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Rabies virus (RV) vaccine strain-based vectors show great promise as vaccines against other viral diseases
such as human immunodeficiency virus type 1 (HIV-1) infection and hepatitis C, but a low residual pathoge-
nicity remains a concern for their use. Here we describe several highly attenuated second-generation RV-based
vaccine vehicles expressing HIV-1 Gag. For this approach, we modified the previously described RV vaccine
vector SPBN by replacing the arginine at position 333 (R333) within the RV glycoprotein (G) with glutamic acid
(E333), deleting 43 amino acids of the RV G cytoplasmic domain (CD), or combining the R333 exchange and
the CD deletion. In addition, we constructed a new RV vector that expresses HIV-1 Gag from an RV tran-
scription unit upstream of the RV phosphoprotein gene (BNSP-Gag) instead of upstream of the G gene. As
expected and as demonstrated for SPBN-Gag, all vaccine vehicles were apathogenic after peripheral admin-
istration. However, the new, second-generation vaccine vectors containing modifications in the RV G were also
apathogenic after intracranial infection with 10° infectious particles, and BNSP-Gag produced a 50%-reduced
mortality in mice. Of note, the observed attenuation of pathogenicity did not result in either the attenuation
of the humoral response against the RV G or the previously observed robust cellular response against HIV-1
Gag. These findings demonstrate that very safe and highly effective RV-based vaccines can be constructed and

further emphasize their potential utility as efficacious antiviral vaccines.

Rabies virus (RV) is a nonsegmented negative-strand RNA
virus of the Rhabdoviridae family. The 12-kb RV genome en-
codes five monocistronic RNAs encoding the nucleocapsid
protein (N), phosphoprotein (P), matrix protein (M), the sin-
gle transmembrane protein G, and the viral polymerase (L).
The RV virion consists of an internal core or ribonucleopro-
tein (RNP) complex, which is composed of the viral RNA
encased in the N protein and associated with P and L (32) and
an external component, the viral envelope, which consists of
the host-cell derived membrane with the M protein located at
its inner surface and the membrane-spanning G protein (18,
19). The G protein is responsible for both the interaction with
a cellular receptor(s) and pH-dependent membrane fusion
(33).

RV pathogenicity has been studied for more than 100 years,
with research results indicating that RV consists of a wide
array of variants. These can range from highly pathogenic
strains, such as silver-haired bat virus, to extremely attenuated
RV vaccine strains, such as SAG-2, which are not pathogenic
in severe combined immunodeficiency (SCID) mice after oral
application (20, 23; C. Hanlon, M. Fiorello, C. L. Schumacher,
V. Shankar, A. Hamir, and C. Rupprecht, Abstr. 4th Annu. Int.
Meet. Adv. Rabies Control Americas, 1993). Two proteins
have been associated with RV pathogenesis, namely, P and G.
It has been suggested that a specific interaction of a conserved
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domain within RV P and the cytoplasmic dynein light chain
(LC8) is responsible for retrograde transport to the central
nervous system and, therefore, is partly responsible for RV
pathogenesis (14, 24, 25). Recently, Mebatsion showed that the
deletion of 11 amino acids (aa) within P abolishes the P-LC8
interaction and reduces the efficiency of the peripheral spread
of RV (17). A large body of evidence, however, shows that RV
G, the only target for neutralizing antibodies, is the major
contributor to the pathogenicity of the virus. The RV G pro-
tein must interact effectively with cell surface molecules that
can mediate rapid virus uptake (6, 22, 30). An important
pathogenicity marker of RV is the arginine residue at position
333 (R333) of RV G, and a change to glutamic acid (E333) or
aspartic acid (D333) not only abolishes RV pathogenesis but
also hampers the virus ability to enter motor neurons (5).
Certain partially attenuated vaccine strains can be completely
attenuated, even after intracranial (i.c.) inoculation, by the
E333 exchange; however some pathogenic RV strains cannot
be fully attenuated with this mutation, indicating that other
mutations in the RV G may be necessary (23).

It has been shown that the deletion of the RV G cytoplasmic
domain (CD) reduces both the viral titer and spread of RV
(18), but changes in the pathogenicity of such a modified RV
were not analyzed. However, a recombinant vesicular stoma-
titis virus (VSV) expressing influenza A virus hemagglutinin
(HA) that contains a truncation of the VSV G CD was com-
pletely attenuated in a small-animal model. Mice immunized
intranasally with VSV carrying the CD-deleted G showed no
weight loss and were protected against influenza A virus chal-
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lenge. However, the parental virus expressing HA caused a
transient 20% weight loss (26).

