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An eultaryotic expression plasmid expressing the 
rabies virus surface glycoprotein (C l~roteirn) under 
the control of cytomegalovirus inmediate early pro- 
moter and iniron was constructed. This plasnlid desig- 
nated as pCMYRab also contains the gene conferring 
resistance to kanarnycin (kc~ilX) to bacteria harbouring 
this plasmid ra ther  than that conferring resistance to 
ampicillin (nmpR) and  thus is devoid of the CpG 
immunostimuliatory sequences (ISS) present i;z the 
Batter. Thc ability of pCMVRab to i l~duce -? protective 
immune response was examined in outbred swiss mics 
using a n  inlracerebral (i.6.) rabies virus challenge 
model. Foliowing intramuscular ( im.)  il;ocul,ation, 
anti-G protein aniibodies as well as virus neu~ra!izing 
antibodies (YNA) a r e  detected in the sera of imi-u- 
nized mice up to four months after immunization. 
Rabies virus-specific T helper cell proliferation roufci 
be demonstrated up to six nionths after irninunizatio~~. 
Induction of these immune responses in ~ C M V R ~ I -  
irnnmnized nlice results in significant protection 
against a subsequent lethal i.c. rabies virus challenge. 
Thus, we demonstrate for the first time that  a rabies @ 
protein expression plasmid devoid of the JSS present 
in the nmpR gene confers significant protection against 
i.c. rabies virus challenge when inocnfated into the 
skeletal muscle of outbred swiss mice. 

VACCINES which can be produced and purified by inex- 
pensive procedures and also stored at room temperature, 
are ideally suited for eradication of infectious diseases in  
developing countries. In this context the use 0 1  plasrnid 
DNA as a vaccine assumes great significance, since i t  can 
be both produced at a very low cost and stored at room 
temperature. Inoculation of animals with purified plasmid 
DNA encoding antigenic proteins results i n  the transfec- 
tion of host cells followed by the expression of the vector- 
encoded foreign proteins, leading to the stimulation of a 
specific immune response including T helper cells, cyto- 
lytic T cells and ant ibodie~ ' -~ .  This melhodology known 
as DNA vaccination, genetic immunization or nucleic acid 
imn~unization is a viable alternative to attenuatecl virus- or 
recombinant protein-based vaccines"-'. 

'!'For correspondence. (e-mail: mngaObioeher1l.iisc.cr11ct~i1~) 

Rabies continues to be 3 serious problem in both deve- 
loped and developing countries clue LO the reservoir of 
rabies virus in wild life aid domestic animals. The disease 
causes a fatal encephalomyelitis in all warm-blooded ani- 
mals, and there is no treatment once its syniptoms have 
appeared. Protection against lethal infection call be 
achievecl by pse- o r ,  frequently, post-exposure vaccina- 
tion. There are quite a few vaccines currently in  use f'or 
humans, domestic and wild animals. However, limited 
access to high q~iality cell culture-based anti-rabies vac- 
cines coupled with their high cost and lack of a cold chain 
are responsible for the deaths of more than 50,000 people 
and millions of animals i n  developing countries. In India, 
approximately 30,000 people die of rabies annually and 
500,000 ~~nclergo rabies prophylaxis". Thus i n  India, the 
demand for anti-rabies vaccine which is mostly imported, 
far exceeds the local production; this situation 
urgently calls for a vaccine that has a simple forniulation, 
is cost effective and does not require a cold chain. In this 
study, we report our endeavour towards the development 
of such a vaccine for rabies. 

