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a b s t r a c t

Rabies is progressive fatal encephalitis. WHO estimates 55,000 rabies deaths and more than 10 million
PEP every year world-wide. A variety of cell-culture derived vaccines are available for prophylaxis against
rabies. However, their high cost restricts their usage in developing countries, where such cases are most
often encountered. This is driving the quest for newer vaccine formulations; DNA vaccines being most
promising amongst them. Here, we explored strategies of antigen trafficking to various cellular compart-
ments aiming at improving both humoral and cellular immunity. These strategies include use of signal
sequences namely Tissue Plasminogen Activator (TPA), Ubiquitin (UQ) and Lysosomal-Associated Mem-
brane Protein-1 (LAMP-1). TPA, LAMP-1 and their combination were aimed at enhancing the CD4+ T cell
and antibody response. In contrast, the UQ tag was utilized for enhancing CD8+ response. The potency of

modified DNA vaccines assessed by total antibody response, antibody isotypes, cytokine profile, neutral-
izing antibody titer and protection conferred against in vivo challenge; was enhanced in comparison to
native unmodified vaccine, but the response elicited did not pertain to the type of target sequence and the
directed arm of immunity. Interestingly, the DNA vaccines that had been designed to generate different
type of immune responses yielded in effect similar response. In conclusion, our data indicate that the
directing target sequence is not the exclusive deciding factor for type and extent of immune response

n the
elicited and emphasizes o

ata deposition foot note: nucleotide sequence
TPA.gp.LAMP-1 (pT.gp.L): GenBank Accession Number EU715585
TPA.gp (pT.gp): GenBank Accession Number EU715586
UQ.gp (pU.gp): GenBank Accession Number EU715587
gp.LAMP-1 (pgp.L): GenBank Accession Number EU715588

. Introduction

Rabies, progressive fatal encephalitis [1] is caused by rabies virus

f genus Lyssavirus. Majority of rabies cases reported from devel-
ped countries involve wild animals like raccoons, skunks, bats, and
oxes. However, it is a major health concern in developing countries
hich account for more than 99% of all human deaths from rabies

Abbreviations: Ab, antibody; Ig, immunoglobulin; ELISA, Enzyme Linked
mmunosorbent Assay; gp, glycoprotein; LAMP-1, Lysosomal-Associated Membrane
rotein-1; MHC, major histocompatibility complex; MQ, Milli Quartz water; PMSF,
henyl methyl sulphonyl fluoride; RIPA, radioimmunoprecipitation assay buffer;
FFIT, rapid fluorescence focus inhibition test; TM, transmembrane; TPA, Tissue
lasminogen Activator; Tris, tris(hydroxymethyl) aminomethane; UQ, Ubiquitin.
∗ Corresponding author. Tel.: +91 11 26704079; fax: +91 11 26742040.

E-mail addresses: rakbhat01@yahoo.com, rakeshbhatnagar@mail.jnu.ac.in
R. Bhatnagar).

264-410X/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2009.01.128
antigen dependence of immune enhancement strategies.
© 2009 Elsevier Ltd. All rights reserved.

[2]. Exposure to rabid dogs is the cause of bulk (>99%) of human
rabies deaths world-wide [3]. India has a particularly severe prob-
lem, with as many as 30,000 human deaths and 2 million people
requiring post-exposure vaccination yearly. Stray and community
dogs cause vast majority of human cases. Though potent and safe
cell-culture derived inactivated vaccines are available, their effi-
cacy may be compromised by disruption of cold chain storage, poor
general health status of the subject, poor vaccination techniques.

As a consequence, several approaches are currently being inves-
tigated experimentally; out of which DNA vaccines appear to be
particularly promising as they can induce persistent, cell-mediated
and humoral immune responses to antigens isolated from a variety
of viral, bacterial, and parasitic pathogens. Besides their immuno-
genicity, DNA vaccines offer several other practical advantages. DNA
vaccines being free from foreign proteins may not cause the various
side reactions, which may be observed for conventional vaccines. In
addition to the safety, they may have benefits of being inexpensive,
overcome the need of time consuming procedures that are needed

for purification of subunit proteins, are stable, can be stored and
transported at room temperature.

