-specific CD8" T cells (44). Taken together, these data
suggest that it is important for a potential HIV-1 vaccine to
induce a long-lasting and potent CTL response against HIV-1.

HIV-1 Gag is one of the most conserved proteins of HIV-1
(HIV Molecular Immunology Database, Theoretical Biology
and Biophysics, Los Alamos National Laboratory, Los Alamos,
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N. Mex., 1999), and epitopes which are conserved among dif-
ferent HIV-1 clades have been described for individuals in-
fected with HIV-1 (14, 27). These data suggest that HIV-1 Gag
is a promising target for an HIV-1 vaccine. Today, a variety of
approaches to generate an immune response against HIV-1
are in different stages of investigation, and recent approaches
include recombinant proteins (17, 39, 48), peptides (5, 7, 34),
naked DNA (3, 4, 9, 26, 36, 40, 50), and viral vectors (6, 12, 22,
30, 32, 33, 45). The induction of efficient CD8* T-lymphocyte-
mediated cellular immune responses requires the endogenous
synthesis of the target protein, which can be achieved easily
with recombinant, live viral vectors.

So far, the only effective method to protect macaques from
SIV infection is the use of live, attenuated SIV. It has been
shown that genetically attenuated SIV induces high titers of
anti-SIV antibodies and CTL activity, which protected against
subsequent challenge of the immunized animals with a patho-
genic SIV strain (11). A major drawback with the use of at-
tenuated-lentivirus vaccine approaches is the finding that even
a nef-deleted SIV can give rise to an AIDS-like disease in both
neonatal and adult macaques (reference 2 and references
therein). Additional concerns regarding the use of attenuated
lentiviruses arise from the recent finding that recombination of
live, attenuated SIV with challenge virus in some cases results
in an even more virulent strain (20). However, the overall
results indicate that live viral vectors might be excellent can-
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didates for an HIV-1 vaccine. A large number of recombinant
viral vectors have been tested in the SIV macaque model
system, but to date no protective immunity has been obtained,
although some amelioration of disease course has been seen
(6, 12, 33, 47). These results indicate that further research
studies are needed to improve the immunogenicity of currently
used viral vectors and further analyze the potency of new viral
vectors in the SIV-macaque system.

We have been shown previously that strong HIV-1 gp160-
specific CTLs can be elicited in mice after a single vaccination
with an attenuated-rabies virus (RV) vaccine strain-based vec-
tor. In addition, these responses were stable for at least 135
days after immunization, and recombinant RVs expressing
HIV-1 gp160 were able to induce cross-reactive CTLs against
a variety of different HIV-1 envelope proteins. In this study we
investigate the ability of a replication-competent RV vaccine
strain-based vector expressing HIV-1 Gag to elicit a HIV-1
Gag-specific CTL response in mice. Our results indicate that a
single inoculation results in a vigorous CTL response specific
for HIV-1, which further suggests the study of RV-based vec-
tors as a potential HIV-1 vaccine.

MATERIALS AND METHODS

Plasmid construction. All PCRs were performed using high-fidelity Vent
DNA polymerase (New England Biolabs) to minimize the introduction of se-
quence errors. pSBN was described previously (45) and was the target to intro-
duce a new single restriction site (PaclI; boldface) downstream of the RV G gene
by site-directed mutagenesis (GeneEditor) using primer 5'-GTGAGACCAGA
CTGTAATTAATTAACGTCCTTTCAACGATCC-3' as indicated by the manu-
facturer (Promega). The resulting plasmid was designated pSPBN. The gene
encoding HIV-1y; 4.3 Gag was amplified by PCR from pNL4-3 (1) using forward
primer  5'-AAACTCGAGCGTACGACAATGGGTGCGAGAGCGTCAG-3’
containing a BsiWI site (boldface) and reverse primer 5'-AAAGCTAGCTTAA
TTAATCGCGATTATTGTGACGAGGGGTCG-3' containing an Nhel site
(boldface). The PCR product was digested with BsiWI and Nhel and cloned into
pSPBN, which had been previously digested with BsiWI and Nhel. The resulting
plasmid was designated pSPBN-Gag.