Earlier studies'"" have demonstrated that inoculation 
of plasmid DNA encoding the rabies virus G protein by 
intramuscular (i.ni.) or intraderrnal (i.d.) route protects 
mice and monkeys against peripheral virus cliallenge. 
Recently, inoculation of the rabies G protein expression 
plasmid into regenerating muscle was shown to protect 

I S  mice against intracerebral (i.c.) rabies virus challenge . 
The rabies G protein expression plasrnid used in all these 
studies consists of the gene conferring resistance to ampi- 
cillin ( ~ I I I ~ R )  to bacteria harbouring them. It is 1;nown 
that the ampR gene contains CpG imrnunostimulatory 
sequences (ISS)""!' and as a result, the plasmid vector, 
even in the absence of a gene encoding any antigen 
induces protective immune responses in  mice. For exam- 
ple, a plasniicl vector carrying no G protein gene elicited a 
non-specific immune response and conferred 60% protec- 
tion in mice against i.c. rabies virus (CVS strain) chal- 
lengeIs. In  case of plasmid DNA intended for use in 
cli~iical trials in humans and animals, the nmpR gene is 
replaced by the gene conferring resistance to I<ananiycin 
(kni,~)".  So far, the protective efficacy of a rabies G 
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pmtein expression plasmid lacking the CL~II~JR gene has not 
been reported. We therefore cortstructed such a plasmid 
vector and demonstrated for the first time that a rabies 
G protein expression plasmid in which the the ampR gene 
is replaced by knrdi gene, still confers significant protection 
qainst i.c. rabies virus challenge in outbred swiss mice. 

I\llnlerials and methods 

Rabies virus 

'The rabies virus of the challenge virus standard (CVS) 
strain psopagated in Vero cells was concentrated by iso- 
pycnic centrifugation in a 25-5070 sucrose density gradi- 
ent. The virus particles forming a single band at a buoyant 
density of 1.17 g/crn3 (equivalent to 40% sucrose) were 
inactivated with P-propiolactone and used for T helper 
('Th) cell proliferation assays. The same strain propagated 
in mouse brain was  used for i.c. challenge of mice. Inacti- 
vated rabies virus vaccine (Raksl~arab, Indian Imrnuno- 
logicals, Hyderabad, India) was used for immunization of 
mice. All experiments involving live rabies virus were 
carried out at the Indian Immunologicals, Hyderabad 
following national biosafety guidelines. 

1 Constrwctiorz of rabies DNA vaccine plasmid and 
1 irmsfectiori of Vero cells 

I 
/ The plasmid DNA expressing the rabies virus G protein 

(pCMVRab) was constructed by isolating of cDNA en- 
coding rabies virus G protein as a Bgl I1 fragment from 
the ptg155 p ~ a s m i d ~ ~  and its subsequent cloning into the / BarnHI site of the pVRlO12 (ref. 23) dowiistreani of cyto- 

I megalovirus immediate early promoter and intron 
sequences. Large-scale plasrnid isolation and purification 
was carried out essentially as described earlier"'. The pu- 
rified plasmid was dissolved in saline and stored i t  - SO°C 1 ~intil further use in aliquois ai a concentration of l mg/ial. 

I 

/ Expression of mRNA encoding rabies G protein was 

j examined by transfection of Vero cells with pVR1012 or 
1 pCMVRab using Lipofectamine (Life Tdchnologies? USA), 
/ follon;ed by RNA isolation and reverse transcriptnse- 

polymerase chain I-eociioii (RT-PCR) employing olipa- 

I 1 nucleotide primers (5' CGCGGATCCGTTCCTCRGGC- 
1 TCTC 3' and 5' ACGCGTCGACTCACAGTCTGGTCTC 
1 3') specific for rabies G protein. The PCR psodricts were 

I 
I analysed on a 1% agarose gel arid visualized uncles UV 
I light after ethidium bromide staining. 

1 
i 
i 1 Derectiorz oj'viros nestti-cdising oiltibodies 

purified virus membranes. Different dilutions of a control 
serum litrated in IU/ml as well as the test sera are added 
to individual wells followed by washing and the addition 
of peroxiclase conjugated protein A. After eliminating the 
unbound conjugate, the substrate is added and a spectro- 
photometric reading is taken at 492 nm. Co~nparison of 
absorbance values of the test sera with those 01' the control 
serum provides the titre of the test sera in units equivalent 
to the international units (EU) defined by seroneutraliza- 