In animal models of human disease, DNA vaccines have been
shown to induce protective responses against HIV, influenza, bovine
herpes virus, Rabies, leishmaniasis, malaria, herpes simplex virus,

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:rakbhat01@yahoo.com
mailto:rakeshbhatnagar@mail.jnu.ac.in
dx.doi.org/10.1016/j.vaccine.2009.01.128
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nd tuberculosis [4–6]. In addition, human clinical trials have estab-
ished their safety and potency, further encouraging studies in this
irection [6–10].

In this regard, various DNA vaccination strategies have shown
o provide protection against lethal rabies virus challenge. These
trategies relied on the usage of adjuvants like cationic-lipids
11,12], intradermal injection using gene gun [13–15], repeated DNA
accination [16,17] or DNA vaccine in association with a single dose
f anti-rabies immune serum [18] for immune enhancement. Pro-
hylactic immunization was found to be effective in preventing
anine rabies [17,19,20]. Rabies DNA vaccine has also been found
o be highly efficient in large size mammals [21]. For post-exposure
reatment, single dose of Rabies DNA vaccine was found to be as
otent as 5 dose regimen of cell-culture vaccine in BALB/c mice [22].

Considering these studies, we attempted further improvement
n humoral and cell-mediated immune response elicited by DNA
accination by antigen trafficking to various cellular compartments.
fficient delivery of antigens to both MHC Class I and Class II pro-
essing and presentation pathways is required for generating an
deal immune response comprising of both CD8+ and CD4+ (cell-

ediated) and antibody (humoral) immune response. Accordingly,
his study investigates strategies for targeting glycoprotein antigen
o MHC Class I and Class II pathways for improving its antigenicity,
mmunogenicity and protective efficacy.

For targeting MHC Class II pathway, we utilized Tissue Plasmino-
en Activator (TPA) and human Lysosomal-Associated Membrane
rotein-1 (LAMP-1) signal sequences. TPA-fused antigens are highly
xpressed secreted proteins with elevated uptake by antigen-
resenting cells; and thus, bring about a more generalized
ctivation of the immune system. They have been shown to induce
ignificant humoral and cell-mediated responses [23]. LAMP-1 is
type of transmembrane protein localized predominantly to lyso-

omes and late endosomes. Antigen trafficking of LAMP-1-fused
ntigens to the cellular site of MHC Class II processing and pre-
entation pathway could enhance its presentation to MHC Class II
estricted CD4+ T cells [24] and thus augment the humoral response.
n the other hand, for directing the antigen to MHC Class I, sig-
al sequence of Ubiquitin A-76 (UQ) was employed. UQ-conjugated
ntigens are trafficked through the proteasome, an organelle that
enerates short peptides for presentation via the MHC Class I path-
ay [25]. Such UQ-conjugated antigens are expected to enhance

he cellular immune response. UQ-conjugated proteins have been
hown to generally undergo rapid intracellular degradation and can
licit cytokine responses in the absence of specific antibody pro-
uction [26]. Thereby, we explored the potential of targeted DNA
accine encoding the glycoprotein antigen fused to TPA, LAMP-1
r UQ to elicit superior immune response in comparison to the
nmodified (without target sequence) DNA vaccine.

. Materials and methods

.1. Cells

Baby hamster kidney (BHK)-21 cells; procured from National
entre for Cell Science (NCCS), Pune, India were maintained in Dul-
ecco’s modified Eagle’s medium (DMEM, Sigma) supplemented
ith 10% of heat-inactivated fetal bovine serum (FBS, Biological

ndustries) and 100 U/ml Penicillin (Amersham) and 100 �g/ml
treptomycin (Amersham), in a humidified 5% CO2 incubator at
7 ◦C.
.2. Virus

Virus Pitman-Moore (PV-11) strain of rabies virus was prop-
gated on BHK-21 cells. Virus was purified, inactivated with
(2009) 2128–2137 2129

beta-propionolactone (BPL) and used for in vitro re-stimulation
assay. The Challenge Virus Standard (CVS-11) strain was propagated
and maintained in mice brain. It was titrated on BHK-21 cells to
determine the optimal dose for rapid fluorescence focus inhibition
test (RFFIT) to determine virus neutralization antibodies and for
intracerebral rabies virus challenge to determine protection con-
ferred.