It has also been shown for VSV that certain rearrangements
of the VSV gene order and expression of VSV G from a
further-3’ location can eliminate the potential for the virus to
cause disease and protect the natural host from VSV challenge
(2, 10, 11). However, the usefulness of vectors with these
changes as vaccine vehicles has not been analyzed.

Earlier studies from our laboratory have shown that RV is a
highly effective vaccine vehicle. Immunization with RV vaccine
strain-based vectors expressing human immunodeficiency virus
type 1 (HIV-1) Gag or Env induces humoral and vigorous
cellular responses against the expressed antigens. In addition,
immunization with killed RV virions containing hepatitis C
virus (HCV) E2 in their envelopes resulted in mouse serocon-
version against HCV E2 after two inoculations without adju-
vant. Whereas the use of killed RV is no concern in humans,
the use of a viral vector always raises safety concerns. Our
currently utilized RV-based vectors are very safe after periph-
eral application, but even a low vaccine vector-induced patho-
genesis is undesirable.

Here we describe a second generation of RV-based vectors.
To define the role of the R333 and the CD of RV G for vaccine
vector-related pathogenesis, we constructed several recombi-
nant RV vaccine strain-based vectors expressing HIV-1 Gag
containing the mutated G proteins. In addition, we constructed
a new RV vector that expresses HIV-1 Gag from an RV tran-
scription unit upstream of the RV phosphoprotein gene
(BNSP-Gag). As expected, all vaccine vehicles were apatho-
genic after peripheral administration. However, the new, sec-
ond-generation vaccine vectors containing modifications in the
RV G were also apathogenic after i.c. infection with 10° infec-
tious particles, and BNSP-Gag produced a 50%-reduced mor-
tality in mice. These data indicate that we are able to eliminate
vector-associated pathogenesis and show that it is possible to
create vaccine vectors for human use which may be safer than
other recombinant vaccine vectors currently under investiga-
tion.

MATERIALS AND METHODS

Plasmid construction. The plasmid encoding a recombinant RV vaccine vector
(pSPBN) and pSPBN containing HIV-1 Gag (pSPBN-Gag) were described pre-
viously (17). To create a new RV vaccine vector expressing a foreign gene from
a further-3’ position, pPSPBN was digested with BsiWI and Nhel and 5’ overhangs
were filled in with DNA polymerase I large fragments (Klenow) and religated.
The plasmid was designated pSP. pSP was the target to introduce a new tran-
scription stop-start sequence, as well as a single BsiWI and Nhel site by using a
PCR strategy. First, two fragments were amplified by PCR from pSPBN using
Vent polymerase (New England Biolabs) and the forward primer RP64 (5'-TG
TGCTGCAAGGCGATTAAG-3") or RP100 (5'-CCCGCTAGCCATGAAAA
AAACTAACACCCCTCC-3"). The reverse primer was RP60 (5'-GACTTGGA
TCGTTGAAAG-3") or RP99 (5'-CCCGCTAGCAAAACGTACGGGAGGGG
TGTTAGTTTTTTTCATGTTATGAGTCACTCGAATATG-3"). The PCR
products were digested with Nhel and were ligated, and the 3.5-kb fragment was
eluted from a gel. The fragment was reamplified with primers RP60 and RP64,
gel purified, and digested with Ncol and PstI and was ligated to pSP previously
digested with Ncol and PstI. The plasmid was designated pBNSP. To construct
a recombinant BNSP expressing HIV-1 Gag, pSPBN-Gag was digested with
BsiWI and Nhel and the 1.5-kb fragment was eluted from an agarose gel and
cloned into pBNSP previously digested with BsiWI and Nhel.

The second-generation RV-based vaccine strain vehicles containing modified
G proteins were constructed by using a PCR strategy and site-directed mutagen-
esis. First, we replaced the arginine at position 333 within the RV G with
glutamic acid by using site-directed mutagenesis (GeneEditor; Promega Inc.)
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with RP10 (5'-CACTACAAGTCAGTCGAGACTTGGAATGAGATC-3') and
with pSBN (28) as a target. The resulting plasmid was designated pSBN-333. The
coding sequence for RV G-333 was amplified by PCR from pSBN-333 and used
to replace that for wild-type G in pSPBN-Gag by utilizing the Xbal/Hpal sites
flanking G (Fig. 1). The plasmid was designated pSPBN-333-Gag. The recom-
binant RV pSPBN-ACD-Gag and pSPBN-ACD-333-Gag were constructed by
replacing the RV G gene in SPBN-Gag with the PCR product from the template
SPBN or SBN-333 by using the primers RP11 (5'-CCTCAAAAGACCCCGGG
AAAGATGGTTCCTCAG-3') and RP118 (5'-CCCTTAATTAATTATCTACA
ACATGTCATCAGG-3'). The PCR products were digested with Xbal and Hpal
(the Hpal site is italicized) and cloned into pSPBN-Gag, previously digested with
Xbal and Hpal.

