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ABSTRACT Inoculation of rabbits and mice with a vac-
cinia-rabies glycoprotein recombinant (V-RG) virus resulted
in rapid induction of high concentrations of rabies virus-neu-
tralizing antibodies and protection from severe intracerebral
challenge with several strains of rabies virus. Protection from
virus challenge also was achieved against the rabies-related
Duvenhage virus but not against the Mokola virus. Effective
immunization by V-RG depended on the expression of a rabies
glycoprotein that registered proline rather than leucine as the
eighth amino acid from its NH2 terminus (V-RGpro8). A mini-
mum dose required for effective immunization of mice was 104
plaque-forming units of V-RGpro8 virus. fi-propiolactone-in-
activated preparations of V-RGpro8 virus also induced high
levels of rabies virus-neutralizing antibody and protected mice
against intracerebral challenge with street rabies virus. V-
RGpro8 virus was highly effective in priming mice to generate
a secondary rabies virus-specific cytotoxic T-lymphocyte re-
sponse following culture of lymphocytes with either ERA or
PM strains of rabies virus.

Rabies is a disease of the central nervous system of major
importance to human and veterinary medicine. The etiologic
agent, rabies virus, is composed of five structural proteins
and a linear, single-stranded RNA genome of negative sense.
The rabies virus glycoprotein (G) forms surface projections
through the viral lipid envelope and is the only protein capa-
ble of inducing and reacting with virus-neutralizing antibody
(VNA) (1, 2). Several studies have established that the iso-
lated G is capable of protecting animals against rabies (for
review, see ref. 3).

Recently, cloned cDNA copies of the G mRNA from two
rabies virus strains have been isolated and sequenced (4, 5).
Expression of either G in bacterial hosts has so far failed to
yield a product capable of immunizing animals against rabies
(5-7). In order to provide post-translational modifications
potentially necessary for production of authentic rabies virus
G, a vector system allowing expression of rabies G in eu-
karyotic hosts was sought. To this end, successful expres-
sion, immunization, and protection has been reported with in-
fectious vaccinia virus recombinants containing foreign
genes such as hepatits B surface antigen, influenza virus
hemagglutinin, and herpes simplex virus glycoprotein D (8-
12).
This study compares the biologic and protective proper-

ties of two vaccinia virus recombinants expressing ERA
strain rabies G proteins differing at a single amino acid resi-
due. We report that infection of cells with either vaccinia
virus recombinant resulted in the expression of a novel ra-
bies G; however, only one of these products induced virus-

neutralizing activity, cytotoxic T-cell memory, and protec-
tion against an intracerebral challenge with rabies virus.

MATERIALS AND METHODS

Cells and Viruses. Monolayer cultures of BHK-21 clone 13
cells (13) and NA neuroblastoma cells of A/J mouse origin
(14) were grown at 370C in Eagle's minimum essential medi-
um supplemented with 10% fetal calf serum as described
(15). The ERA strain of rabies virus (16) was propagated in
BHK-21 cells. The PM strain of rabies virus, grown in Vero
cells and inactivated by P3-propiolactone (PPL), was a gift
from the Institute Merieux (Bio Vero Lot S-1163). Challenge
viruses included the MD5951 strain of street rabies virus
(17), obtained from G. M. Baer of the Centers for Disease
Control (Atlanta, GA); a human isolate (HI5) street rabies
virus; and rabies-related Duvenhage virus (18) and Mokola
strain IbAn 27377 (19) virus. A stock of each challenge virus
was prepared from NA or BHK-21 cells and titrated by intra-
cerebral inoculation into 5- to 6-wk-old ICR mice. Additional
street rabies viruses used for testing the virus-neutralizing
activity of antisera were isolated in 1983 from Eptesicusfus-
cus bat in Ontario, Canada, in 1974 from salivary glands of a
red fox in France, and in 1956 from human brain in China
(strain CTN-1) provided through the World Health Organiza-
tion (Geneva); also used was rabies-related Lagos bat virus
(19). Wild-type vaccinia viruses (strains WR and Copenha-
gen) were prepared in tissue culture and purified from cyto-
plasmic extracts by sucrose gradient centrifugation (20).
Vaccinia recombinant viruses containing cloned rabies G
cDNA were constructed by using methods previously de-
scribed (21-23). The vaccinia-rabies glycoprotein recombi-
nant (V-RG) virus containing the coding sequence for proline
as the eighth amino acid of the rabies virion G is designated
V-RGpro8 (VVTGgRAB in ref. 23), and that which codes for
leucine as the eighth amino acid is designated V-RGleu8. In-
fectivity titers of wild-type vaccinia and V-RG recombinant
viruses were determined by a plaque assay on CER cells as
described for rabies virus (24).
Preparation of Inactivated V-RG Vaccines. BHK-21 cells at