2.3. Cloning of glycoprotein in mammalian expression vectors

Plasmid pTargeT-Rab-G [27] was used as the parental plasmid
for construction of all the clones used in this study. The glyco-
protein (1.57 kb) gene was amplified by PCR from pTargeT.rabgp
plasmid using sequence-specific primers (Supplementary Table 1)
and cloned in eukaryotic plasmids bearing address tags; pDNAVACC
vectors (Nature Technology Corporation, Nebraska). The sequences
of clones bearing the address tags, pgp-Native, pTPA.gp.LAMP-1
(GenBank Accession Number EU715585), pTPA.gp (GenBank Acces-
sion Number EU715586), pUQ.gp (GenBank Accession Number
EU715587), pgp.LAMP-1 (GenBank Accession Number EU715588)
were confirmed by sequencing using ABI PRISM, Model 3730, Ver-
sion 3.0 (Sequencing primers listed in Supplementary Table 1)
and designated as represented in the Fig. 1. The respective con-
structs were processed for the purification of plasmid DNA using the
Endofree plasmid isolation maxi kit (Qiagen) according to the man-
ufacturer’s instructions. The purified plasmid DNA (1–2 mg/ml)
was dissolved in autoclaved Milli Quartz (MQ) water and stored at
−20 ◦C, until further use. The glycoprotein gene was similarly PCR
amplified (see Supplementary Table 1 for primer sequences) using
pTargeT.rabgp as template and cloned in pQE30 expression vector
(T5 expression system). rGP was expressed as a fusion protein with
6× histidine tag in E. coli SG (pREP-4) strain and was purified on
a Ni2+-NTA column to more than 95% homogeneity under native
conditions. The rGP was dialyzed against 10 mM HEPES overnight
and stored in aliquots at −80 ◦C.

2.4. In vitro expression of candidate DNA vaccines

The ability of vaccine constructs to express glycoprotein anti-
gen was studied in vitro in a mammalian cell-culture system.
Briefly, BHK-21 cells were cultured and seeded at a density of
1 × 106 cells/ml in a 24-well tissue culture plate, a day prior to trans-
fection. BHK-21 cells were subsequently transfected with 800 ng
DNA complexed with 2 �l of Lipofectamine (Invitrogen) and 8 �l of
Plus Buffer (Invitrogen).

The analysis of expression and localization was carried out
40 h post-transfection. For assessing expression, flow cytometric
analysis was carried out, in which BHK-21 cells were transfected
with various DNA vaccine combinations. Transfected cells were
fixed with 2% paraformaldehyde (PFA) and then permeabilized in
0.1% Triton X-100 in PBS. The cells were then probed with mouse
anti-rabies polyclonal sera, diluted in PBS containing 0.5% BSA; fol-
lowed by staining with Alexa Fluor 488 labeled secondary antibody
(Molecular Probes) diluted in PBS containing 0.5% BSA and analyzed
for fluorescence using Cell Lab QuantaTM SC MPL flow cytome-
ter (Beckman Coulter Inc.). Control healthy BHK-21 cells were also
stained. Ten thousand cells per sample were analyzed using FL1
filter (525 nm) and percent green fluorescent cells were recorded
using Quanta SC MPL Analysis Software Version 1.0 (Beckman Coul-
ter Inc.).

For immunoblotting, total cell lysate was prepared. Transfected

cells were solubilized using radioimmunoprecipitation assay (RIPA)
buffer [50 mM tris(hydroxymethyl)aminomethane (tris), pH 7.4,
150 mM sodium chloride (NaCl), 0.1% sodium dodecyl sulphate
(SDS), 1% Triton X-100, 1% sodium deoxycholate, 1 mM phenyl
methyl sulphonyl fluoride (PMSF)] supplemented with protease
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Fig. 1. Schematic representation of plasmid DNA constructs encoding the rabies virus glycoprotein. The DNA encoding the full length RV-G (1575 nt), was amplified from
p was c
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TargeT.rabgp, using SapI restriction site in both forward and reverse primer. rRV-G
native); pT.gp.L: downstream of TPA and upstream of LAMP-1 signal sequences;
nd pgp.L: upstream LAMP-1 signal sequence. RV-G: rabies virus glycoprotein; CMV
equence; LAMP-1: human lysosomal-associated membrane protein-1 signal seque

