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The pathogenicity of individual rabies virus strains appears to correlate inversely with the extent of apoptotic
cell death they induce and with the expression of rabies virus glycoprotein, a major inducer of an antiviral
immune response. To determine whether the induction of apoptosis by rabies virus contributes to a decreased
pathogenicity by stimulating antiviral immunity, we have analyzed these parameters in tissue cultures and in
mice infected with a recombinant rabies virus construct that expresses the proapoptotic protein cytochrome c.
The extent of apoptosis was strongly increased in primary neuron cultures infected with the recombinant virus
carrying the active cytochrome c gene [SPBN-Cyto c(�)], compared with cells infected with the recombinant
virus containing the inactive cytochrome c gene [SPBN-Cyto c(�)]. Mortality in mice infected intranasally with
SPBN-Cyto c(�) was substantially lower than in SPBN-Cyto c(�)-infected mice. Furthermore, virus-neutral-
izing antibody (VNA) titers were significantly higher in mice immunized with SPBN-Cyto c(�) at the same
dose. The VNA titers induced by these recombinant viruses paralleled their protective activities against a lethal
rabies virus challenge infection, with SPBN-Cyto c(�) revealing an effective dose 20 times lower than that of
SPBN-Cyto c(�). The strong increase in immunogenicity, coupled with the marked reduction in pathogenicity,
identifies the SPBN-Cyto c(�) construct as a candidate for a live rabies virus vaccine.

Tissue culture-adapted laboratory and wild rabies virus
strains differ greatly in their ability to cause a lethal rabies virus
encephalitis (12). The pathogenicity of individual rabies virus
strains for immunocompetent adult mice appears to correlate
inversely with their capacity to induce cell death (14). For
example, we have found that CVS-N2c, a highly pathogenic
variant derived from the mouse-adapted CVS-24 rabies virus
strain, induced significantly less apoptosis in primary hip-
pocampal neuron cultures than did the less pathogenic variant
CVS-B2c (14). Moreover, the extent of apoptosis correlated
inversely with their levels of expression of rabies virus glycop-
rotein (G protein) (14), the major inducer of rabies virus-
neutralizing antibodies. Highly pathogenic rabies viruses fail to
elicit a protective immune response, whereas weakly patho-
genic, tissue culture-adapted rabies viruses induce a strong
antiviral response, in particular rabies virus-specific cytotoxic T
cells (29–31) and G protein-specific virus-neutralizing antibody
(VNA) (27), which are considered to be the major effectors in
the immune defense against a lethal rabies virus infection (6).
Together, these observations raise the possibility of a causal
association between enhanced virus-induced cell death and
increased antiviral immune responses. In this context, it has
been suggested that virus-induced apoptosis may play a phys-
iological role in protecting the central nervous system (CNS)
from progression of infection by allowing contact between vi-
rus and immune system components (7). The findings that cell

injury induces the release of endogenous adjuvants that stim-
ulate cytotoxic T-cell responses (24) and that apoptotic cells
induce maturation of dendritic cells and stimulate their pre-
sentation of antigen to both class I- and class II-restricted T
cells (5, 16, 17) support the notion that the enhanced cell death
induced by less pathogenic rabies viruses contributes to their
immunogenicity. To test this hypothesis, we exploited recent
advances in the use of rabies virus as an expression vector (22,
23) to construct a recombinant virus expressing cytochrome c,
a proapoptotic protein that is essential for the proteolytic ac-
tivity of Apaf-1 and for activation of caspases (8) and that
induces accelerated apoptotic cell death when overexpressed
(3). Cytochrome c is also highly conserved among species, such
that any effect on the immunogenicity of a rabies virus strain in
mice should be applicable to other target species. We demon-
strate here that the expression of cytochrome c by a recombi-
nant rabies virus is associated with accelerated cell death in
vitro and enhanced immunogenicity and attenuated pathoge-
nicity in vivo.

MATERIALS AND METHODS

Viruses and cells. CVS-N2c and CVS-B2c are highly pathogenic and less
pathogenic subclones, respectively, of the mouse-adapted CVS-24 rabies virus
(13). The recombinant rabies virus SPBN was generated from a SAD B19 cDNA
clone as described elsewhere (15, 22, 23). Neuroblastoma NA cells of A/J mouse
origin were grown at 37°C in RPMI 1640 medium supplemented with 10% fetal
bovine serum. BSR cells, a cloned cell line derived from BHK-21 cells were
grown at 37°C in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Primary neuron cultures were prepared from the hippocampi
of prenatal Swiss Webster mice as described previously (14).