80-90% confluence were infected with vaccinia (Copenha-
gen) or V-RGpro8 virus at an input multiplicity of 0.1 plaque-
forming units (pfu) per cell. After a 1 hr adsorption at room
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temperature, cells were cultured at 370C with Eagle's mini-
mum essential medium supplemented with 0.2% bovine se-

rum albumin until the cytopathic effect reached 50-75%.
Cells were scraped from culture vessels, pelleted, washed
once with phosphate-buffered saline (pH 7.4), and swelled
for 15 min at 0C in 10 mM Tris-HCl, pH 7.6/10 mM KCI/1.5
mM MgCl2/2 mM phenylmethylsulfonyl fluoride. Cells were
homogenized twice in a Dounce homogenizer, and the nuclei
were pelleted. The supernatant represented a crude cell ex-

tract of vaccinia or V-RGpro8 viruses. A portion of this ex-

tract was inactivated by ,BPL (1:4000) as described elsewhere
(25). The absence of live virus in these preparations was con-

firmed by infecting monolayers of BHK-21 cells and observ-
ing for virus-induced cytopathic effect. A blind passage of
culture fluid from these cells onto fresh cultures of BHK-21
cells was performed 5 days after infection. No infectious vi-
rus could be detected. Part of the V-RGpro8 virus-infected
cell extract was then used for isolation and purification of
recombinant virus by sucrose gradient centrifugation and
treated with 8PL. The remaining extract was adjusted to 2%
Triton X-100 and centrifuged for 1 hr at 230C at 107,000 x g.

The solubilized G was isolated from the supernatant by ad-
sorption to an affinity column prepared with an anti-rabies
virus-G monoclonal antibody (26). The eluted G was treated
with ,BPL. Protein concentrations were determined with bo-
vine serum albumin as the standard (27).

Animals. Female 5- to 6-wk-old ICR mice (Dominion Lab-
oratories, Dublin, VA) and 5- to 8-wk-old A/J mice (The
Jackson Laboratory) were used in these experiments. New
Zealand White female rabbits were purchased from Hazleton
Dutchland (Aberdeen, MD).

Immunization and Challenge Protocols. Rabbits were in-
oculated by intradermal injection of 2 x 108 pfu of V-RG
virus distributed into three separate sites on the back. ICR
mice were infected intradermally by scarification of tail skin
or by injection into the footpad with either wild-type or
recombinant vaccinia viruses (109 pfu/ml). When PPL-inac-
tivated virus was used, mice were inoculated with two intra-
peritoneal injections (0.5 ml) 7 days apart. Immunized mice
and rabbits were challenged with street rabies virus by intra-
cerebral inoculation with 2400 and 24,000 mouse LD50, re-

spectively, and were observed for a minimum period of 3
mo.

Antibody Titrations. Rabies VNA titers were measured by
a modified rapid fluorescent focus inhibition technique (28)
against ERA strain rabies virus. Titers are expressed as the
highest serum dilution that was capable of reducing the num-

ber of rabies virus-infected cells by 50%. A neutralization
index was determined by comparing the number of infected
cells in control cultures with the number of infected cells in
cultures incubated in the presence of antibody-containing se-
rum and expressed as the log1o virus reduction per ml of un-

diluted serum (29). The virus neutralization titers for anti-
bodies directed against vaccinia virus was determined by a

plaque reduction assay with monolayers of CER cells (15).
Detection of Antigen by Immunofluorescence. Rabies G in

V-RG virus-infected cells was visualized by indirect immu-
nofluorescence in live or acetone-fixed cells using anti-G
antiserum as described elsewhere (29).