Recovery of infectious RV from cDNA. For experiments involving recovery of
the recombinant RVs, the previously described RV recovery system was used
(15, 45). Briefly, BSR-T7 cells (8), which stably express T7 RNA polymerase,
were transfected with 5 pg of full-length RV ¢cDNA in addition to plasmids
encoding the RV N, P, L, and G proteins using a Ca,PO, transfection kit
(Stratagene), as instructed by the vendor. Three days posttransfection, superna-
tants were transferred onto fresh BSR cells, and infectious RV was detected 3
days later by immunostaining with fluorescein isothiocyante (FITC) against the
RV N protein (Centocor Inc.).

Immunofluorescence microscopy. BSR or HeLa cells were plated in six-well
plates containing coverslips and infected at a multiplicity of infection (MOI) of
0.1 for 48 h. Cells were fixed with 80% acetone at 4°C for 30 min, incubated with
a monoclonal human antibody directed against the HIV-1 p24 antigen (18)
(diluted 1:50) for 1 h at room temperature and again washed three times with
phosphate-buffered saline (PBS). After incubation for another 30 min with goat
anti-human FITC (diluted 1:200; Jackson ImmunoReasearch), cells were washed
three times with PBS and analyzed by fluorescence microscopy. A FITC-labeled
antibody against RV N (Centocor Inc.) was used as described previously (16, 45).

HIV-1 p24 antigen capture ELISA. HeLa cells were infected at a MOI of 5.
Forty-eight hours later, supernatants were collected and cells were resuspended
in lysing buffer (Triton X-100 in PBS-2-chloroacetamide). The supernatants and
cell suspension were transferred to microcentrifuge tubes and spun for 2 min at
14,000 rpm to remove cell debris. The quantification of the Gag p24 protein in
cell supernatants and lysates was performed using the p24 antigen enzyme-linked
immunosorbent assay (ELISA), as described by the manufacturer (ZeptoMetrix,
Inc.).

Electron microscopy. HeLa cells were infected at a MOI of 1 for 48 h, fixed at
room temperature in neutral buffered 2.5% glutaraldehyde, and gelled into warm
agar. They were postfixed in 1% OsO,, dehydrated in graded ethanol and
propylene oxide, and embedded in Spurr’s epoxy. Thin sections were cut and
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stained with uranyl acetate and lead citrate and examined with a LEO EM10
electron microscope at 60 kV.

Western blotting. HeLa cells were infected at a MOI of 2 for 24 h and
resuspended in lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% NP-40, 0.1%
sodium dodecyl sulfate [SDS], 1X protease inhibitor cocktail [Sigma]) on ice for
5 min. The suspension was transferred to a microcentrifuge tube and spun for 1
min at 16,000 X g to remove cell debris. Proteins were separated by SDS-10%
polyacrylamide gel electrophoresis (PAGE) and transferred to a PVDF-Plus
membrane (Osmonics, Minnetonka, Minn.). Blots were blocked for 1 h (5% dry
milk powder in PBS [pH 7.4]). After being blocked, blots were washed twice
using a 0.1% PBS-Tween 20 solution and incubated with a human anti-p24
antibody (diluted 1:500) or polyclonal rabbit anti-RV G antibody (16). Blots
were then washed three times with 0.1% PBS-Tween. Secondary goat anti-
human or goat anti-rabbit horseradish peroxidase-conjugated antibodies (diluted
1:25,000) (Jackson ImmunoResearch) were added, and blots were incubated
overnight at 4°C. Blots were washed three times with 0.1% PBS-Tween and
washed once with PBS (pH 7.4). Chemiluminescence analysis (NEN) was per-
formed as instructed by the vendor.

