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Introduction

RV causes a disease of central nervous system in humans
as well as in domestic and wild animals. RV (the species
Rabies virus, the genus Lyssavirus, the family Rhabdo-
viridae) contains a single-stranded negative-sense RNA
genome of about 12 kb, which encodes 5 proteins, namely,
the nucleoprotein, phosphoprotein, matrix protein, RNA-
dependent RNA polymerase, and gp. RV gp, the only protein
exposed on the surface of the viral particle, is the mediator
of both the binding to cellular receptors and the entry into
host cells (Coll, 1995). This type I transmembrane protein
consists of three domains: cytoplasmic, transmembrane and
ectodomain exposed as trimers at the virus surface (Gaudin
et al., 1992). The ectodomain is involved in the induction of
both the virus neutralizing antibody induction and the

protection after pre- and post-exposure vaccination (Cox et
al., 1977; Perrin et al., 1985). RV gp also induces cytotoxic
T lymphocytes (TLC) (Macfarlan et al., 1986) and T helper
cells (Celis et al., 1988). Besides virus neutralizing
antibodies also CTL and innate mechanisms are important
for immune defence against rabies (Dietzschold and Ertl,
1991; Hooper et al., 1998). Therefore, much attention has
been focused on RV gp in the development of subunit
vaccine against rabies.

Inoculation of mice with plasmids containing the gene
encoding RV gp efficiently induced humoral and cellular
immune responses resulting in protection against intra-
cerebral challenge (Xiang et al., 1994). Rabies DNA
vaccines were effective in the pre-exposure and post-
exposure protection of mice, dogs and non-human primates
(Xiang et al., 1994; Ray et al., 1997; Lodmell et al., 1998;
Perrin et al., 2000; Lodmell and Ewalt, 2001). Post-exposure
vaccination against rabies requires high level and quick onset
of neutralizing antibodies following the vaccination (Perry
et al., 1991; Xiang et al., 1995). However, the immune
response to a DNA vaccine is usually slow (Sedegah et al.,
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1994; Ray et al., 1997; Lodmell et al., 1998). Therefore,
several attempts have been made to increase this response.
In particular, complexing plasmid DNA with positively
charged vesicles, entrapping plasmid DNA in liposomes
(Jones et al., 1997; Chen et al., 1998; Gregoriadis, 1998),
improved gene expression, insertion of immunostimulatory
sequences into the plasmid DNA backbone, co-admini-
stration of immunomodulators with DNA vaccine (Stingl,
1990; Xiang and Ertl, 1995; Iwasaki et al., 1997), and
boosting with inactivated virus or recombinant vaccinia virus
after priming with DNA vaccine (Lodmell and Ewalt, 2000).
Most of these attempts were successful.

In general, following intramuscular administration of
a DNA vaccine an intense secretion of viral antigen is
required for humoral immune response (Drew et al., 2000).
Several studies have demonstrated that DNA vaccines which
expressed viral antigen in secreted form induced 5-10 times
higher antibody titers compared with those which expressed
viral antigen in membrane-bound form (Boyle et al., 1997;
Kuhrober et al., 1997; Inchauspe et al., 1997; Vinner et al.,
1999; Drew et al., 2000).

In this study, we have attempted to increase the antibody
response of mice to RV gp following immunization with
a recombinant plasmid encoding the gp in secreted form.
The protective efficacy of such a DNA vaccine was
compared with that encoding the gp in membrane-bound
(complete) form.

Materials and Methods

Virus and cells. RV CVS strain was propagated in mouse bra-
in. For transfection, MDBK cells were used. They were grown in
Gibco Minimum Essential Medium (MEM) supplemented with
10% of heat-inactivated FBS, 50 µg/ml gentamicin at 37oC in 5%
CO2.