Generation of recombinant viruses. For experiments involving recovery of the
recombinant RVs, the previously described RV recovery system was used (9, 28).
Briefly, BSR T7 cells (3), which stably express T7 RNA polymerase, were trans-
fected with 5 ug of full-length RV ¢cDNA (SPBN-333-Gag, SPBN-ACD-Gag,
SPBN-333-ACD-Gag, BNSP-Gag, and BNSP) in addition to plasmids encoding
the RV N, P, L, and G proteins by using a Ca,PO, transfection kit (Stratagene),
as instructed by the vendor. Three days posttransfection, supernatants were
transferred onto fresh BSR cells and infectious RV was detected 3 days later by
immunostaining with fluorescein isothiocyanate for the RV N protein (Centacor
Inc.).

Western blotting. BSR cells were infected with SPBN, SPBN-Gag, SPBN-333-
Gag, SPBN-ACD-Gag, SPBN-333-ACD-Gag, BNSP, or BNSP-Gag at a multi-
plicity of infection (MOI) of 2 for 48 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 trans-
ferred to a microcentrifuge tube and spun for 1 min at 14,000 rpm 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 phosphate-buffered
saline [PBS; pH 7.4]) and then washed three times with a 0.1% PBS-Tween 20
solution and incubated with a human anti-p24 antibody (1:1,000), a polyclonal
rabbit anti-RV G antibody (1:10,000), or a polyclonal rabbit anti-RV RNP
antibody (1:2,000) overnight at 4°C (12). Blots were then washed three times with
0.1% PBS-Tween. Secondary Alexa Fluor 546 goat anti-human immunoglobulin
G (IgG) (1:500) or Alexa Fluor 532 goat anti-rabbit IgG (1:1,000) (Molecular
Probes, Inc.) was added, and blots were incubated for 2 h at room temperature.
Blots were washed three times with 0.1% PBS-Tween and washed once with PBS
(pH 7.4). Fluorescence analysis was performed as instructed by the vendor.

HIV-1 p24 antigen capture ELISA. HeLa cells were infected at a MOI of 5,
and, 48 h 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 Gag p24 protein in cell
supernatants and lysates was performed by using the p24 antigen enzyme-linked
immunosorbent assay (ELISA), as described by the manufacturer (ZeptoMetrix,
Inc.).

Multicycle growth and one-step growth curves. BSR cells (a BHK-21 clone)
were plated in 60-mm-diameter dishes and 16 h later were infected at a MOI of
0.01 (multicycle growth) or 5 (one-step growth) with SPBN, SPBN-Gag, SPBN-
333-Gag, SPBN-ACD-Gag, SPBN-333-ACD-Gag, BNSP, or BNSP-Gag. After
incubation at 37°C for 1 h, inocula were removed and cells were washed four
times with PBS to remove any unabsorbed virus. Three milliliters of complete
medium was added back, and 100 wl of tissue culture supernatants was removed
at various time points after infection (see Fig. 3). Virus aliquots were titrated in
duplicate on BSR cells.

Studies of pathogenicity in mice. Groups of 10 6- to 8-week-old female Swiss-
Webster mice (Taconic Farms) were inoculated i.c. with 10 pl containing 10°
infectious particles of the different recombinant vaccines. One group (10 mice) of
uninfected mice served as a control. After inoculation, the mice were observed
daily for the first 2 weeks and every other day for another 2 weeks for any signs
of disease, i.e., weight loss. Mice were euthanized at the onset of neurological
symptoms.

RV G protein ELISA. RV G protein was purified from sucrose-purified RV
virions as described previously. RV G was resuspended in coating buffer (50 mM
Na,CO3, pH 9.6) at a concentration of 200 wg/ml and plated in 96-well ELISA
MaxiSorp plates (Nunc) with 100 pl in each well. After overnight incubation at
4°C, plates were washed three times (PBS [pH 7.4], 0.1% Tween 20), blocked
with blocking buffer (PBS [pH 7.4], 5% dry milk powder) for 30 min at room
temperature, and incubated with serial dilutions of sera for 1 h. Plates were
washed three times, followed by the addition of horseradish peroxidase-conju-
gated goat anti-mouse IgG (heavy plus light chains) secondary antibody (1:5,000;
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FIG. 1. Construction of different recombinant vaccine vectors expressing HIV-1 Gag. At the top are two RV vaccine strain-based vectors
containing an additional transcription stop-start signal flanked by two unique restriction sites between the G and L genes (SPBN) or the N and
P genes (BNSP). These vectors were the targets to introduce the gene encoding HIV-1 Gag (SPBN-Gag, SPBN-333-Gag, SPBN-ACD-Gag,
SPBN-333-ACD-Gag, and BNSP-Gag). By site-directed mutagenesis and a PCR strategy, an amino acid change at position 333 within the RV G
from arginine (R) to glutamic acid (E) was introduced (SPBN-333-Gag and SPBN-333-ACD-Gag) and/or 43 of 44 aa of the RV G CD (black boxes)

were deleted (SPBN-ACD-Gag and SPBN-333-ACD-Gag).