Cytotoxicity assays. Groups of five 6- to 8-week-old female BALB/c mice
(Harlan) were inoculated intraperitoneally (i.p.) with 107 focus-forming units
(FFU) of SPBN-Gag. To analyze the induction of a specific CTL response
against HIV-1 Gag, spleens from two mice of each group were aseptically
removed and combined and single-cell suspensions were prepared. Red blood
cells were lysed with ACK lysing buffer (BioWhittaker), splenocytes were washed
twice in RPMI-10 medium containing 10% fetal bovine serum and pulsed with 10
wg of the major histocompatibility complex (MHC) class I-restricted p24 peptide
(amino acids AMQMLKETTI)/ml, and 10% T-STIM (Collaborative Biomedical
Products) was added as a source of interleukin-2 (IL-2). Cytolytic activity of
cultured CTLs was measured by a 4-h assay with >'Cr-labeled P815 target cells.
Target cells were prepared by incubating them with 10 g of p24 peptide/ml-100
wCi of >'Cr for 2 h and washed twice and were added to effector cells at various
effector-to-target cell ratios for 4 h. The percentage of specific >'Cr release was
calculated as 100 X (experimental release — spontaneous release)/(maximum
release — spontaneous release). Maximum release was determined from super-
natants of cells that were lysed by the addition of 5% Triton X-100. Spontaneous
release was determined from target cells incubated without added effector cells.

Intracellular IFN-y staining and flow cytometry analysis. Groups of 6- to
8-week-old female BALB/c mice were inoculated i.p. with 107 FFU of recombi-
nant RV expressing HIV-1 Gag (SPBN-Gag) or vector alone (SPBN). Nine
weeks postimmunization, mice were challenged with vaccinia virus expressing
HIV-1 gag (21) (vP1287) or an unrelated hepatitis C virus (HCV) protein. Five
days later, spleens were removed, single-cell suspensions were prepared, and red
blood cells were removed. Cells were cultured at 2 X 10° cells/ml with or without
p24 peptide (AMQMLKETT) for 16 h and treated with GolgiPlug (PharMingen)
to inhibit cytokine secretion from the Golgi apparatus for an additional 6 h. Cells
were incubated with rat anti-mouse CD16-CD32 (1 pg/10° cells) (PharMingen)
to inhibit nonspecific binding by the fluorescent antibodies. Cells were washed
twice with staining buffer (PBS containing 1% fetal bovine serum) and then
stained with phycoerythrin-conjugated monoclonal rat anti-mouse CD8 antibody
(0.06 pg/10° cells) (Pharmingen) and washed twice in staining buffer. Cells were
resuspended in 50 pl of staining buffer, 100 pl of fixation medium (Caltag
Laboratories) was added, and cells were incubated for 15 min at room temper-
ature. Fixed cells were washed three times with PBS and resuspended in 100 .l
of permeabilization medium (Caltag Laboratories) containing 0.12 pg of FITC-
conjugated rat anti-mouse gamma interferon (IFN-y) monoclonal antibody
(Pharmingen)/10° cells for 15 min at room temperature. Cells were washed three
times with PBS and counted by flow cytometry. Surface (immunoglobulin 2a
[IgG2a] K) and internal (IgG1) isotype-matched negative controls (Pharmingen)
were analyzed as control samples.

Tetramer analysis of splenic lymphocytes and peripheral blood. Groups of 6-
to 8-week-old female BALB/c mice were inoculated i.p. with 107 FFU of recom-
binant RV expressing HIV-1 Gag (SPBN-Gag). Eleven weeks postimmunization,
mice were challenged with vaccinia virus expressing HIV-1 Gag (vP1287) or an
unrelated hepatitis C virus (HCV) protein. Five days later, spleens were removed
and single-cell suspensions were prepared and purified over Lympholyte-M (Ce-
darLane Laboratories). Cells (3 X 10°) were washed twice in fluorescence-
activated cell sorter (FACS) buffer (PBS supplemented with 2% fetal bovine
serum) and incubated with rat anti-mouse CD16-CD32 (1 wg per 10° cells; Fc
Block; Pharmingen)-33 g of unconjugated streptavidin (Molecular Probes)/ml
for 1 h on ice. Cells were washed twice with FACS buffer and incubated with 2
wl of the tetramer (H-2K(d)/AMQMLKETI) from the HIV-1 Gag p24 protein
and 2 pg of FITC-conjugated rat anti-mouse CD8 antibody (Caltag)/ml for 30
min at room temperature with occasional agitation. Cells were washed three
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times with FACS buffer and resuspended in 300 wl of PBS containing 2%
paraformaldehyde and analyzed by FACScan. Similarly, peripheral blood was
collected from SPBN-Gag-immunized and vaccinia virus-challenged mice and
incubated with 2 pl of the tetramer-2 pg of FITC-conjugated rat anti-mouse
CD8 antibody (Caltag)/ml for 30 min at room temperature with occasional
agitation. Cells were washed three times with FACS buffer and resuspended in
300 wl PBS containing 2% paraformaldehyde and analyzed by FACScan.