nhibitor cocktail (Sigma). Lysosomal fraction was extracted using
ysosome enrichment kit for tissue and cultured cells (Pierce)
ccording to the manufacturer’s protocol. The presence of lyso-
omes in different fractions was determined by analyzing the
ctivity of �-hexosaminidase [28]. Cell membrane protein frac-
ion was prepared by Qproteome membrane protein kit (Qiagen)
ccording to the manufacturer’s protocol. The presence of cell mem-
rane in the fractions was determined by the associated NADH
xidase activity [29]. Culture supernatant proteins were precipi-
ated by ice-cold acetone. Solubilized proteins from the total cell
ysate, lysosomes, membranes and cell-culture supernatants were
ubjected to 12% SDS-PAGE, blotted on to nitrocellulose mem-
rane and probed with mouse anti-rabies polyclonal sera, followed
y incubation with goat anti-mouse immunoglobulins conjugated
ith alkaline phosphatase (Sigma) and visualized with NBT/BCIP

ubstrate (Sigma).

.5. Immunization of mice

All animal experiments were conducted in compliance with the
nimal ethics committee. Four to six weeks old female BALB/c mice
ere used to verify the immunogenicity of the constructs. Mice
ere purchased from NIN, Hyderabad; and maintained in pathogen

ree environment at the Animal House Facility. Each group com-
rised of ten mice. Mice were vaccinated intramuscularly (i.m.)
ith 100 �g endotoxin-free plasmid DNA in 200 �l PBS/animal in

he individual groups (DNA vaccine or vector control), thrice at
hree-week intervals. Control mice were immunized with only PBS.
he mice from each group were bled at days, 20, 41 and 62; sera
ere prepared and stored at −80 ◦C.

.6. Determination of anti-glycoprotein antibody and its isotypes

Antigen-specific Antibody (IgG total) and isotypes (IgG1, IgG2a)
evels were determined by ELISA in the serum from immunized

ice. Recombinant glycoprotein, expressed in bacterial system
500 ng/well) in 100 �l of 0.1 M PBS was coated overnight at 4 ◦C
30]. Plates were then blocked with 2% BSA in PBS for 2 h at 37 ◦C
ollowed by three washings with PBS-Tween 20 (0.05%). This was
ollowed by incubation with sera samples for 2 h at 37 ◦C and wash-
ng with PBST. Secondary antibodies, anti-mouse IgG or its isotypes
onjugated with horseradish peroxidase; raised in sheep (Santa-

ruz) were incubated for 1 h at 37 ◦C. Estimation of the enzymatic
ctivity was carried out using TMB as the substrate. The reaction
as stopped with 50 �l of 1 M H3PO4 and the absorbance was
easured at 450 nm, with 630 nm as the reference filter using
icroplate Reader (Bio Rad). The antibody response generated in a
loned in DNA vaccine vectors and designated as: pgp: without any target sequence
downstream of TPA signal sequence; pU.gp: downstream of UQ signal sequence
megalovirus promoter/enhancer; TPA: human tissue plasminogen activator signal
Q: mouse ubiquitin A76 signal sequence.

group of vaccinated mice was represented as the geometric mean of
the absorbance obtained by pooled serum samples of the animals;
the reaction being carried out in triplicates.

2.7. Virus-neutralizing antibodies (VNA) assay

Mouse sera were tested in vitro for the presence of virus-
neutralizing antibodies with RFFIT, as described previously [31].
Briefly, sera from mice were heat inactivated at 56 ◦C for 30 min.
100 �l of various sera dilutions were mixed with 100 �l of the CVS-
11 strain of rabies virus (containing 50 FFD50) in 96-well tissue
culture plate and incubated at 37 ◦C, 5% CO2 for 90 min. After the
incubation period, BHK-21 cells (1 × 105) were added to each well
and the plates were incubated for 40 h, following which they were
fixed with chilled acetone and stained with FITC-conjugated anti-
rabies monoclonal antibody (VMRD, USA) for 45 min. The wells
were washed thrice with PBS, mounted in glycerol: PBS (1:1),
and visualized under fluorescence microscope (Nikon, Japan). Data
were expressed as the neutralizing antibody titer that is the mean
of the serum resulting in a 50% reduction in the number of the
virus-infected cell foci in the presence of the test serum. Rabies
Reference antiserum of known international units (IU/ml) of rabies
virus-neutralizing antibody was included as positive control in the
assay.