Jackson ImmunoResearch Laboratories). After a 30-min incubation at 37°C,
plates were washed three times and 200 pl of OPD (o-phenylenediamine dihy-
drochloride; Sigma) substrate was added to each well. The reaction was stopped
by the addition of 50 wl of 3 M H,SO, per well. Optical density was determined
at 490 nm.

Immunization and enzyme-linked immunospot (ELISPOT) assays. Groups of
five 6- to 8-week-old female BALB/c mice (Harlan) were inoculated intraperi-
toneally with 3.4 X 10° focus-forming units of SPBN, SPBN-Gag, SPBN-333-
Gag, SPBN-ACD-Gag, SPBN-333-ACD-Gag, BNSP, BNSP-Gag, or VSV-Gag.
Four to 5 weeks postimmunization, mice were challenged with 107 PFU of
vaccinia virus expressing HIV-1 Gag. Five days after the challenge, two mice per
group were sacrificed, spleens were removed and pooled, and single-cell suspen-
sions were prepared. Red blood cells were removed with ACK lysing buffer
(BioSource), and cells were washed twice in RPMI 10 supplemented with 10%
fetal bovine serum (FBS). Ninety-six-well filtration plates (Millipore, Bedford,
Mass.) were coated overnight at 4°C with 10 pg of anti-mouse gamma interferon
(IFN-v; Pharmingen)/ml in sterile PBS. The plates were blocked for 1 h with 5%
bovine serum albumin (BSA) in PBS at 37°C. The plates were prepared for the
splenocytes by the addition of 100 wl of RPMI 1640 supplemented with 10% FBS
and incubated an additional 2 h. Dilutions of splenocytes were added to the
plates and incubated with or without a major histocompatibility complex class
I-restricted p24 peptide (AMQMLKETT) for 16 h at 37°C. Plates were washed 10
times with PBS containing 0.25% Tween 20 and then once with sterile distilled
water. Wells were incubated with 5 g of biotinylated rat anti-mouse antibody/ml
for 2 h and then washed five times in 0.25% Tween 20 in PBS. The wells were
treated with 1 mg of horseradish peroxidase-conjugated streptavidin/ml in PBS
containing 1% BSA, incubated for 2 h at room temperature, and washed four
times. IFN-y-secreting spot-forming cells were detected by the addition of dia-
minobenzidine-4-chloro-1-naphthol in cold methanol.

RESULTS

Construction of attenuated RVs expressing HIV-1 Gag pro-
tein. Recent studies show that foreign proteins such as HIV-1
Env and Gag are stably expressed by RV-based vaccine vectors
and induce long-lasting and vigorous immune responses in

vaccinated mice (15, 16, 28). However, some pathogenesis as-
sociated with the vector itself remains a concern for its use in
humans. A large body of evidence supports the suggestion that
a single surface glycoprotein, G, of RV is responsible for RV
pathogenesis (6, 8, 20, 23, 30). We therefore constructed sev-
eral new, second-generation vaccine vectors by genetically
modifying the RV G. Using site-directed mutagenesis and
PCR, we introduced an amino acid change at position 333 from
arginine (R) to glutamic acid (E), deleted 43 of 44 aa of the
RV G cytoplasmic tail, or did both. The position 333 mutation
has previously been shown to result in slower uptake of the
virus by cells (6), to interfere with the possibility of certain RV
strains infecting motor neurons, and to diminish the efficient
spread of the virus in neuroblastoma cells (5). One study by
Mebatsion and colleagues showed that the RVs with CD-de-
leted Gs form smaller foci and have reduced viral titers (18),
which also should result in a reduction of the vector-associated
pathogenesis. However, the deletion of the G CD itself is not
likely to affect the neurotropism of the recombinant RV, which
is most likely determined by the RV G ectodomain (12, 23, 34).
The Smal/Pacl site flanking the RV G gene was used to intro-
duce the coding regions of the modified G genes into the
previously described RV vaccine vector expressing HIV-1 Gag
(SPBN-Gag; Fig. 1). The resulting plasmids were designated
pSPBN-333-Gag, pSPBN-ACD-Gag, and pSPBN-333-ACD-
Gag (Fig. 1). In addition, a new RV vector containing a new
RV transcription unit between the RV N and P genes was
constructed. The goal of this construct was twofold. First, a
location further upstream of the RV 3’ end is expected to
result in a higher expression level of the foreign protein; sec-
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FIG. 2. Western blot analysis of recombinant vaccine vectors. BSR cells were infected with SPBN, SPBN-Gag, SPBN-333-Gag, SPBN-ACD-
Gag, SPBN-333-ACD-Gag, BNSP, or BNSP-Gag (MOI of 2) and lysed 48 h later. Proteins were separated by SDS-PAGE and subjected to Western
blotting with antibodies specific for RV RNP (A), RV G (B), or HIV-1 p24 (C). A protein of the expected size for RV N was detected for all
recombinant RVs (A), whereas an RV G-specific antibody detected a 62-kDa protein for SPBN, SPBN-Gag, SPBN-333-Gag, BNSP, and
BNSP-Gag and a slightly faster migrating protein in cell extracts from SPBN-ACD-Gag- and SPBN-333-ACD-Gag-infected cells (B). Expression
of HIV-1 p55 from SPBN-Gag, SPBN-333-Gag, SPBN-ACD-Gag, SPBN-333-ACD-Gag, and BNSP-Gag was confirmed with an HIV-1 Gag-