RESULTS

Construction of replication-competent RV expressing HIV-1
Gag protein. Recent research shows that foreign proteins such
as HIV-1 gpl60 are stably expressed by RV-based vaccine
vectors (45). Moreover, long-lasting and vigorous humoral and
cellular immune responses against the expressed HIV-1 enve-
lope proteins in vaccinated mice were observed (45). Another
important target for a vaccine against HIV-1 is HIV-1 Gag,
one of the most conserved proteins of HIV-1. We reported
previously the construction of a recombinant RV vaccine-
based vector SBN that contains a synthetic RV transcription
unit and two single restriction sites downstream of the glyco-
protein (G) gene (45). Site-directed mutagenesis and a PCR
strategy were used to introduce a new single Pacl restriction
site downstream of the coding region for the RV glycoprotein
(G) gene into the pSBN cDNA, resulting in pSPBN (Fig. 1A).
To construct a recombinant RV expressing HIV-1 Gag, the
HIV-1y; 45 gag coding region was amplified by PCR and
cloned into pSPBN using the BsiWI and Nhel sites. The re-
sulting plasmid was designated pSPBN-Gag (Fig. 1A). Recom-
binant replication-competent RVs SPBN and SPBN-Gag were
recovered by transfection of BSR cells stably expressing the T7
RNA polymerase with plasmids encoding the RV N, P, and L
proteins along with a plasmid coding for the respective RV
full-length antigenomic RNA. Three days after transfection,
supernatants of transfected cells were transferred to fresh cells
and 3 days later were analyzed by indirect immunofluorescence
microscopy for the presence of infectious RVs. A positive
signal for RV nucleoprotein confirmed the successful recovery
of recombinant RVs SPBN and SPBN-Gag (data not shown).
In contrast to the previously recovered recombinant RVs ex-
pressing the HIV-1 envelope protein (16), SPBN and SPBN-
Gag grew to titers similar to those for the parental vector,
SBN, which were at least 2 X 108,

Expression of HIV-1 Gag protein in infected cells. To ensure
expression of HIV-1 Gag from the recombinant RV, HelLa
cells were infected with SPBN or SPBN-Gag at a MOI of 0.1
and the infected cells were analyzed by immunofluorescence
48 h after infection. As shown in Fig. 1B, expression of the RV
nucleoprotein (N) was detected in cells infected with SPBN
and SPBN-Gag (Fig. 1B, A and B), whereas expression of
HIV-1 Gag could only be detected in SPBN-Gag-infected cells
(Fig. 1B, B").

In the next step we analyzed cell lysates from HeLa cells
infected with SPBN or SPBN-Gag by SDS-PAGE followed by
immunoblotting with a human monoclonal antibody directed
against HIV-1 capsid protein p24 (Fig. 2, lanes 1 to 3) or a
polyclonal rabbit antibody against RV G (Fig. 2, lanes 4 to 6).
A strong signal identified a protein at the expected size for
HIV-1 Gag precursor p55 in the case of SPBN-Gag-infected
cells (Fig. 2, lane 2), whereas no HIV-1 Gag protein was
detected in cell lysates of SPBN-infected cells (Fig. 2, lane 1).

J. VIROL.

In cell lysates from control cells infected with HIV-1 multiple
protein bands were detected; these bands represent proteolytic
cleavage products of the HIV-1 p55 precursor protein (Fig. 2,
lane 3). Because SPBN-Gag does not contain the HIV-1 pro-
tease, the smaller protein bands detected in SPBN-Gag-in-
fected cells are probably derived from early termination and/or
internal initiation of p55 translation.