'tion. The ability of these a n t i 4  protein antibodies to 
neutralize rabies virus infection was determined by Rapid 
Fluorescent Focus Inhibition Test (RFFIT)~'. Briefly, dif- 
l'erent dilutions of the test and reference (WHO) sera were 
mixed with a fixed quantity of Street Alabama Dufrin 
(SAD) strain of rabies virus. The virus as well as the se- 
rum-virus mixture are then seeded along with BHK cells 
in the Labtrek counting chamber slides and incubated for 
24 11. The cell sheet is then fixed with acetone and stained 
with fluorescein isothiocyanate conjugated rabies nucleo- 
capsid antibodies (Diagnostics Pasteur, France) and 
observed under flourescent microscope for rabies inclu- 
sion bodies. Based on the presence of un-neutralized virus 
across the virus dilutions, the titre is expressed as the 
reciprocal of the dilution which neutralizes 50% of the 
virus. These titres were expressed as IUIml by comparing 
the test serum titres with those obtained with the WHO 
reference serum. 

T helper cell proliferation assay 

Splenocytes and lymph node (LN) lymphocytes were iso- 
lated from mice irmnunized with pCMVRab and th&e cells 
were diluted to a final co~icentration of 2 x 10' cells/ml in 
RPMI 1640 medium supplemented with 5 %  FCS, 2 mM 
glutamine and 5 x 10-' M P-mercaptoethanol. A 100 pl 
aliquot containing 2 x lo5 cells was added to each well of 
a 96-well flat-bottom microtitre plate (Nunc, Denmark). 
P-priopiolacto~ie-inactivated rabies virus (CVS strain) 
suspended in 40% sucrose was used as the source of anti- 
gen. Cells were stimulated with either 40% sucrose alone 
or 40% sucrose containing inactivated rabies virus (1.5 
total protein). All assays were carried out in triplicates. 
Three days after the addition of antigen, cells were pulsed 
with 1 pCi of31-I thymidine (Du Pont NEN, USA) per well 
for 16 h.  Cells were harvested, lysetf and 3~ thymidine 
incorporation was measured in a liquid scintillation 
counter- (Bc-:ckman, USA). The stimulation indices (SI) 
were calculated by the fornl~ila: SI = counts per minute 
jcpn~) induced by rabies virus antigenlcpm induced by 
40% sucrose. 

I j The presence of neuimlirinp anti-G protein antibodies in  Ir?lm~i;~izatinn of n.rice m i l  i.c. rabies virus chnlle/rge 
/ the mice sera was detected using the Platelia rabies ltit 

> 

! (niagilostics, Pastcur) following insiructions given in the Pour-week-old outbrecl swiss mice were inoculated twice 
1 

/ :tit. This liit is based on the use of  microplates coated with at one month interval intramuscularly (i.m.) with 100 yg 
I 

I rabies virus glycoproleir~ extracted f ~ o m  inactivated arid of pCh;IVRab or inlraperitoneally (i.p.1 with 0.5 ml of 
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inactivated rabies virus vaccine. Uni~nrnunized mice were 
used as negative controls. $Animals were challenged i s .  
with 0.03 ml of SOLDjo rabies virus of the CVS strain. 
Mice were observed for 14 days post-challenge for deve- 
lopment of symptoms of rabies and death. Mice dying 
within 48 h were considered as non-specific deaths and 
were eliminated from the study. 

Results and discussion 

The eukaryotic expression plasmid encoding the rabies G 
protein was generated by cloning the cDNA encoding 
rabies G protein into pVR1012 (ref. 23). The resulting 
plasmid was designated as pCMVRab. pVR1012 or 
pCMVRab was transfected into Vero cells and 24 h later 
RNA was isolated and subjected to XT-PCR analysis 
using oligonucleotide primers specific for rabies mRNA. 
A 1680 bp PCR product corresponding to mRNA encod- 
ing rabies G protein could be amplified from RNA iso- 
lated from pCMVRab-transfected cells (Figure I ;  lane 2) 
but not pVR1012-transfected cells (Figure I; lane 1). To 
examine the ability of pCMVRab to induce a protective 