2.8. T-cell re-stimulation assay

Splenic cells were prepared by grinding spleens between frosted
slides. Erythrocytes were lysed with 0.1 M ammonium chloride.
Remaining spleen cells were washed twice with DMEM medium
and then were suspended in complete DMEM medium supple-
mented with 10% heat-inactivated fetal bovine serum and 10−6 M
2-mercaptoethanol. Viability was determined by Trypan blue exclu-
sion test. Splenocytes were cultured in triplicate (1 × 106 cells/well)
in a 24-well culture plate (Costar), stimulated without antigen or
with 5 �g/ml of BPL inactivated PV-11 virus or concanavalin A
(ConA) (1 �g/ml; Sigma), and incubated at 37 ◦C under 5% CO2 and
95% humidity. Supernatants were harvested after 24, 48 and 72 h
and the levels of cytokines were determined.

2.9. Evaluation of cytokine levels by ELISA
Levels of IL-2, IL-4, IL-12, and IFN-� were determined using BD
Opt EIATM kits according to manufacturer’s protocol (Pharmingen).
Briefly, 96-well microtiter ELISA plate was coated with capture anti-
body of the respective cytokines and incubated overnight at 4 ◦C.
Plate was aspirated and washed thrice and blocked with 200 �l
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Fig. 2. (a) Flow cytometric analysis of cells expressing rabies glycoprotein. BHK-21 cells transfected with various plasmid DNA constructs were stained with anti-rabies
hyperimmune sera as the primary antibody. The number of cells showing fluorescence, after staining with Alexa Fluor 488 labeled secondary antibody were analyzed using
FL1 and displayed as histograms, which are means ± S.D. were obtained from duplicate cultures. Actin was used as positive control. (b) The address tags efficiently target
glycoprotein to various sub cellular locations. Cell lysates, lysosomal fractions, concentrated culture supernatant and membrane fractions were prepared 40 h post-transfection.
Subsequently, the protein samples were resolved on 12% SDS-PAGE under reducing conditions and transferred onto nitrocellulose membrane. Presence of rabies glycoprotein
was detected using mouse polyclonal anti-rabies hyperimmune sera followed by alkaline phosphatase-conjugated anti-mouse IgG. The blot was developed using BCIP/NBT
as substrate.
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mediated trafficking of glycoprotein from cytoplasm to secre-
tion pathway, which targets molecules through the endoplasmic
reticulum and golgi; may lead to higher induction of Th2 type
of immune response. Likewise, pgp.L mediated trafficking may
drive the glycoprotein through trans-golgi network directly to

Fig. 3. Humoral immune response in mice vaccinated with various RV-G plasmid
DNA constructs. Female BALB/c mice (four- to six-week-old) were immunized i.m.
132 M. Kaur et al. / Vacc

f 2% BSA for 2 h at 37 ◦C. After the incubation period, plate was
spirated and washed thrice and incubated with the harvested
upernatants for 2 h at RT. The plate was then aspirated and washed
ve times; plate was incubated with Detector (Anti-mouse IgG-
RP) for 1 h at RT. Following this, plate was aspirated and washed
times and incubated with 100 �l substrate Solution for 30 min in
ark at RT. Reaction was stopped by adding 50 �l Stop Solution to
ach well. The absorbance was read at 450 nm using a Microplate
eader (Bio Rad) within 30 min of stopping the reaction. The con-
entrations of cytokines in the culture supernatants were calculated
sing a linear regression equation obtained from the absorbance
alues of the standards provided by the manufacturer.