Infection of human cells with recombinant RV expressing
HIV-1 Gag results in the release of immature HIV-1 VLPs. To
quantify expression of HIV-1 Gag by recombinant RV SPBN-
Gag, cells were infected with SPBN or SPBN-Gag at a MOI of
1 and cell culture supernatants and cell lysates were analyzed
48 h later by a p24 antigen capture ELISA. The results, shown
in Table 1, indicate the efficient production and release of
HIV-1 p55 in the range of 2 to 4.5 ng/ml for both BSR and
HeLa cells infected with SPBN-Gag. No p24 antigen was de-
tected on control cells infected with RV expression vector
SPBN (Table 1). These results show that RV-based vectors are
able to efficiently produce HIV-1 Gag in human and nonhu-
man cell lines and also confirm the previous finding that RV-
based vectors are able to replicate efficiently in cell lines de-
rived from humans (29), an important requirement for an
HIV-1 vaccine vector. These results were also confirmed for
human and rhesus monkey peripheral blood mononuclear cells
(PBMC; data not shown).

RV infection does not cause a cytopathic effect on most cells
lines, and we therefore speculated that the majority of the
detected HIV-1 Gag was due to HIV-1 virus-like particles
(VLPs) rather than free p55 from lysed cells. To study the
generation of the HIV-1 VLPs, HeLa cells were infected at a
MOI of 1 for 48 h. Cells were fixed at room temperature in
neutral buffered 2.5% glutaraldehyde and gelled into warm
agar. These cells were postfixed in 1% OsO,, dehydrated in
graded ethanol-propylene oxide, and embedded in Spurr’s ep-
oxy. Thin sections were cut and stained with uranyl acetate and
lead citrate and examined. The results shown in Fig. 3A indi-
cated high production of RV and immature HIV-1 VLPs, both
on the plasma membrane and in cytoplasmic vacuoles. It is
interesting that some HIV-1 VLPs apparently are budding
from the ends of RV particles (Fig. 3B and C), indicating the
simultaneous budding of large amounts of RV virions and
HIV-1 VLPs at the same location of the host cell membrane.

Induction of HIV-1 Gag-specific CTL responses in mice
immunized with SPBN-Gag. First, we addressed the question
of whether the recombinant RV expressing HIV-1 Gag was
able to induce a cellular immune response in mice. Our pre-
vious results with recombinant RV expressing HIV-1 gp160
indicated that RV-based vectors were able to induce vigorous,
long-lasting CTL responses after a single inoculation. To ana-
lyze if this was also the case for HIV-1 Gag, BALB/c mice were
vaccinated once i.p. with 107 FFU of SPBN-Gag. Six weeks
postimmunization, three mice were sacrificed and splenocytes
were pooled and stimulated with naive mouse splenocytes that
were pulsed with 10 wg of MHC class I-restricted p24 pep-
tide/ml for 7 days and cytolytic activity was measured by a
standard chromium release assy. As can been observed in Fig.
4, a strong cytotoxic response only against P815 target cells
pulsed with the p24 peptide and not against control cells with-
out the p24 peptide can be detected. The same results were
achieved in three independent experiments. Of note, the spe-
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FIG. 1. Construction of recombinant RVs and expression of HIV-1 Gag from RV. (A) RV vaccine strain-based expression vector (top; SPBN).
The HIV-1y, 4.5 gag coding region was amplified by PCR and cloned into SPBN using the BsiWI and Nhel sites. The resulting plasmid was
designated pSPBN. (B) Expression of HIV-1 Gag from recombinant SPBN-Gag. HelLa cells were infected at a MOI of 0.1 with SPBN (A and A")
or SPBN-Gag (B and B') and analyzed by immunofluorescence microscopy with an antibody directed against RV N (A and B) or HIV-1 Gag (A’

and B') 48 h after infection.