Construction of recombinant rabies virus cDNA clones. Total RNA was iso-
lated from HeLa cells by the RNAzol B method (Biotex Laboratories, Inc.,
Houston, Tex.). The extracted RNA was reverse transcribed into cDNA by using
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avian myeloblastosis virus reverse transcriptase (Promega, Madison, Wis.) as
described previously (13). Human cytochrome c cDNA was amplified using
Eppendorf Taq DNA polymerase (Fisher Scientific, Pittsburgh, Pa.) and primers
Cyt 5 (5�-AAACGTACGAATATGGGTGATGTTGAGAA-3� [BsiWI site un-
derlined]) and Cyt 3 (5�-GAAGCTAGCTTACTCATTAGTAGCTTTTTTGA
G-3� [NheI site underlined]) to introduce BsiWI and NheI recognition sites
before and after the cytochrome c coding region. The PCR product was digested
with BsiWI and NheI (New England Biolabs) and ligated into rabies virus vector
pSPBN, which had been digested with BsiWI and NheI (22). The resulting
plasmid was designated pSPBN-Cyto c(�) (Fig. 1). To inactivate the cytochrome
c gene, a stop codon was introduced into the coding sequence 70 bp after the
start codon by amplifying a cytochrome c fragment with Vent polymerase (New
England Biolabs) and primers Cyt 5 and Cyt stop 3 (5�-GTGGCACTGGGAT
CACTTCATAAT-3�). A second fragment was amplified with Vent polymerase
using primer Cyt 3 and complementary primer Cyt stop 5 (5�-ATTATGAAGT
GATCCCAGTGCCAC-3�). Both fragments were annealed and amplified by
Vent polymerase using primers Cyt 5 and Cyt 3. The PCR product was digested
and ligated into pSPBN as described above for pSPBN-Cyto c(�). The resulting
plasmid was designated pSPBN-Cyto c(�) (Fig. 1). The sequences of both
cytochrome c genes were confirmed by DNA sequencing.

Recovery of recombinant viruses. Recombinant viruses were rescued as de-
scribed previously (13, 14). Briefly, BSR-T7 cells were transfected using a cal-
cium phosphate transfection kit (Stratagene, La Jolla, Calif.) with 5.0 �g of
pSPBN-Cyto c(�) or pSPBN-Cyto c(�), 5.0 �g of pTIT-N, 2.5 �g of pTIT-P, 2.5
�g of pTIT-L, and 2.0 �g of pTIT-G. After a 3-day incubation, supernatants were
transferred onto BSR cells and incubation was continued for 3 days at 37°C. The
cells were examined for the presence of rescued virus by immunostaining with
fluorescein isothiocyanate-labeled anti-rabies virus N protein antibody (Cento-
cor, Malvern, Pa.). The correct nucleotide sequences of the inserted genes were
confirmed by reverse transcription-PCR and DNA sequencing.

Virus infectivity assay. Infectivity assays were performed at 34 or 37°C on
monolayers of NA cells in 96-well plates as described previously (32). All titer
determinations were carried out in triplicate.

Immunoprecipitation analysis. BSR cells were infected with SPBN-Cyto c(�)
or SPBN-Cyto c(�) at a multiplicity of infection (MOI) of 5 and 24 h later were
incubated with 50 �Ci of [35S]methionine/ml for 2 h at 37°C. A mixture of
polyclonal antisera against rabies virus N and G protein and a polyclonal anti-
serum against cytochrome c was used for immunoprecipitation. The labeled
immunocomplexes were adsorbed to protein A-Sepharose beads (rProtein A
Sepharose TM Fast Flow; Amersham Pharmacia Biotech, Piscataway, N.J.) and
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15%
polyacrylamide) as described previously (14). The gel was dried and exposed to
X-ray film.