RT-PCR. Total RNA was isolated from RV-infected mouse
brains using Trizol LS reagent (LifeTechnologies) according
to the manufacturer's instructions. RNA was finally dissolved
in 20 µl of DEPC-treated RNase-free distilled water per sample.
cDNA was synthesized by reverse transcription from 8–10 µg
of total RNA in a reaction mixture (20 µl) consisting of 50
pmoles of the primer 5'-AAGGAAAGATGGTTCCTCAG-3',
200 µmol/l dNTPs, 20 U of RNasin, and 200 U of MMLV re-
verse transcriptase in the 1x reaction buffer (Promega). After
incubation at 42°C for 1 hr the cDNA was heated at 94°C for
5 mins and stored at -20°C until subjected to PCR. The PCR
mixture (50 µl) contained 1 µl of cDNA, 50 pmoles of forward
and reverse primers, 200 µmol/l dNTPs, 1.5 mmol/l MgCl2, and
3U of ExpandTM high fidelity DNA polymerase (Roche) in the
1x reaction buffer. The primers for the amplicon of complete
gp gene (1585 nts) were 5'-AAGGAAAGATGGTTCCTCAG-3'
(forward) and 5'-CCTCACAGTCTGGTCTCACC-3'(reverse),
and those for the amplicon of the gp gene lacking the trans-

membrane domain were 5'-CCCAAGCTTAAGTT CCCCATT
TACACG-3' (forward, the HindIII site underlined) and
5'-CCTCACAGTCTGGTCTCACC-3' (reverse).The PCR con-
sisted of 35 cycles of 94°C/1 min (denaturation), 60°C/1 min
(annealing), and 72°C/2 mins (extension).

DNA vaccines consisted of recombinant plasmids pRab-G
and pRab-Gsec, constructed using the pTargeT (Promega) ex-
pression vector carrying the Human cytomegalovirus (HCMV)
immediate early enhancer/promoter. pRab-G contained comple-
te RV gp gene, while in pRab-Gsec the tansmembrane domain
was deleted and natural signal sequence was replaced with that
for CD33.

To prepare pRab-G, the RV gp gene was amplified by PCR
and inserted into pTargeT using T4 DNA ligase (LifeTechnolo-
gies) following the manufacturer's instructions. The presence of
the insert in the construct was checked by the digestion with EcoRI.
To prepare pRab-Gsec, the RV gp gene lacking the transmembra-
ne domain was amplified by PCR. The PCR product was double
digested with HindIII and PstI, purified by gel electrophoresis and
cloned into the HindIII and PstI sites in the pUC19 vector. Further,
this insert was cut out from the recombinant using HindIII and
XbaI and cloned into the corresponding sites in the pCMV-CD33
vector containing a CD33 secretion signal. This positioned the
CD33 signal peptide in frame with the N-terminal end of gp and
stop codon within the XbaI site. The final construct pRab-Gsec
was isolated and the presence of the insert was checked by the
digestion with HindIII and XbaI. The sequences of the inserts in
the constructs were determined using an ABI PRISM 377 Version
3.0 DNA sequencer.

Large scale preparation of DNA vaccines. Recombinant con-
structs pRab-G and pRab-Gsec were prepared on large scale from
respective transformed bacterial clones in standard manner. Plasmid
DNA was isolated using the Plasmid Mega Kit (Qiagen) and as-
sayed spectrophotometrically. For immunization, it was dissolved
in 150 mmol/l NaCl. All DNA preparations were stored at -20°C
until used.

In vitro expression of recombinant antigens. Expression of the
two different forms of RV gp from pRab-G and pRab-Gsec was
carried out in MDBK cells after transfection using Lipofectin rea-
gent (Gibco BRL). In case of pRab-G, whole cell lysate of the
transfected cells was prepared by resuspending the cell monolayer
in 400 µl of Laemmli buffer. In case of pRab-Gsec, the serum
containing medium from the transfected cell cultures was remo-
ved 24 hrs post transfection and the cells were incubated with 4 ml
of serum-free medium for 24 hrs. The cell culture supernatant was
clarifies at 10,000 rpm for 10 mins and the proteins were precipi-
tated and resuspended in 100 µl of Laemmli buffer (Drew et al.,
2000). The samples of both types were boiled for 5 mins and sub-
jected to SDS-PAGE.