Figure 1. RT-I'CR analysis oS rr117NA encoding rabies G protcin in 
Vero cells trnnsrccted with pVR1012 (lanc I) or pCMVRab (lone 2). 
The nu~nbers on the leSL indicate thc size (in bp) oS DNA fragrncnts 
generated by NimllTI digestion or  h DNA (lanc M). 

immune response, outbred swiss mice of 4 weeks age 
were inoculatecl i.m. with 100 pg of pCMVRab twice at 
two-week intervals. Mice immunized i.m. with pVR1012 
served as negative controls. Blood samples were collected 
by retroorbital puncture at regular intervals up to four 
months and sera fro111 each group of mice were pooled. 
The sera samples were analysed for the presence of anti- 
glycoprotein antibodies using the Platelia rabies kit in 
which the ELISA plates are coated with rabies glyco- 
protein extracted from inactivated and purified virus 
membranes. Using a control serum (titrated in IUIml) 
provided in the kit, the titre of the sera ft.01~1 pCMVRab- 
immunized mice was calculated and expressed as a 
unit equivalent to the international unit defined by 
seroneutralization (EU/mI). The results presented in 
Figure 2 n indicate that the level of anti-glycoprotein anti- 
bodies in the sera of pCMVRab-immunized mice is higher 
than the minimum level of 0.5 EUIml needed to resist 
experimental infection induced by the injection of wild 
rabies virus. Thus, i.m. inoculation of pCMVRab results 
in the synthesis of rabies virus G protein in the host lead- 
ing to the induction of protective levels of anti- 
glycoprotein antibodies in the immunized animals. Since 
virus neutralizing antibodies (VNA) are pivotal for pro- 
tection against rabies", the ability of anti-glycoprotein 
antibodies in the sera of pCMVRab-immunized mice to 
neutralize rabies virus infection was examined by rapid 
fluorescent focus inhibition test (RFFIT), a widely used 
assay for determining the potency of rabies vaccines. The 
results presented in Figure 2 b indicate that protective 
VNA titre can be detected in the sera of peMVRab- 
immunized mice up to four months after i.m. inoculatio~i 
of two doses of this plasmid. It is known that DNA vacci- 
nation induces both humoral and cell-mediated immune 
responses'-8. Rabies virus-specific Th cell proliferative 
responses were analysed in mice immunized twice with 
pCMVRab in an in vitro Th cell proliferation assay. 

15 n m 120 

days past lrmlunlzatlon 

Figure 2. Dctcction of virus neutralizing antibodies (VNA) in the 
micc sera. The VNA titre was determined using (a) ,  Lhe Platelia rabies 
Itit, or (11) RFFIT. The dotted line indicates the minimu111 VNA titre (0.5 IU) 
required for protection against rabies as recommentled by WHO. 
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Figure 3. Analysis of rabies virus-specific Th cell proliferative responses in splenocytes and lymph 
node lymphocyes of mice immunized with pCMVRab. 

Table 1. Protection of mice immunized with pCMVRab or inacti- 
vated rabies virus vaccine against i.c. rabies virus challenge 

No, of mice No. of mice 96 
Vaccine immunized survived Protection 

None 10 0 0 
p ~ ~ l ~ ~ h ,  14 9 6 1  
Inactivated rabies 16 14 88 

virus vaccine 

Mice were inoculated once with 0.5 ml of inactivated rabies virus vac- 
cine (i.p.) or twice with 100 pg of pCMVRab (i.m.) at one month inter- 
val. VIice were challenged i.c. with 50LDso CVS virus one month later. 

Splenocytes and LN lymphocytes isolated from these mice 
were stimulated in v i t ~ o  with inactivated rabies virus anti- 
gen. Rabies virus-specific Th cell proliferation was seen 
in tht  ~ ~ l e t ~ o c y t e s  as well as LN lymphocytes of 
mice sacrificed 2 months or G months after primary 
immunization (Figtlre 3). 