Determination of VNA. Retro-orbital bleeding of mice was performed under
isoflurane inhalation anesthesia. Not more than 100 �l of blood was collected
from each mouse. Mouse sera were tested for the presence of VNA using the
rapid fluorescent inhibition test (RFFIT) as described previously (32). The neu-
tralization titers, defined as the inverse of the highest serum dilution that neu-
tralizes 50% of the challenge virus, were normalized to international units (IU)
using the World Health Organization (WHO) anti-rabies virus antibody stan-
dard. Geometric mean titers were calculated from individual titers in sera from
10 mice that received identical concentrations of the same vaccine virus. VNA

GMT values obtained with the different vaccine dilutions were compared be-
tween vaccination groups in a paired-sample t test.

Immunofluorescence staining and in situ terminal end labeling of rabies
virus-infected primary neuron cultures. Primary neuron cultures prepared from
the hippocampus of prenatal mice (14) were infected with SPBN-Cyto c(�) and
SPBN-Cyto c(�) at a MOI of 5 and incubated at 37°C. For immunofluorescence
analysis, infected neurons were fixed in 80% acetone at 24 h postinfection (p.i.)
and stained with fluorescein isothiocyanate-labeled anti-rabies virus N protein-
specific monoclonal antibody as described previously (14). To detect DNA strand
breaks indicative of apoptotic cell death, the infected neurons were fixed with 4%
paraformaldehyde at 24 h p.i. and subjected to the terminal deoxynucleotidyl-
transferase-mediated dUTP nick end labeling (TUNEL) assay as described pre-
viously (14).

Pathogenicity studies in mice. Groups of 8 to 10-week-old female C3H or Rag
2 mice (Taconic Farms) were infected intranasally (i.n.) with 25 �l containing
5 � 105 recombinant virus infectious particles. After infection, the mice were
observed daily for 4 weeks for the appearance of clinical signs of rabies.

Immunohistochemical analysis. At 10 days p.i, mice infected with SPBN,
SPBN-Cyto c(�), or SPBN-Cyto c(�) (five mice per group) were anesthetized by
intramuscular (i.m.) injection of 100 �l of ketamine-xylazine (1:1) and perfused
transcardially with phosphate-buffered saline containing 20,000 IU of heparin
per liter followed by Bouin-Holland solution as described previously (9). Brains
were removed and postfixed for 24 h in the same fixative. After dehydration in a
graded series of ethanol, the brains were embedded in paraffin, cut into 7-�m-
thick coronal sections, and analyzed immunohistologically for rabies virus N
protein as described previously (9).

Immunization and virus challenge. Groups of 10 8- to 10-week-old female
Swiss Webster mice (Taconic Farms) were inoculated i.m. with 100 �l of serial
10-fold dilutions of live recombinant rabies viruses. After 10 days, blood was
collected from each mouse and the animals were infected intracranially (i.c.)
under isoflurane anesthesia with 10 �l containing 100 50% lethal doses (LD50) of
CVS-N2c. The mice were observed for 4 weeks for the development of clinical
signs of rabies. Mice that showed definitive clinical signs of rabies such as
paralysis, tremors, and spasms were euthanized by CO2 intoxication. Survivor-
ship rates obtained with the different vaccine dilutions were compared between
the different vaccination groups using a paired-sample t test. The 50% effective
dose (ED50) was calculated as described previously (33). In another experiment,
mice were immunized orally with 25 �l containing 106 FFU of recombinant virus
by instillation into the buccal cavity (10 mice per group). Blood samples were
obtained 2 weeks later, and VNA titers were determined.

RESULTS

Phenotypic characterization of recombinant viruses in vitro.
Comparison of the time course of parental and recombinant
virus production in BSR cells (Fig. 2) revealed no substantial
differences between SPBN-Cyto c(�), SPBN-Cyto c(�), and
the parental strain SPBN, indicating that the insertion of for-
eign genes did not affect virus replication. Immunoprecipita-
tion analysis of cytochrome c expression in infected BSR cells

FIG. 1. Schematic diagram of cytochrome c recombinant rabies viruses. The pSPBN vector was derived from SPBN-10 by removing the � gene
and introducing BsiWI and NheI sites between the G and L genes. Human cytochrome c cDNA was amplified by PCR and, after introduction of
BsiWI and NheI sites, ligated into pSPBN, resulting in pSPBN-Cyto c(�). To construct pSPBN-Cyto c(�), a stop codon was introduced into the
cytochrome c gene 70 bp after the start codon.
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indicated markedly higher expression levels in SPBN-Cyto
c(�)-infected cells than in SPBN-Cyto c(�)-infected cells,
whereas no differences in N and G protein expression were
detected (Fig. 3).