cific lysis still reached 70% at an effector-to-target ratio of
12.5:1, confirming that priming with recombinant RVs is an
excellent strategy for a potential HIV-1 vaccine. Because RV
replicates efficiently in both human and nonhuman primate
cells, similar responses may be obtained in vaccinees other
then mice. Even though the p24 peptide is MHC class I re-
stricted, we decided to reconfirm that cytotoxic activity was

mediated by CD8" T cells. In vitro p24-restimulated spleno-
cyte cultures of SPBN-Gag-immunized mice were divided into
CD8" and CD8™ cells. As expected, the CD8"-depleted cul-
tures showed no activity while the CD8* T-cell-enriched and
unprocessed cultures showed high specific lysis. In addition,
the CD8" T-cell-enriched population was enriched in lytic
units (data not shown).
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FIG. 2. Western blot analysis of recombinant RVs expressing
HIV-1 Gag. HelLa cells were infected at a MOI of 5 with SPBN or
SPBN-Gag and lysed 24 h later. Proteins were separated by SDS-
PAGE and analyzed by Western blotting. An antibody directed against
HIV-1 p24 antigen detected a prominent band at the expected size for
HIV-1 (lane 2); no signal was detected for SPBN-infected control cells
(lane 1). Lysates from HIV-1y; 4 5-infected SupT1 cells served as a
control (lane 3). A antibody directed against RV G confirmed the
infection of the cells with RV (lanes 4 and 6).

Flow cytometry analysis of IFN-y-producing cells. It has
been shown clearly that CD8* lymphocytes play an important
role in controlling HIV-1 infection. The results described
above indicated that an RV-based vector expressing HIV-1
pS5 is able to induce a potent, HIV-1 Gag-specific memory
response, which was indicated by functional CTLs. In the next
step, we analyzed if successful priming with SPBN-Gag can
also be detected in vivo. To analyze this in a more quantitative
manner, the percentages of IFN-y CD8" T cells after chal-
lenge with a recombinant vaccinia virus expressing HIV-1 Gag
(vv-Gag) were determined. In contrast to HIV-1, vaccinia virus
replicates well in mice and was described previously as a suit-
able challenge vector to analyze priming against HIV-1 Gag by
vaccine vectors (38, 52). Groups of 10 BALB/c mice were
immunized with SPBN-Gag or SPBN as a vector control. Nine
weeks after immunization, mice were challenged with 107 PFU
of vw-Gag or a recombinant vaccinia virus expressing the struc-
tural proteins of HCV as a control (vw-HCV). Five days after
the challenge infection, two mice in each group were sacrificed
and spleens were removed. To determine the number of HIV-1
Gag-specific T cells expressing IFN-y, splenocytes were cul-

TABLE 1. Quantification of HIV-1 Gag in lysates and supernatants
from SPBN- or SPBN-Gag-infected cells”

Gag level (ng/ml) due to

Cell line, sample type infection with:

SPBN-Gag SPBN
HeLa, lysates 2.1 <0.1
HeLa, supernatants 4.5 <0.1
BSR, lysates 2.0 <0.1
BSR, supernatants 1.9 <0.1

“ BSR and HelLa cells were infected with SPBN or SPBN-Gag for 48 h, and
p24 antigen was quantified using a p24 antigen ELISA.

J. VIROL.

tured with or without p24 peptide for 24 h followed by immu-
nostaining with two antibodies directed against murine IFN-y
or CDS8. The flow cytometry analysis is shown in Fig. 5. We
observed a high number of IFN-y-secreting cells (2.7% of the
total splenocytes and 26.8% of the total CD8" T cells) 5 days
after the challenge with vw-Gag in spleens of SPBN-Gag-im-
munized mice. As expected, control animals primed with
SPBN and challenged with vw-Gag showed only a low number
of IFN-y-secreting CD8" T cells, confirming that the high
numbers of IFN-vy-secreting CD8" T cells were due to the
SPBN-Gag priming and not to the vv-Gag challenge.