Cytotoxic T-Lymphocyte (CTL) Responses. A/J mice were
inoculated intraperitoneally with 107 pfu of ERA rabies virus
or intravenously with 105 pfu of wild-type vaccinia or V-
RGpro8 virus. Primary CTL responses were assayed at 6
days after infection (30), and secondary in vitro CTL re-
sponses at 4 wk after infection. To generate secondary CTL,
spleen cells from primed mice were cultured at 2.5 x 106
cells per ml with dilutions of BPL-inactivated viruses in me-
dium (31) containing 10% fetal calf serum. After incubation

for 5 days at 37TC in 5% C02/95% air, the cells were washed
in Eagle's minimum essential medium with 2% fetal calf se-

rum and titrated for cytotoxicity in a 6-hr 51Cr-release assay
as described (30). Infection ofNA target cells with wild-type
vaccinia or V-RGpro8 viruses was carried out as described
for rabies virus (30) except that the infected cells were incu-
bated in siliconized Petri dishes for 5-6 hr to allow expres-
sion of surface antigens. Cells were then labeled with 51Cr
and used as targets. Results are presented as 30% lytic units
(LU30) and take into account the spontaneous release of
51C1 iqto the medium (10-24%) and the maximum release in
detergent. bne LU30 is defined as the number of effector
cells required to achieve 30% specific 51Cr release. A large
number of LU30 per culture indicates a potent CTL popula-
tion.

RESULTS

Expression of Rabies G in Vaccinia Virus Vectors. The ra-
bies-specific G cDNA isolated by Anilionis et al. (4) was in-
serted into the BamHI site of plasmid pGS20 so as to be
controlled by an early vaccinia virus promoter translocated
within the thymidine kinase gene (22). The chimeric gene
formed in this manner contains the vaccinia RNA start site
juxtaposed with the rabies translational initiation codon so
as to avoid the production of a fusion protein. This plasmid
construct was used to transfect vaccinia virus (strain WR)-
infected cells to prepare a recombinant virus that contained
the rabies G cDNA inserted into the thymidine kinase locus
(V-RGleu8). Successful expression of a novel rabies G in V-
RGleu8 virus-infected BHK-21 cells resulted in a protein
that was metabolically labeled with [35S]methionine and
[3H]glucosamine, was immunoprecipitable with polyclonal
rabbit anti-G antibodies, but which migrated faster than ra-
bies virion G in NaDodSO4/polyacrylamide gel. In V-
RGleu8 virus-infected BHK-21 cells, the pattern of immuno-
fluorescence suggested that the protein expressed by V-
RGleu8 virus was not in a native configuration (Fig. 1). First,
the fluorescence that is characteristic of the rabies virus G
on the surface of cells was weak in V-RGleu8 virus-infected
cells, where the majority of antigen was detected within the
cytoplasm (Fig. 1 A and B). Secondly, a panel of anti-G
monoclonal antibodies that bind only to native rabies virus G
failed to detect the V-RGleu8 virus-expressed antigen (not
shown). Moreover, injection of V-RGleu8 virus into animals
failed to induce rabies VNA (Table 1) and to protect against
rabies.
Amino acid analysis of the NH2 terminus of the rabies vi-

rus G (32) revealed a discrepancy at amino acid position 8
(proline) with the predicted sequence (leucine) of the original
cDNA clone (4). By sequencing this entire viral G gene, this
amino acid change and one other at position 399 (leucine to
valine) were identified (ref. 33; data not shown). Assuming
that the change near the NH2 terminus might have a greater
impact on the structure formation of nascent G, we modified
the cDNA clone by site-directed mutagenesis to rectify the
amino acid at position 8 (23). In addition, the guanosine tail
originally introduced for cloning the cDNA was removed
since it may impede expression (23). This modified DNA
was inserted into plasmid pTG186 (23) and subsequently
transferred into vaccinia virus to generate the recombinant
designated V-RGpro8. The Copenhagen strain of vaccinia vi-
rus used for human vaccination was used as the vector. In-
fection of BHK-21 cells by V-RGpro8 virus resulted in
expression of a rabies G on the cell surface and in cytoplasm
detected by immunofluorescence (Fig. 1 C and D). The pro-
tein expressed by this recombinant virus reacted with a pan-
el of anti-G monoclonal antibodies in a pattern identical with
native rabies virus G (23).