Immunofluorescence analysis of N protein expression in
SPBN-Cyto c(�)-infected primary hippocampal neuron cul-
tures at 24 h p.i. revealed large N protein-positive inclusion
bodies in the cell body cytoplasm and almost no N protein-
specific staining in neuronal processes (Fig. 4A). In contrast,
SPBN-Cyto c(�)-infected neurons showed a more fine-granu-
lar N protein staining pattern which extended into the neuro-
nal processes (Fig. 4B). TUNEL staining revealed a large num-
ber of TUNEL-positive nuclei in SPBN-Cyto c(�)-infected
neurons at 24 h p.i. (Fig. 4C), whereas only a few TUNEL-
positive nuclei were detected in SPBN-Cyto c(�)-infected neu-
rons at that time (Fig. 4D).

Effect of cytochrome c overexpression on pathogenicity. All
rabies viruses used in this study were nonpathogenic for C3H
mice when inoculated i.m. and were not detected in brain
tissue by RT-PCR analysis when this route of infection was
used (data not shown). On the other hand, comparison of the
SPBN virus and the recombinant viruses for their ability to
cause lethal rabies virus encephalitis in immunocompetent
adult C3H mice after i.n. infection showed that 100 and 70% of
mice infected with 106 FFU of SPBN or SPBN-Cyto c(�),
respectively, succumbed to rabies virus infection whereas only
10% of mice infected i.n. with the same dose of SPBN-Cyto
c(�) died from rabies encephalitis (Fig. 5A). In contrast to
C3H mice, 100% of the Rag2 mice infected i.n. with either
SPBN-Cyto c(�) or SPBN-Cyto c(�) succumbed to rabies
virus infection (Fig. 5B), suggesting that an enhanced immune
response is, at least in part, responsible for the reduced mor-
tality rate caused by SPBN-Cyto c(�) in C3H mice following
i.n. infection.

Immunohistological analysis was performed to determine
whether the decrease in mortality seen after i.n. infection of
immunocompetent C3H mice with SPBN-Cyto c(�) correlated
with a change in the extent of virus spread within the brain.
Three brains were examined for each mouse strain and recom-
binant virus strain on day 10 after i.n. infection. This analysis
revealed only minor variations in immunostaining of mouse
brain sections from three mice of a particular group, and the
immunohistological analyses shown in Fig. 6 are representative
of this group. Large numbers of N protein-positive neurons
were present in almost all areas of C3H mouse brains infected
with the SPBN virus (Fig. 6A). Although fewer infected neu-
rons were detected in SPBN-Cyto c(�)-infected C3H mouse
brains (Fig. 6B), the smallest number of infected neurons was
observed in C3H mouse brains infected with SPBN-Cyto c(�)
(Fig. 6C), as expected if a more potent immune response was
active. High magnification of immunostained sections through
the CA1 region of the hippocampus of SPBN-Cyto c(�)-in-
fected C3H mouse brains showed intense N protein-specific
immunoreactivity in both cell bodies and neuronal processes
(Fig. 7A). In contrast, corresponding SPBN-Cyto c(�)-in-
fected C3H mouse brain sections showed considerable weaker
N protein staining of cell bodies, with no distinct axons or
dentrites being visible (Fig. 7B).

Immunohistological analysis of brains from B- and T-cell-
deficient Rag 2 mice at 10 days p.i. revealed no differences in
the extent of virus spread between the two recombinant viruses
in the absence of an adaptive immune response (Fig. 6D and
E). These data demonstrate that the different mortality rates
resulting from infection of C3H mice with the parental and
recombinant viruses correlate with their ability to spread
within the brain following i.n. infection, which is, in turn, as-
sociated with their immunogenicity.