The high number of CD8" T cells after challenge with vv-
Gag but not with vw-HCV was also confirmed by staining with
the K%-p24 tetramer specific for the immunodominant HIV-1
Gag epitope (AMQMLKETI) recognized in H-2¢ mice. It was
found that 30.8 or 44.5% of the CD8™ T cells from splenocytes
or peripheral blood mononuclear cells (PBMCs), respectively,
of SPBN-Gag-immunized mice were tetramer positive after
challenge with vv-Gag whereas only a low number (0.8%) of
the CD8™ T cells were detected after the challenge with vv-
HCV (Fig. 6).

DISCUSSION

We described herein the biochemical characterization and
immunogenicity of recombinant RV expressing the HIV-1 Gag
protein. Our analyses shows that RV-based vectors stably ex-
press the HIV-1 Gag p55 precursor protein, which is identical
in size to Gag expressed by HIV-1. Infection of human cells
with the recombinant RV expressing HIV-1 Gag resulted in a
large quantity of immature HIV-1 VLPs in addition to bullet-
shaped RV particles. The expression of HIV-1 Gag and pro-
duction of VLPs have been shown previously with other ex-
pression systems such as viral vectors and naked DNA (23, 41,
52). HIV-1-derived VLPs have been demonstrated to be im-
munogenic and are able to induce both cellular and humoral
responses (13, 49). One advantage of the RV-based system is
that RV grows very efficiently on human cells without killing
the infected cells (46, 51); this results in the long-term produc-
tion of VLPs. Compared to vaccines based on DNA, the ad-
vantage of replication-competent viral vectors such as RV is
the spread of the viral vector and therefore expression of the
antigen in a large number of cells.

We previously showed that RV-based vectors expressing the
HIV-1 envelope protein are able to induce strong HIV-1 en-
velope protein-specific CTLs in the mouse model (28). In con-
trast to other vaccine approaches (10, 41), a single inoculation
with recombinant RV expressing HIV-1 gp160 was sufficient to
prime the immune system for a long-term memory response.
Moreover, RVs expressing gp160 from one HIV-1 strain in-
duced HIV-1 envelope-specific CTLs that were able to cross-
react efficiently with envelope proteins from other HIV-1
strains, including primary viral isolates (28).

We were able to confirm and expand the results observed for
HIV-1 gp160 with another important target for an HIV-1 vac-
cine, namely, HIV-1 Gag. Research results indicated that Gag-
specific CD8" T cells are important in controlling virus load
during acute infection (25). In addition, recent research
showed that multiple inoculations with a DNA vaccine encod-
ing HIV-1 Gag in addition to human interleukin-2 protected
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FIG. 3. Evaluation of recombinant RV expressing HIV-1 Gag by electron microscopy. HeLa cells were infected with SPBN-Gag at a MOI of
1 for 48 h. Cells were fixed at room temperature in neutral buffered 2.5% glutaraldehyde and gelled into warm agar. The cells were postfixed in
1% OsO,, dehydrated in graded ethanol-propylene oxide, and embedded in Spurr’s epoxy. Thin sections were cut and stained with uranyl acetate
and lead citrate and examined with a LEO EM10 electron microscope at 60 kV. The figure shows large numbers of bullet-shaped RV particles
(A, white arrows) and late-budding and immature HIV-1 particles (A, black arrows) both on the plasma membrane and in cytoplasmic vacuoles
Magnification: X43,000 (A) and X131,000 (B to D).
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FIG. 4. HIV-1-specific CTLs after a single immunization with
SPBN-Gag. BALB/c mice were inoculated i.p. with 10" FFU of recom-
binant RV expressing HIV-1 Gag. Three weeks postimmunization,
splenocytes from three mice were pooled and stimulated with the p24
peptide (AMQMLKETT). Cytolytic activity of cultured CTLs was mea-
sured after 7 days. The target cells (P815) were pulsed with the p24
peptide (plus peptide) or were not pulsed (minus peptide).

rhesus macaques from developing an AIDS-like disease (4).
Our data presented here indicate that RV-based vectors ex-
pressing HIV-1 Gag might be able to induce similar responses
without the need for multiple inoculations. Another advantage
of a rhabdovirus-based vector over DNA-based vaccines is that