Induction of VNA and Protection Against Rabies. Inocula-
tion of rabbits and mice with V-RGpro8 virus resulted in a
rapid induction of rabies VNA (Table 1). In rabbits, rabies
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FIG. 1. Detection of rabies G antigen in V-RG virus-infected
cells. Monolayers of BHK-21 cells were infected with 0.1 pfu per
cell of virus and cultured for 16 hr. Antigen was visualized by indi-
rect immunofluorescence using rabbit antirabies virus G antiserum
unfixed (A and C) or acetone-fixed (B and D) cells infected with V-
RGleu8 (A and B) or V-RGpro8 (C and D) viruses.

VNA titers at 5, 11, and 14 days after inoculation were 800,
10,000, and >30,000, respectively. Vaccinia VNA titers after
14 days were substantially lower. Rabbit serum (day 14) neu-

tralized between 105-3 and 106.6 tissue culture ID50 of ERA
rabies virus, and three street rabies virus isolates previously
shown to differ from the ERA strain in their reactivity with a

panel of anti-rabies virus G monoclonal antibodies. Neutral-
ization indices against rabies-related Duvenhage, Lagos bat,

and Mokola viruses were 106.2, 103.1, and 103-4, respectively.
These results, which are comparable to those obtained with
anti-ERA rabies virus antiserum, demonstrate that Duven-
hage virus is more closely related to rabies than are rabies-
related Lagos bat and Mokola viruses.
Three of four rabbits vaccinated-with V-RGpro8 virus re-

sisted a severe intracerebral challenge with 24,000 mouse

LD50 of MD5951 rabies virus, whereas all five unvaccinated
control rabbits died from rabies after 12-15 days (Table 1).
The one vaccinated rabbit that died from rabies survived un-
til 21 days after challenge.

Inoculation of mice with V-RGpro8 virus, by either scari-
fication or injection into the footpad, resulted in rabies VNA
titers of 30,000 or higher after 14 days. All mice were pro-
tected against challenge with either HI5 or MD5951 rabies
viruses or with the rabies-related Duvenhage virus. No pro-
tection was seen after challenge with Mokola virus. Mice in-
oculated with wild-type vaccinia or V-RGleu8 virus did not
develop rabies VNA and were not protected against rabies.
A minimum dose of V-RGpro8 virus capable of protecting

50% of recipient mice was 104 pfu (Fig. 2). In this experi-
ment, mice were inoculated in the footpad and challenged
intracerebrally with 2400 mouse LD50 of MD5951 rabies vi-
rus after 15 days. Levels of rabies VNA were determined at
7 and 14 days (Fig. 2).

Cellular Immune Response Induced by V-RGpro8 Virus.
Rabies viruses induce a strong rabies-specific primary CTL
response in A/J mice (31); in contrast, CTL induced by V-
RGpro8 virus were predominantly directed against vaccinia
virus-infected target cells (not shown). However, inocula-
tion with V-RGpro8 virus effectively primed mice for a sec-
ondary CTL response after culture of lymphocytes with
,BPL-inactivated ERA or PM rabies viruses (Fig. 3 A and B).
These CTL were specific only for target cells expressing ra-
bies G (i.e., infected with ERA rabies virus or with V-
RGpro8 virus). Target cells infected with V-RGpro8 virus
were comparatively resistant to lysis, perhaps reflecting dif-
ferences in density or display of rabies G. In contrast, lym-
phocytes from V-RGpro8-primed mice lysed only vaccinia
or V-RGpro8 virus-infected cells after stimulation with inac-
tivated, purified V-RGpro8 virus (Fig. 3C). Spleen cells from
mice primed with vaccinia virus generated no CTL activity
after stimulation with rabies viruses. In another experiment,
lymphocytes from mice primed with ERA rabies virus gener-
ated a strong secondary CTL response after culture with ei-
ther inactivated PM or ERA rabies virus (Fig. 3 D and E),
whereas inactivated V-RGpro8 virus was ineffective at the
dilutions tested (Fig. 3F) despite evidence that this prepara-
tion contained rabies G (see below).
Immunogenicity of Inactivated V-RGpro8 Virus. The abili-