Effect of cytochrome c overexpression on immunity. Analysis
of the VNA responses in mice inoculated i.m. with serial dilu-
tions of SPBN-Cyto c(�) or SPBN-Cyto c(�) indicated higher
(on average 3.5-fold) geometric mean VNA titers induced by
SPBN-Cyto(�) (Table 1; Fig. 8A). Paired sample t-test anal-
ysis of the VNA titers shown in Fig. 8A indicated that the
differences in VNA titers were highly significant (P � 0.016).
In mice vaccinated with serial dilutions of SPBN-Cyto c(�) or
SPBN-Cyto c(�) and challenged i.c. with 100 LD50 of CVS-24

FIG. 2. Rate of production of recombinant and parental rabies
virus strains in BSR cells. Cells were infected with SPBN, SPBN-Cyto
c(�), and SPBN-Cyto c(�) at a MOI of 5 and incubated at 37°C.
Viruses were harvested on days 1, 2, and 3 after infection and subjected
to titer determination by a fluorescence staining method. Data are
given as the mean and standard error of six virus titer determinations.

FIG. 3. Immunoprecipitation analysis of the rabies virus N protein
and cytochrome c in mouse neuroblastoma cells infected with SPBN-
Cyto c(�) (lane a) or SPBN-Cyto c(�) (lane b). Infected cells were
labeled with 50 �Ci of [35S]methionine per ml for 2 h at 37°C and then
lysed, and 100 �l of lysate was subjected to immunoprecipitation with
either polyclonal anti-rabies N protein (A) or anti-cytochrome c (B)
antiserum. Immune complexes were analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (10% polyacrylamide). The gel
was dried and exposed to X-ray film. MW, molecular weight (in thou-
sands).
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virus (Fig. 8B), survivorship was significantly higher (on aver-
age, 1.7-fold; P � 0.009) in the SPBN-Cyto c(�)-immunized
mice (Fig. 8B). The ED50 calculated from the mortality rates in
the different vaccine dilution groups (Fig. 8C) indicated a 20-
fold higher efficacy of SPBN-Cyto c(�) than of SPBN-Cyto
c(�), clearly demonstrating that overexpression of cytochrome
c by a recombinant rabies virus strongly enhances protective
immunity against rabies. The enhanced immune response to
SPBN-Cyto c(�) compared with SPBN-Cyto c(�) was further
demonstrated after oral and i.n. immunization of C3H mice.
While 10 days after oral immunization the geometric mean
VNA titer induced by SPBN-Cyto c(�) was 10.4 IU (range, 2
to 18 IU), the same amount of SPBN-Cyto c(�) resulted in a
geometric mean VNA titer of only 1.25 IU (range, 0.2 to 4 IU)
(Fig. 9). The geometric mean titers on day 7 after i.n. immu-
nization were 1.4 IU (range, 0.4 to 6.0 IU) for SPBN-Cyto
c(�)-immunized mice and 0.3 IU (range, 0.1 to 1.3 IU) for the
mice that received SPBN-Cyto c(�).

DISCUSSION

This study is based on the almost counterintuitive concept
that rabies viruses inducing greater cell death are actually less
pathogenic for the infected animal because of increased im-
munogenicity. To determine whether acceleration of the apo-
ptotic process enhances antiviral immune responses and atten-
uates the pathogenicity of a rabies virus, we inserted the gene
encoding the proapoptotic cytochrome c protein into the ra-
bies virus genome. Expression of cytochrome c was markedly
higher in cells infected with the recombinant virus carrying the
active cytochrome c gene [SPBN-Cyto c(�)] than in cells in-

fected with the inactive cytochrome c gene construct [SPBN-
Cyto c(�)]. Furthermore, the level of apoptosis was strongly
increased in primary neuron cultures infected with SPBN-Cyto
c(�) compared with that in cultures infected with SPBN-Cyto
c(�), consistent with previous observations indicating that
overexpression of cytochrome c results in accelerated apopto-
sis (3). Because the two constructs had similar replication
rates, the enhanced apoptosis in SPBN-Cyto c(�)-infected
neurons is most probably a direct consequence of cytochrome
c overexpression as opposed to the heightened expression of a
potentially proapoptotic viral product such as G protein. Mor-
phological differences in the distribution of rabies virus N
protein were also evident in cells infected with the two recom-
binant viruses, with SPBN-Cyto c(�)-infected neurons show-
ing a constant fine granular staining pattern that extended into
the neuronal processes while SPBN-Cyto c(�)-infected neu-
rons showed large N protein-positive inclusion bodies and al-
most no N protein staining in neuronal processes. The failure
to translocate N protein to the periphery of SPBN-Cyto c(�)-
infected neuronal cells may be linked to the apoptotic process,
which results in the depolymerization of the actin filaments,
which are required for intracellular transport of the N protein
(4, 14).