specific antibody.

ond, a gene at this location should lower the expression levels
of the downstream proteins, which may result in slower repli-
cation and therefore reduced pathogenicity. The new vaccine
vector was designated BNSP and was the target used to intro-
duce the HIV-1 Gag gene, resulting in BNSP-Gag (Fig. 1).

The cDNAs encoding the plus-strand RNA of the respective
recombinant RVs were cotransfected with plasmids encoding
the RV N, P, G, and L proteins into cells stably expressing T7
RNA polymerase (3) by standard methods (15, 16), and infec-
tious viruses for all six recombinant RVs were recovered. The
sequences of the modified G genes were verified by sequencing
reverse transcription-PCR products, and the results indicated
the alteration within the RV genome.

Expression of HIV-1 Gag by recombinant RVs. To deter-
mine whether the recombinant RVs express HIV-1 Gag and
the modified G proteins correctly, BSR cells were infected at a
MOI of 5 with SPBN-Gag, SPBN-333-Gag, SPBN-ACD-Gag,
SPBN-333-ACD-Gag, and BNSP-Gag, with the parental vec-
tors SPBN and BNSP as controls. Forty-eight hours later, cell
extracts were prepared and proteins were separated by SDS-
PAGE, transferred to a nitrocellulose membrane, and ana-
lyzed by Western blotting with antibodies directed against RV
RNP, RV G, or HIV-1 p24 (Fig. 2). Quantification with a
“quantifier” indicated similar amounts of RV N expressed by
all recombinant RVs (Fig. 2A). A polyclonal antibody directed
against RV G detected the G protein of the expected size of
RV G, and the slightly faster migrating G proteins with 43 aa
of the CD deleted, expressed from SPBN-ACD-Gag and
SPBN-333-ACD-Gag, were also detected. The weaker signals
detected for the two CD-deleted G proteins may be due to
their release from the cell membrane into the supernatants of
the infected cells or to a weaker reaction of the polyclonal
antibody with the CD-deleted G proteins. Blotting with an
antibody directed against HIV-1 p24 detected a protein of ~55

kDa, which is the size expected for unprocessed HIV-1 Gag
p55. Quantification with the quantifier indicated similar
amounts of p55 in cell extracts infected with all five recombi-
nant RVs expressing HIV-1 Gag. These results were not sur-
prising for cell extracts infected with SPBN-Gag, SPBN-333-
Gag, SPBN-ACD-Gag, or SPBN-333-ACD-Gag, but larger
amounts of p55 were expected for BNSP-Gag. We therefore
decided to analyze the amount of HIV-1 Gag released into the
supernatants of SPBN-Gag- or BNSP-Gag-infected cells 48 h
after infection. In both cases, approximately 2 ng of Gag pro-
tein/ml was detected by a p24 ELISA. These data indicate that
neither the production of HIV-1 Gag within the BNSP-Gag-
infected cells nor the amount of secreted p55 is enhanced after
expression from a further-upstream location.