SDS-PAGE and Western blot analysis. SDS-PAGE (10% gel)
was carried out in standard manner. The gels were stained with
Coomassie Blue and, for Western blot analysis, blotted onto nitro-
cellulose membranes and blocked with 5% skim milk in PBS con-
taining 0.05% Tween 20 for 1 hr. The blots were probed with
a mouse polyclonal anti-RV serum for 1 hr, and the antibodies were
detected using an anti-mouse antibody conjugated with alkaline
phosphatase (Sigma) and visualized with NBT/BCIP (Ameresco).
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Vaccination of mice. Groups of six 4–6 week-old BALB/c mice
were vaccinated each with 100 µg of DNA vaccine per dose at one
site in quadriceps muscle. The first dose was followed by the se-
cond after 21 days. A control group of mice received saline. The
mice were bled on days 0 and 28 and the obtained sera were assay-
ed for specific antibodies using ELISA.

ELISA. Microplates (Nunc) were coated overnight at 4°C with
inactivated purified RV antigen (Rai, 1985) in 0.05 mol/l carbonate/
bicarbonate buffer pH 9.6 (1 µg/100 µl/well) and blocked with 5%
skim milk in PBS-T for 1 hr. Aliquots of serum samples diluted
1:50 or 1:200 in 2% skim milk in PBS-T were added (50 µl/well)
and the plates were incubated for 1 hr. Then an anti-mouse antibody
conjugated with HRPO (Sigma) was (50 µl) added. After 1 hr the
color was developed using OPD, the reaction was stopped with 5 N
H2SO4 and A492 was read. All samples were run in triplicate.

Challenge of vaccinated mice. Two weeks after the second dose
of DNA vaccine, the vaccinated mice were challenged intrace-
rebrally with 15 LD50 of fixed RV CVS strain. Six healthy non-
vaccinated mice (control) were challenged too. All the challenged
mice were observed for 14 days for development of rabies-specific
paralytic symptoms or death.

Results

In vitro expression of the two forms of RV gp in MDBK
cells

The ability of the DNA vaccines pRab-G and pRab-Gsec
to direct the expression of the respective forms of RV gp
was investigated by transfecting MDBK cells (Fig. 1). SDS-
PAGE revealed an additional protein of 67 K (lane 1) in the
cell lysate of pRab-G-transfected cells compared with the
lysate of mock-transfected cells (lane 2). The Mr of this
protein was similar to that predicted for complete RV gp.
The expression of the secreted RV gp of 59 K was observed
in the lysate of the cells transfected with pRab-Gsec (lane 3).
The predicted Mr of the secreted RV gp (59 K) should be by
8 K less than that for complete RV gp (67 K). The 59 K
protein was also found in the supernatant from the culture
of cells transfected with pRab-Gsec (lane 5).

The reactivity of the expressed proteins was confirmed by
Western blot analysis using a RV-specific serum (Fig. 1B).

Antibody response to DNA vaccines

The immunogenicity of the DNA vaccines pRab-G and
pRab-Gsec expressing the two forms of Rv gp was followed
in mice (Fig. 2). All mice vaccinated with both of these
vaccines generated a detectable antibody response on day
28 post vaccination. pRab-Gsec generated a higher antibody
response compared with pRab-G; in particular, the mean
ELISA absorbance for pRab-Gsec was approximately 1.5
times higher.
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Fig. 1

SDS-PAGE (A) and Western blot analysis (B) of complete and
secreted form of RV gp in transfected MDBK cells

pRab-G-transfected cells (lane 1); mock-transfected cells (lane 2); pRab-
Gsec-transfected cells (lane 3); supernatant from pRab-Gsec-transfected
cell culture (lane 4); DNA size marker (K) (lane 5); pRab-G-transfected
cells (lane 6); pRab-Gsec-transfected cells (lane 7).

Fig. 2

Antibody response to pRab-Gsec and pRab-G in mice
Groups of six 4–6 week-old BALB/c mice were vaccinated with 100 µg/
dose of plasmid DNA intramuscularly on days 0 and 21. Serum IgG
antibodies from day 28 post vaccination were assayed by ELISA. A492
values represent means from six mice.
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Protective response to DNA vaccines

The mice vaccinated with pRab-G encoding complete
RV gp were protected against the challenge by 100%, while
the mice vaccinated with pRab-Gsec encoding the deleted
form of RV gp (secreted gp) showed only a 66.6% protection
(Fig. 3). All the non-vaccinated mice died.