Consistent with a previous comparison of CVS-24 variants
(14), the more cytopathic virus, SPBN-Cyto c(�), caused
substantially less mortality following i.n. infection than did
SPBN-Cyto c(�), even though the latter was somewhat less
pathogenic than the SPBN vector. These results point to a
causal relationship between the induction of apoptosis and
the marked reduction in pathogenicity associated with SPBN-

FIG. 4. Immunofluorescence analysis of the rabies virus N protein (A and B) and TUNEL analysis (C and D) of primary neuron cultures
infected with SPBN-Cyto c(�) (B and D) or SPBN-Cyto c(�) (A and C) and examined 24 h p.i.
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Cyto c(�). Since the low mortality caused by SPBN-Cyto c(�)
is paralleled by a strong reduction in the capacity to invade the
CNS, the increased induction of apoptosis probably interferes
with the progression of the infection into the CNS. Given the
comparable replicative abilities of SPBN-Cyto c(�) and
SPBN-Cyto c(�), the limited spread of infection observed in
SPBN-Cyto c(�) infection might be due to apoptosis of in-
fected neurons before the virus can spread to adjoining non-
infected neurons or might be due to an apoptosis-driven en-
hanced immune response that clears the virus before it spreads
in the CNS.

Mice immunized i.m. with SPBN-Cyto c(�) developed VNA
titers that were, on average, threefold higher than those in
mice immunized with the same concentration of SPBN-Cyto
c(�), regardless of the route of administration or the quantity
of infectious recombinant virus particles used for immuniza-
tion. The higher VNA titers in i.m. SPBN-Cyto c(�)-immu-
nized mice conferred greater protection against a lethal i.c.
challenge infection with the highly pathogenic rabies virus
strain CVS-N2c. Survivorship was significantly higher in mice
immunized with SPBN-Cyto c(�) than in mice that received

FIG. 5. Survivorship of C3H mice (A) and Rag 2 mice (B) infect-
ed i.n. with 106 FFU of SPBN (triangles), SPBN-Cyto c(�) (open
squares), or SPBN-Cyto c(�) (solid squares). Groups of 10 mice were
infected with each virus and observed for 4 weeks for clinical signs of
rabies.

FIG. 6. Immunohistochemical analysis for rabies virus N protein
expression in coronal sections through the hippocampus of C3H mice
(A to C) and Rag 2 mice (D and E) infected i.n. with SPBN (A),
SPBN-Cyto c(�) (B and D), or SPBN-Cyto c(�) (C and E). At 10 days
p.i., brain sections were prepared and stained with a polyclonal anti-
body specific for rabies virus N protein (see Materials and Methods).
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SPBN-Cyto c(�), with the ED50 being 20 times higher in the
SPBN-Cyto c(�)-immunized group. Thus, the immunogenicity
of a live rabies vaccine virus can be significantly enhanced by
increasing its capacity to induce apoptosis, without modifying
the production of viral proteins. The protective immune re-
sponse to rabies virus involves both G protein-specific VNA
and cellular immune mechanisms. While other studies have
focused largely on the effects of apoptosis on cellular aspects of
immunity (5, 16, 17, 24), our results show that antibody re-
sponses are also enhanced by the apoptosis of infected cells.
Since neither SPBN-Cyto c(�) nor SPBN-Cyto c(�) invades
the brains of immunocompetent mice after i.m. inoculation, we
must conclude that these viruses replicate in peripheral tissues

FIG. 7. High magnification of N protein-immunostained sections through the CA1 region of the hippocampus of SPBN-Cyto c (�)-infected
mice (A) and SPBN-Cyto c (�)-infected C3H mice (B) at 10 days p.i.