Multicycle and one-step growth curve of recombinant RVs.
During the production of our initial virus stocks, we realized
that several of the recombinant viruses grew to lower titers or
reached their final titers only after a longer incubation time. To
study the replication of our recombinant RVs in greater detail,
a multicycle growth curve was produced by infecting BSR cells
at a MOI of 0.01. As shown in Fig. 3A, both RVs with CD-
deleted Gs and BNSP-Gag had lower titers than the other four
recombinant viruses at 20 h after infection. However, the titer
of BNSP-Gag reached wild-type-like levels over 5 days,
whereas the final titers of the viruses with CD-deleted Gs
remained approximately 10-fold lower. These results are sim-
ilar to previous findings by Mebatsion et al., which indicated a
10-fold titer reduction for an RV with CD-deleted G (18). The
results noted above were also observed in a one-step growth
curve. The results shown in Fig. 3B indicate very similar titers
for SPBN, BNSP, SPBN-Gag, and SPBN-333-Gag but reduced
titers for SPBN-ACD-Gag and SPBN-333-ACD-Gag. How-
ever, the one-step growth curve indicates that the growth im-
pairment of BNSP-Gag is not caused by a slower spread of



Vou. 77, 2003

—=— SPBN

—&— SPBN-Gag

—v— SPBN-333-Gag

—e— SPBN-ACD-Gag
—eo— SPBN-333-ACD-Gag
-~ BNSP

—— BNSP-Gag

Titer (Log)

0 — ————
0 10 20 30 40 50 60 70 80 90 100110120
Hours Post-infection

—=-SPBN

—— SPBN-Gag

—v— SPBN-333-Gag

—o— SPBN-ACD-Gag
—e— SPBN-333-ACD-Gag
—+ BNSP

—— BNSP-Gag

Titer (Log)
i

Hours Post-infection

FIG. 3. Multicycle replication and one-step growth curve of recom-
binant vaccine vectors. BSR cells were infected with SPBN, SPBN-
Gag, SPBN-333-Gag, SPBN-ACD-Gag, SPBN-333-ACD-5, BNSP, or
BNSP-Gag at a MOI of 0.01 (multicycle growth; A) or 5 (one-step
growth curve; B). Aliquots of tissue culture supernatants were col-
lected, and viral titers were determined in duplicate.

BNSP-Gag but rather a slower production of virus. This may
be due to changes in the ratio of the RV proteins and is
confirmed with our observation that BNSP-Gag forms foci
similar in size to those formed by SPBN-Gag, whereas both
RVs with CD-deleted Gs had greatly reduced focus sizes (data
not shown).

It is interesting that the vector BNSP grows similarly to
SPBN; this indicates that a new transcription unit without a
foreign gene is ignored by the polymerase complex, an obser-
vation we previously made for transcription units in VSV-
based vectors (M. J. Schnell and J. K. Rose, unpublished data).

Attenuated vaccine vectors are safe after i.c. inoculation in
mice. Our previous studies indicate that the vaccine vector
SPBN is apathogenic after peripheral inoculation in mice but
lethal after i.c. inoculation. It has also been shown by our group
and others that a similar vector containing an amino acid
change from arginine (R) to glutamic acid (E) or aspartic acid
(D) in the RV G protein was completely apathogenic, even
after i.c. injection (17, 20, 23). However, it was unknown how
the deletion of the G CD or the combination of the CD
deletion with the 333 mutation would affect the pathogenicity
of these vaccine vehicles. In addition, no data are available for
RV-based vectors expressing a foreign gene from a position
further upstream than the G gene. Therefore, seven groups of
10 8-week-old Swiss-Webster mice were infected i.c. with 2 X
10° infectious particles. The mice were observed daily for any
sign of rabies, and their weights were recorded. As expected
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FIG. 4. New RV-based vaccine vectors are safe even after i.c. in-
oculation in mice. Six- to 8-week-old Swiss-Webster mice were inocu-
lated i.c. with 10° infectious particles of SPBN, SPBN-Gag, SPBN-333-
Gag, SPBN-ACD-Gag, SPBN-333-ACD-Gag, BNSP, or BNSP-Gag.
Mice were observed for 4 weeks, and average weights (A) and mor-
talities (B) were recorded. Error bars (A), standard deviations.

and as shown in Fig. 4B, all mice infected with SPBN, BNSP,
and SPBN-Gag died 6 to 8 days after i.c. inoculation. We
observed a 100% survival rate of mice inoculated i.c. with
SPBN-333-Gag, SPBN-ACD-Gag, or SPBN-333-ACD-Gag. Of
note, no weight loss was observed for the animals in the SPBN-
333-Gag, SPBN-ACD-Gag, and SPBN-333-ACD-Gag groups,
which reemphasizes the extensive attenuation of the RV-based
live vaccine vehicles.

Notably, only a 50% mortality occurred in the BNSP-Gag
group, and the first sign of rabies was observed several days
later than for SPBN or BNSP. However, these data reflect the
observation made on the basis of the multicycle growth curve,
which showed that growth of BNSP-Gag, but not BNSP, was
slower than that of SPBN. The slower replication of SPBN-
ACD-Gag, the other nonpathogenic virus not containing the
333 mutation in the RV G, probably results in the attenuation
of this virus as well.