Table 1. Induction of VNA and protection from rabies by vaccinia recombinant viruses

VNA titers
Animals/ Rabies Vaccinia
inoculation

route Vaccine* Day 0 Day 5 Day 11 Day 14 Day 14 Protectiont
Rabbits/ V-RGpro8 <10 800 10,000 >30,000 250 3/4

intradermal V-RGleu8 <10 <10
None <10 - <10 - 0/5

Mice/ V-RGpro8 <10 >30,000 250 12/12
intradermal V-RGleu8 <10 - <10 - 0/12

Vaccinia <10 - <10 250 0/12

Mice/ V-RGpro8 <10 >30,000 1250 12/12
footpad V-RGleu8 <10 <10 0/12

Vaccinia <10 - - <10 1250 0/12
*Vaccine was inoculated on day 0 using 2 x 108 pfu (intradermal) or 5 x 107 pfu (footpad) of virus.
tA challenge dose of 2400 or 24,000 mouse LD50 of MD5951 rabies virus was given on day 14 to mice and rabbits, respectively, by intracerebral
inoculation.
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FIG. 2. Minimum protective dose of V-RGpro8 virus. Groups of
10 mice were inoculated in the footpad with serial 10-fold dilutions
of V-RGpro8 virus. Levels of rabies VNA were determined 7 (o)
and 14 (e) days after infection. On day 15, mice were challenged
intracerebrally with 2400 mouse LD50 of MD5951 rabies virus (a).

ty of f3PL-inactivated preparations of V-RGpro8 virus to in-
duce an anti-rabies immune response was tested. Extracts of
V-RGpro8 virus-infected cells, purified V-RGpro8 virus, and
G isolated from V-RGpro8 virus-infected cell extracts by us-
ing an affinity column prepared with anti-rabies virus G anti-
body, were inactivated and inoculated intraperitoneally into
mice. The mice were inoculated again after 7 days and chal-
lenged intracerebrally with 240 LD50 of MD5951 rabies virus
after a further 7 days. All three preparations induced high
levels of rabies VNA and protected against rabies (Table 2).

DISCUSSION
The construction of vaccinia virus recombinants expressing
genes derived from pathogenic agents has great potential for
the production of vaccines. In this report we demonstrate
the effectiveness of live and inactivated experimental rabies
vaccines prepared by this technology. Initially, we con-
structed a WR strain vaccinia recombinant virus incorporat-
ing the ERA rabies virus G cDNA sequence described by
Anilionis et al. (4), which codes for leucine at position 8 of
the rabies virion G. However, direct amino acid sequencing
of rabies virus G established that the eighth residue was pro-
line. The difference in nucleotide sequence between the orig-
inal cDNA clone and viron RNA, resulting in this amino acid
substitution, could have arisen during the cloning procedure
or in the transcription of virion RNA to mRNA. In any case,
since we could not be sure whether the original cDNA coded

.4

'5
s-10

x
0CA
4)

Dilution of antigen in culture

FIG. 3. Secondary CTL response stimulated by V-lfGpro8 and
rabies viruses in vitro. A/J mice were inoculated intravenously with
105 pfu of V-RGpro8 virus (A, B, and C) or intraperitoneally with 107
pfu of ERA rabies virus (D, E, and F). Four weeks later, spleen cells
were cultured with dilutions of fPL-inactivated ERA (B and E) or
PM (A and D) rabies virus or with f3PL-inactivated V-RGpro8 virus
(C and F). After 5 days, each culture was titrated for CTL activity,
which is expressed as LU30 generated per 5 x 106 responder spleen
cells. Target cells: uninfected (o), ERA rabies virus-infected (0),
vaccinia virus-infected (a), or V-RGpro8 virus-infected (a) 51Cr-la-
beled NA cells. Specific lysis due to anti-rabies antibody plus com-
plement was 0%, 95.1%, 0%, and 93.2%, respectively.