J. VIROL.

no modification of the antigen-encoding sequence(s) is re-
quired. Recent data indicate that numerous modifications, for
example, of HIV-1 gag, are required to achieve sufficient ex-
pression and immunogenicity in mice (37, 38, 52). Because RV
exclusively replicates in the cytoplasm of the infected cells,
expressing the Gag-encoding RNA is independent from the
HIV-1 Rev and Rev-responsive elements. This is also advan-
tageous considering the dramatic variability of the HIV-1 ge-
nome, which may require vaccine vectors expressing HIV-1
antigens from different strains or clades (HIV Molecular Im-
munology Database, Theoretical Biology and Biophysics, Los
Alamos National Laboratory, Los Alamos, N.Mex., 1999).
Although RV is an attractive candidate vector for an HIV-1
vaccine, safety, as with every live-virus vector, is also the major
concern for the use of RV. Of note, the RV vector utilized in
our studies is based on an RV vaccine strain successfully ap-
plied for oral immunization of wild animals for more than 10
years in Europe. It is completely apathogenic after peripheral
application in a variety of animals, including chimpanzees (Re-
port of the Fourth W. H. O. Consultation on Oral Immuniza-
tion of Dogs against Rabies [W. H. O./Rab.Res./93.42], 1993).
In addition, preliminary data from our laboratory and other
laboratories indicate that it is possible to construct an RV
expression vector which does not cause the disease rabies even
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FIG. 5. Induction of HIV-1 Gag-specific IFN-y-producing CD8™" T cells in BALB/c mice after a single immunization with SPBN-Gag. Groups
of 6- to 8-week-old female BALB/c mice were inoculated i.p. with 107 FFU of recombinant RV expressing HIV-1 Gag (SPBN-Gag) or vector alone
(SPBN). Nine weeks postimmunization, mice were challenged with recombinant vaccinia virus expressing HIV-1 Gag (vv-Gag) or the HCV
structural protein (vw-HCV). Five days later, spleens were removed and cells were stimulated in vitro with or without the p24 peptide
(AMQMLKETTI) for 16 h as described in Materials and Methods. Cells were stained with phycoerythrin-conjugated monoclonal rat anti-mouse
CD8a antibody and a FITC-conjugated rat anti-mouse IFN-y. The number in each panel indicates the percentage of CD8" T cells secreting IFN-y.
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FIG. 6. Staining of PBMCs or splenocytes with the K%A
MQMLKETI MHC peptide tetrameric complex. Mice were immu-
nized as described for Fig. 5, and 11 weeks postimmunization they
were challenged with recombinant vaccinia virus expressing the HCV
structural protein (A and B) or HIV-1 Gag (A’ and B’). Five days
later, PBMC (A and A’) or splenocytes (B and B') were isolated and
cells were stained with FITC-conjugated rat anti-mouse CD8 antibody
and the K“AMQMLKETI MHC peptide tetrameric complex. PE,
phycoerythrin.

after direct inoculation into the brains of mice (B. Dietzschold
and M. J. Schnell, unpublished data).

In summary, the data presented here and previous to this
article indicate that RV-based vectors are excellent vaccine
vehicles to induce strong humoral and cellular immune re-
sponses against HIV-1 Gag and gp160 in the mouse model
(28). Of note, further studies are required to determine if the
strong immune response against HIV-1 Gag and gpl60 in-
duced by RV-based vectors in mice can also achieved in rhesus
monkeys. We are optimistic that our preliminary data support
this idea because recombinant RVs expressing the SIV enve-
lope protein are able to replicate efficiently in human (16) and
rhesus monkey PBMC (J. P. McGettigan and M. J. Schnell,
unpublished data). The finding that chimpanzees orally immu-
nized with an RV vaccine strain seroconvert against RV pro-
teins after a single inoculation (Report of the Fourth W. H. O.
Consultation on Oral Immunization of Dogs against Rabies
[W. H. O./Rab.Res./93.42], 1993) also indicates that RV-based
vectors have the potency to induce mucosal immunity. Taken
together, these data emphasize the need for prompt testing of
RV-based vaccine vectors in the SIV-rhesus macaque model
system.
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