Last, we wanted to ensure that all surviving mice had been
infected with the respective RV vector and therefore collected
blood from each mouse of each group. Sera were screened for
antibodies against RV G by ELISA (Fig. 5), and similar anti-
body titers were observed for mice injected with SPBN-333-
Gag, SPBN-ACD-Gag, or SPBN-333-ACD-Gag and for the
five surviving mice from the BNSP-Gag group.

Attenuation does not interfere with immunogenicity. Our
results identified at least three extensively attenuated RV-
based vaccine vectors, which may be able to replace our pre-
viously utilized vaccine vehicle, SPBN, expressing HIV-1 and
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FIG. 5. Surviving mice develop a strong immune response against
RV G. Surviving mice were bled 28 days after i.c. injection, and pooled
sera from each group were analyzed for ELISA reactivity against RV
G in serial dilutions. OD, optical density.

HCYV genes. In the next step, we wanted to analyze whether the
attenuation factor(s) introduced into the RV genome changed
the immunogenicity of the vaccine vector itself, the expressed
foreign antigen, or both. We chose to analyze RV G as the only
target for neutralizing antibodies against the vaccine vector
and HIV-1 Gag as a well-characterized foreign antigen. Eight
groups of five mice were immunized with 3.4 X 10° infectious
particles of the respective recombinant RVs or a recombinant
VSV expressing HIV-1 Gag as a control. Three weeks later,
mice were bled and pooled serum of each group was analyzed
by ELISA using RV G as an antigen. The results in Fig. 6A
indicate that all RV-based vaccine vehicles developed similar
humoral responses against RV G. These results were promis-
ing, and our next experiments were designed to analyze if
cellular immune responses against HIV-1 Gag similar to those
described previously for SPBN-Gag could be achieved with the
highly attenuated RV vaccine vectors. BALB/c mice were im-
munized with the respective RV vector expressing HIV-1 Gag
and 4 to 5 weeks later were challenged with a recombinant
vaccinia virus expressing the same antigen. Two mice from
each group were scarified 5 days after the vaccinia virus chal-
lenge, and Gag-specific CD8™ effector cells were determined
after restimulation with an HIV-1 Gag p24 peptide
(AMQMLKETTI) by three different, independent ELISPOT
assays for cells secreting IFN-y. The results in Fig. 6B show a
low background level of IFN-y-secreting splenocytes from
mice primed the vaccine vector BNSP, whereas a high number
of IFN-vy-secreting cells were detected for SPBN-Gag. Of note,
we observed approximately the same number of IFN-y-secret-
ing cells for all the new extensively attenuated RV vaccine
vectors. In addition, a recombinant VSV expressing HIV-1
Gag, which was included in the last round of experiments,
induced similar numbers of IFN-y-secreting cells in a similar
experimental setting, indicating the potency of the rhabdovirus
group as vaccine vehicles.

DISCUSSION

Recombinant vaccines based on the RV vaccine strain SAD
B19 (4, 29) expressing foreign genes such as the HIV-1 env and
gag genes or the HCV glycoproteins have been proven to be
highly effective in inducing both humoral and vigorous cellular
immune responses in mice (15, 16, 28, 31). These currently
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FIG. 6. Recombinant vaccine vehicles induce similar humoral and
cellular immune responses in immunized mice. (A) RV G ELISA.
Groups of five BALB/c mice were immunized with SPBN, SPBN-Gag,
SPBN-333-Gag, SPBN-ACD-Gag, SPBN-333-ACD-Gag, BNSP,
BNSP-Gag, or VSV-Gag and bled 3 weeks after immunization. Serial
dilutions from pooled sera from each immunization group were used
to determine the antibody titers against RV G by ELISA. 1 to 9 on the
x axis indicates twofold dilutions from 1:100 to 1:25,600. (B) ELISPOT
assays. Groups of two BALB/c mice were immunized with SPBN,
SPBN-Gag, SPBN-333-Gag, SPBN-ACD-Gag, SPBN-333-ACD-Gag,
BNSP, and BNSP-Gag and challenged 4 to 5 weeks after immunization
with a recombinant vaccinia virus expressing HIV-1 Gag. Pooled
splenocytes from two mice were analyzed at different dilutions for cells
secreting IFN-y. Error bars, standard deviations from three indepen-
dent experiments. The recombinant VSV expressing HIV-1 Gag
(VSV-Gag) was included in the last round of experiments (no error
bar). OD, optical density.