TABLE 1. VNA response to immunization with
recombinant rabies virus

Virus concna

(log FFU � 3)

Mean VNA GMT (range) (IU)b

SPBN-Cyto c(�) SPBN-Cyto c(�)

2 64.9 (36–324) 33.9 (12–36)
3 56.5 (36–108) 24.6 (12–36)
4 29.0 (12–36) 6.6 (0.4–12)
5 18.2 (12–36) 2.6 (0–12)
6 6.7 (0.4–12) 2.2 (0–12)

a Mice were immunized i.m., and blood was obtained 10 days later.
b Serum VNA titers were determined using RFFIT (32).
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such as muscle cell or neuronal cells of the dorsal root ganglia,
where contact with professional antigen-presenting cells
(APCs) is possible. Because apoptotic bodies have an excep-
tional ability to deliver immunogens to APCs (21), the en-
hanced apoptogenic property of SPBN-Cyto c(�) most prob-
ably accounts for its increased immunogenicity. In this case,
virus replication in the CNS, where professional APCs are not
resident, is probably not directly relevant to the initiation of a
strong antiviral immune response.

The strong increase in immunogenicity, coupled with the
marked reduction in pathogenicity, makes SPBN-Cyto c(�) a
candidate for a live rabies virus vaccine. To be suitable for
vaccination of wildlife, a rabies virus vaccine must be effective
and readily administrable. Increasing the immunogenicity of a
modified live rabies virus vaccine could have great significance
in reducing the amount of virus required to successfully im-
munize wildlife and stray dogs. Rabies is a major zoonotic
disease and remains an important public health concern, caus-
ing approximately 60,000 annual deaths worldwide (10). In
most developing countries, dogs represent the major reservoir
of rabies virus (11). However, the situation in the Americas is
much more complex, since large reservoirs of rabies viruses
exist in many wild-animal species (20). Oral immunization of
wildlife with live vaccines such as the modified live rabies virus
vaccines SAD B19, SAG-1, and SAG-2 or the vaccinia virus-
rabies virus glycoprotein recombinant virus vaccine VRG is the
most effective method of controlling and eventually eradicating
rabies in terrestrial wildlife (28). Vaccination with modified
live rabies virus vaccines has resulted in almost complete erad-
ication of vulpine rabies in Western Europe (1, 2, 27). On the
other hand, while these vaccines induce protective immunity in
foxes, neither SAD- nor ERA-based modified live rabies vac-
cines nor recombinant vaccinia viruses work well in skunks (19,
25, 26) or dogs (18). Administration of more than 109 infec-
tious virus particles is required for minimum effect in dogs in
the laboratory (18), and the widespread use of this amount of
material is currently beyond feasible commercial production

FIG. 8. Immunogenicity of SPBN-Cyto c(�) and SPBN-Cyto c(�)
after i.m. immunization of mice. (A) Groups of 10 mice were injected
with serial 10-fold dilutions of the recombinant rabies viruses. After 10
days, blood samples were obtained and VNA titers of mice immunized
with SPBN-Cyto c(�) (solid squares) or SPBN-Cyto c(�) (open
squares) were determined using RFFIT (31) and CVS-B2c as chal-
lenge virus. Titers were normalized to IU using the WHO standard and
are given as geometric mean titers. (B) Two weeks after immunization,
the mice were infected i.c. with 100 LD50 of CVS-N2c and observed for
4 weeks, and survivorship in mice immunized with SPBN Cyto c(�)
(solid bars) and SPBN-Cyto c(�) (shaded bars) were recorded. (C)
The ED50 were calculated from the survivorship rates in the two
vaccination groups as described previously (32).

FIG. 9. Induction of VNA in C3H mice immunized orally with
SPBN-Cyto c(�) or SPBN-Cyto c(�). A 25-�l volume containing 106

FFU of each virus was instilled into the buccal cavity of groups of 10
mice. After 2 weeks, blood samples were obtained and VNA titers
were determined using RFFIT (32). VNA titers were normalized to IU
using the WHO standard and are presented as geometric mean titers.
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capacities. Furthermore, current modified live rabies virus vac-
cines may actually cause disease (19). Our results demonstrate
that a live rabies virus vaccine strain, modified using reverse
genetics technology to express the proapoptotic protein cyto-
chrome c, is considerably more immunogenic without changing
antigenically and spreads less readily to the CNS. These find-
ings not only help to explain why rabies viruses that are potent
inducers of apoptosis in infected neuron cultures are less
pathogenic in animals but also provide the foundation for the
development of safer and more effective wildlife rabies vac-
cines.
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