The potency of rabies vaccines can be correlated with 
their ability to induce the production of VNA and the 
results presented above clearly indicate that rabies DNA 
vaccine induces VNA as well as Th cell responses in 
mice. The protective efficacy of rabies virus vaccines is 
assessed by the most widely used NIH potency test which 
was developed originally at Lhe United States National 
Insti l~~tes of Health (NU-I)"". This test involves i.c. chal- 

CURRENT SCIENCE, VOL. 76, NO. 7, 10 APRIL 1999 

lenge of the immunized mice with a standardized 
virus dose of the CVS strain of fixed rabies virus. The 
NIH test was adopted by the WHO expert committee on 
rabies and has become a part of many national and inter- 
national requirements for testing the potency of severgl 
inactivated rabies vaccines. Although several laboratories 
including the United States Center for Disease Control 
(CDC) have developed alternate peripheral challenge 
models, these protocols have not yet been given official 
r e ~ o g n i t i o n ~ ~ .  Since i.c, challenge using the CVS strain is 
a widely accepted method for testing the potency of 
inactivated rabies vaccines, we investigated the ability of 
plasmid DNA immunization to protect mice from i.c. 
challenge. Mice were inoculated i.m. twice with pCMVRab 
and then challenged i.c. with -SOLDSo CVS strain of rabies 
virus. Unimmunized mice and mice i~nm~inized with inac- 
tivaled rabies virus vaccine served as negative and posi- 
tive controls respectively. The results presented in 
Table 1 indicate that DNA vaccination confers significant 
protection against i.c. rabies virus challenge. 

This study clearly delnonstrates that i.m. inoculation of 
a plasnlicl DNA encoding rabies virus G protein induces 
humoral and cell-mediated immune responses in outbred 
swiss mice and confers significant protection against i.c. 
rabies virus challenge. pCMVRab used in this study con- 
sists of lcnrdi' gene instead of the N I ? I ] ~ R  gene and thus is 
devoid of the ISS present in the nmpR gene. However, the 
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protective efi'icacy of pCiMVRab is lower than that 
I S  

recently reported by Bahlaul et 01. . The plasmid con- 
structs Llsed by these authors consist of the nmpR gene, 
cytomegalovir~ls promoter and iptron as well as an SV40 

and is therefore different from pCMVRab ~ ~ s e d  
in the present shldy. While it is tempting to speculate that the 
higher level of protection observed by these authors is due to 
presence of arq)R gene in the G protein expression plasmid, 
one cartilot rule out other possibilities such as differences in 
the promotes sequences, strain of mice, etc. Further, these 
authors have injected cardiotoxin prior lo the injection of G 
protein expression plasmid and thus have used a regenerating 
~~lrrscle for plasmid DNA inoculation, while we have itljectecl 
pCMVRab into a normal slteletal muscle. We are now ex- 
amining the role of ISS of-' the flJ?l(~R gene in protective im- 
munity against rabies by introducing oligonucleotides 
containing ISS into pCMVRab. 

Immunization of plasmid DNA encoding rabies G pro- 
tein using a gene gun or by a combination of intraderma1 
(i.d.) and i.m. inoculations protects rhesus monkeys 
against peripheral rabies virus cl~allenge'~.  Surprisingly, 
inoculation via the i.d. route does not induce VNA in 
monkeys although i.d. inoculation induces a protective 
immune response in micei7. The potency of i.m. inocu- 
lation of plasmid DNA expressing rabies G protein has 
not been examined in primates. These studies indicate that 
despite a large number of reports on the efkkacp of 
rabies DNA vaccine, several parameters such as vector de- 
sign, route of immunization, challenge model, etc. have to be 
optimized for each manunalian species. Eradication of rabies 
in India will depend to a geat  extent -on the 
immunization of animal reservoirs, primaily dogs, and there- 
fore the efricacy of plasmid DNA immunization should be 
exa-ained in a canine model. The knowledge gained from 
these studies will be of paramount importance in the design 
and developnlent of a protocol for clinical trials of rabies 
DNA vaccine for both veterinary and human use. 
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