used RV-based vectors are very safe after peripheral applica-
tion, but even a low vaccine vector-induced pathogenesis is
undesirable. Previous results clearly indicate that RV G is
largely responsible for RV-associated pathogenicity (8, 20-22).
It has been shown that a G-deleted RV can neither invade
neurons nor cause disease even after i.c. inoculation (7). In
addition, it is well established that an arginine-to-glutamic acid
exchange at position 333 within the RV G dramatically reduces
RV pathogenicity for some RV strains (6, 17, 30). We there-
fore introduced this mutation in our previously described vac-
cine vehicle SPBN-Gag. SPBN-333-Gag was completely ap-
athogenic after i.c. inoculation into mouse brains but was still
as potent as SPBN-Gag in inducing cellular and humoral re-
sponses. The results of these experiments indicate that the
neurotropic infection caused by RV can be abolished without
affecting the immunogenicity, indicating that tropism and im-
munogenicity can be uncoupled. These results are consistent
with the finding by Yan et al., who used stereotaxic inoculation
of RV infectious particles into the hippocampi of rats. Their
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results showed that an RV containing the RV G with an R-
to-E exchange at position 333 lost its ability to spread to other
areas of the brain and infected neurons only at the site of
inoculation (34). However, the replacement of the RV G with
VSV G in the same vector supported spread in the rat brain,
but in a pattern similar to that observed for VSV rather than
for RV. It is interesting that the VSV G-containing RV still
produces 40% mortality in mice after i.c. inoculation (J. P.
McGettigan, M. J. Schnell, and B. Dietzschold, unpublished
data).

The second method we used to attenuate SPBN-Gag was the
deletion of the RV G CD domain. We hypothesized that a
slower spread of RV might enable the immune system to clear
the virus before it causes disease. Previous work by Mebatsion
et al. indicates that the deletion of RV G CD reduces both the
viral titers and the RV focus size (18). In addition, a similar
method has been successfully used to attenuate a VSV-based
vaccine vector expressing influenza A virus HA. The results
indicated that the deletion of the VSV G CD in the vaccine
vector resulted in attenuation in immunized mice compared to
the parental VSV expressing HA (26). However, neutralizing
antibodies against influenza A virus were also approximately
10-fold reduced for the attenuated version of the VSV-based
vaccine. For RV, the detected immune responses against the
HIV-1 Gag and RV G were not affected by the deletion of the
RV G CD.

We next combined both attenuation methods listed above in
one vector expressing HIV-1 Gag (SPBN-333-ACD-Gag).
These experiments were performed because of concerns that
reversion of the attenuating mutation(s) may occur in vivo. It
has been shown that a CD-deleted VSV acquired a nonspecific
G CD sequence after serial passage and was able to drive
efficient budding of the recombinant VSV (27). In addition, the
natural mutation rate of the rhabdovirus polymerase creates a
mixed virus population and therefore some RVs may contain
an amino acid other than E at position 333 of the RV G. It is,
however, highly unlikely that reversions would occur in two
different attenuating mutations, as is the case for SPBN-333-
ACD-Gag. In addition, for SPBN-333-ACD-Gag there were no
differences between the induced immune responses against the
vector and those against HIV-1 Gag compared to SPBN-Gag,
and therefore this approach is feasible.

Last, we constructed a new RV vector that expresses HIV-1
Gag from an RV transcription unit downstream of the RV N
gene instead of downstream of the G gene. This construct was
also attenuated after i.c. inoculation in mice. The observed
attenuation of BNSP-Gag is probably due to the altered
growth of the virus, as previously demonstrated for SPBN-
ACD-Gag. As shown in Fig. 3, production of BNSP-Gag is
delayed compared with production of BNSP or SPBN-Gag,
resulting in about 50%-reduced mortality. Of note, these re-
sults fit well with the more-extensive attenuation of SPBN-
ACD-Gag and SPBN-ACD-333-Gag, RVs with even more im-
paired growth patterns.

It is important that the observed attenuation of the different
RVs is probably due to two different factors: (i) the neurotro-
pism of the respective virus and (ii) the viral spread, which
determines if the host immune responses can detain the virus
and therefore prevent vector-induced disease or death. The
current RV vector work in our laboratory is focused on intro-
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ducing a second mutation, which interferes with the RV neu-
rotropism, such as the recently described deletion of the LC8
domain that binds with P (17). Such a combination of three or
four attenuation markers in one RV vector may prove to be
safe even in immunocompromised hosts.

In summary, the results presented herein indicate that an
extremely safe RV-based vaccine vector can be constructed
and multiple mutations can be introduced without reducing the
immune responses against both the vector and the expressed
foreign gene. We feel that the use of RV-based vectors is
advantageous because the parameters of their pathogenicity
are better understood than those of other vectors. We are
currently in the process of analyzing these second-generation
RV-based vaccines expressing HIV-1 Env and simian immu-
nodeficiency virus Gag in the rhesus macaque model system,
and these experiments will further explore the safety and effi-
ciency of this new vaccine approach.
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