Discussion

In this study, the immunogenicity and protective efficacy
of a complete and a truncated (secreted) form of RV gp was
investigated. The pRab-Gsec plasmid constructed in this
study did not encode the hydrophobic anchor (trans-
membrane) domain of full length RV gp. This type of
truncation in the gp gene was made with the aim to construct
the gp in the form secreted out from the cells. The natural
signal sequence of the gene was replaced with the CD33
signal sequence to ensure maximum secretion of the
expressed protein from the expressing cells as described
earlier for other proteins (Day et al., 1999; Cik et al., 2000).
The plasmid construct pRab-Gsec carrying this type of RV
gp gene led to the expression of the 59 K protein. The latter
protein could not be found in the pRab-G-transfected or
mock-transfected cells, confirming thereby that the
expressed protein was secreted out from the cell through
the CD33 signal.

Both plasmid constructs induced antibody responses in
immunized mice. The secreted form of gp generated a higher
antibody response compared with complete gp. This
difference was ascribed to the secretion of the expressed
protein. Earlier studies on different forms of expressed
antigens have demonstrated that the location of the expressed
protein influences the nature of the induced response. When
the expressed protein remained cell-associated, either in the
cytoplasm or the membrane, Th1 cytokines and IgG2a
antibodies were produced (Boyle et al., 1997; Lewis et al.,
1999). In contrast, when the protein was secreted, Th2
cytokines and IgG1 antibodies predominated (Boyle et al.,
1997; Lewis et al., 1999).

The increased antibody response in the mice vaccinated
with pRab-Gsec leading to the secreted form of RV gp,
observed in this study, might be due to the release of the
antigen from transfected cells. In general, after DNA
immunization, induction of respective antibody response
occurs following the movement of free antigen to lymph
nodes or the capture of antigen by professional APCs
(Robinson and Torres, 1997). Furthermore, the dose of the
antigen delivered to the cells of the immunity system is
responsible for the magnitude of respective immune response
(Barry and Johnston, 1997). In this study, the secretion of
RV gp might have allowed its release from transfected cells
into extracellular space where from it could either passively
migrate into draining lymph nodes or be captured by
infiltrating and migrating APCs. The other DNA vaccine,
pRab-G was able to accomplish release of the respective
antigen into extracellular space only upon lysis or death of
transfected cells, and thereby it generated a low antibody
response. Several studies have also reported higher antibody
titers in response to DNA vaccines expressing a secreted
form of proteins compared with DNA vaccines expressing
membrane bound form of proteins (Boyle et al., 1997;
Kuhrober et al., 1997; Drew et al., 2000; Morel et al., 2004).

In this study, the DNA vaccine leading to the secreted
RV gp increased the antibody response but not protection
compared to that producing complete membrane-bound RV
gp. Similar results have been reported earlier with purified
soluble form of RV gp (Dietzschold et al., 1983).

When this manuscript was in press, Rath et al. (2005)
reported that, using a baculovirus as vector (DNA vaccine),
a RV gp lacking the transmembrane domain induced lower
antibody titers compared with complete gp. However, their
results are hardly comparable with ours, as (i) they used in
ELISA an antigen expressed in Escherichia coli, hence an
unglycosylated unnatural antigen, (ii) they employed a non-
mammalian vector (baculovirus pAC vector) as DNA
vaccine, and (iii) they did not perform a protective test. In
contrast, we used a purified natural RV as ELISA antigen
and a mammalian expression vector as DNA vaccine, and
we added a challenge/protection test on the vaccinated mice.
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Survival of immunized mice after challenge
The immunized mice (see Fig. 2) were challenged 2 weeks after the second
dose with 15 LD50 of RV i.c. Survival was monitored daily for 14 days
post challenge.
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In conclusion, this study indicated that a DNA vaccine
encoding complete RV gp conferred to mice a 100%
protection against challenge thereby indicating that the
transmembrane domain of RV gp is important for inducing
protective immunity.
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