for a functional gene product, the cloned sequence was
changed by site-directed mutagenesis to code for proline at
position 8 and inserted into a second vaccinia vector derived
from the Copenhagen vaccinia strain (23). Both recombinant
viruses (V-RGleu8 and V-RGpro8) produced a protein of
similar size that was detected in fixed preparations of infect-
ed cells by immunofluorescence using monospecific antise-
rum raised against rabies virus G. However, the V-RGpro8
virus-expressed antigen, but not the V-RGleu8 antigen, was

detectable at high density on the surface of infected cells and
reacted with monoclonal antibodies recognizing native ra-
bies virus G. This information indicates that the V-RGleu8
virus rabies G has an altered antigenic structure. Remark-
ably, a single amino acid substitution near the NH2 terminus
evidently results in a generally altered conformation of G,
which may affect either post-translational modification or

Table 2. Induction of VNA and protection from rabies by inactivated preparations from V-RGpro8 recombinant virus

Titer before Protein
inactivation, concentration, Rabies VNA titers

Vaccine* log1o pfu/ml ,ug per mouset Day 7 Day 14 Protectiont

V-RGpro8 virus-infected
cell extract 7.5 140 80 8000 12/12

V-RGpro8
purified virus 8.6 9 270 4000 12/12

V-RGpro8
purified rabies G <1.0§ 50 120 15000 12/12

Vaccinia virus-infected
cell extract 8.6 900 <10 <10 0/12

Unvaccinated controls - <10 0/12
*Vaccines were prepared from infected BHK-21 cells as described in Materials and Methods and inactivated with ,8PL.
tTotal protein in two intraperitoneal inoculations given on days 0 and 7.
tA challenge dose of 240 mouse LD50 of MD5951 rabies virus was given on day 14 to mice by intracerebral inoculation.
1No infectivity detected in undiluted sample.
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transport. The rabies G (Leu-8) was also defective when
expressed in the Copenhagen vaccinia virus vector (not
shown).

Inoculation of mice and rabbits with V-RGpro8 virus in-
duced high levels of rabies VNA. The titers obtained with a
single inoculation of this recombinant vaccinia virus were
consistently higher than those seen after repeated immuniza-
tion with inactivated rabies viral vaccines of the type cur-
rently used for vaccination (1, 33). V-RGpro8 virus effective-
ly protected animals from rabies. Mice and rabbits survived
intracerebral challenge with 2400 and 24,000 mouse LD50 of
street rabies virus, respectively. This can be regarded as a

severe test of immunity. These results of pre-exposure im-
munization experiments indicate that V-RGpro8 virus has
potential as a vaccine for human and/or veterinary use.

In humans, rabies vaccination is used primarily for treat-
ment after exposure to the virus. It has been postulated that
not only VNA but also CTL responses are important in post-
exposure protection (34, 35). Mice immunized with V-
RGpro8 virus generated a substantial secondary cytotoxic
response in vitro after re-exposure of lymphocytes to PM or
ERA rabies viruses (Fig. 3) or in vivo after inoculation of V-
RGpro8 virus-immunized mice with ERA rabies virus (un-
published data). The CTL generated were specific for rabies
G and lysed target cells infected with V-RGpro8 or ERA ra-
bies viruses. A similar priming effect also has been demon-
strated after immunization with a vaccinia recombinant virus
expressing the influenza virus hemagglutinin (36).

Despite the ability of V-RGpro8 virus to induce CTL
memory specific for rabies G, primary rabies-specific CTL
responses were weak. Since V-RGpro8 did induce a primary
vaccinia-specific CTL response, this finding may reflect
some form of immunodominance; however, the mechanisms
involved are unclear (37).

Live vaccinia virus has a long history of safe use as a vac-
cine for humans, despite a low incidence of serious compli-
cations (38). Reintroduction of vaccinia virus-based vaccines
may be controversial; therefore, we have evaluated the im-
munogenicity of purified inactivated V-RGpro8 virus and the
rabies G isolated from V-RGpro8 virus-infected cells. Both
preparations induced rabies VNA and protected mice
against rabies. Induction of VNA by inactivated V-RGpro8
virus implies that the rabies G is closely associated with the
V-RGpro8 virion. Immunoelectron microscopy should clari-
fy whether the rabies G is a component of the viral mem-
brane. However, these initial results suggest the possibility
that inactivated V-RGpro8 virus could also be used as a vac-
cine against rabies.
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