.10. Protective efficacy against intracerebral rabies virus
hallenge

Each vaccine construct was tested in two independent exper-
ments. For challenge, immunized mice were inoculated with 20
D50 of rabies virus CVS-11 strain intracerebrally 21 days post-
mmunization. The challenged mice were observed for 18 days for
ymptoms indicative of rabies virus infection. Mice that developed
omplete bilateral hind leg paralysis, characteristic of the terminal
tage of Rabies, were euthanized for humanitarian reasons. Upon
hallenge, PBS or vector vaccinated mice died within 6–13 days. Sur-
iving mice were kept and observed for an additional two to three
eeks to ensure that they survived the infection. Survivorship rates

btained with the different vaccine constructs were compared.

.11. Statistical analysis

The experimental data were analyzed by Sigma Plot 10.1 and
ere expressed as means ± standard deviations (S.D.). Comparisons
etween individual data points were made using a Student’s t-test
nd levels of significance (P value) were determined. P value <0.05
as considered statistically significant.

. Results

.1. Construction and expression of RV-G DNA vaccine constructs

RV-G based DNA vaccine constructs were made wherein the
lycoprotein gene was fused to various signal sequences (Fig. 1)
o analyze the influence of signal sequences on immunogenicity
nd generation of RVNA titers. The sequences of insert in native
NA vaccine construct (pgp) and modified constructs bearing the

arget sequences, pT.gp.L, pT.gp, pU.gp, pgp.L were confirmed by
equencing.

For assessing the expression of DNA vaccine constructs, tran-
iently transfected BHK-21 cells were subjected to flow cytometric
nalysis. The percentages of cells stained with the antibody are
hown in the figure (Fig. 2a). The transfected cells were express-
ng the rabies glycoprotein as indicated by fluorescence recorded
s 69.33%, 55.28%, 74.43%, 69.41 %, 74.85 % for pgp, pT.gp.L, pT.gp,
U.gp and pgp.L respectively; whereas the control cells revealed
low fluorescence signal (8.39%) (Fig. 2a). As the majority of cells

howed expression of the rabies glycoprotein, it can be inferred that
ll the constructs were capable of expressing the protein efficiently
n transfected cells.

For assessing the localization of DNA vaccine constructs, tran-
iently transfected BHK-21 cells were subjected to subcellular
ractionation and subsequently visualization by western blotting.

or the same, total cell lysate, lysosomal fraction, membrane
raction and cell-culture supernatant of tranfected cells were
esolved on SDS-PAGE followed by probing with hyperimmune
olyclonal serum from mice immunized with rabies virus. Promi-
ent immunoreactive protein bands were observed on the blot
(2009) 2128–2137

corresponding to cell lysate of the all the DNA vaccine constructs
(Fig. 2b, topmost panel). There was no corresponding band in cell
lysate from vector-transfected or mock-transfected BHK-21 cells
(data not shown). The observed molecular weight of approximately
67 kDa was consistent with the expected sizes of glycosylated
glycoprotein. Analysis of subcellular fraction revealed that the
pgp.L construct encoded lysosomal form of glycoprotein (second
panel). The pT.gp construct encoded secreted form of glycoprotein
(third panel). Further, dual tagged construct pT.gp.L expressed both
secreted and lysosomal form of glycoprotein (second and third pan-
els). pU.gp construct was exclusively expressed in cell associated
form (topmost panel). The native construct encoded membrane
associated glycoprotein (fourth panel). Expression of glycoprotein
in various subcellular fractions was comparable to that from cell
lysate.

3.2. Immune response to plasmid DNA vaccination in mice

To address the issue if these vaccines could induce efficient
humoral response was assessed. Groups of 10 BALB/c mice were
vaccinated intramuscularly with DNA encoding either the unmodi-
fied or modified antigen. Anti-glycoprotein antibody response was
estimated by ELISA with recombinant glycoprotein (expressed in
bacterial system, unpublished data). All the mice sero-converted
after priming, however, maximum titers were obtained after sec-
ond booster both for unmodified as well as modified DNA vaccine.
For clarity, only the means and standard deviations for each
group are shown (Fig. 3). All vaccine groups mounted antibody
response higher than the unmodified vaccine. The highest anti-
body response was generated in the pgp.L immunized group (P
value <0.005), closely followed by pT.gp.L. There was insignificant
antibody response in vector and PBS immunized mice.

3.3. Antibody isotypes

Trafficking of glycoprotein through different pathways may
affect the type of immune response elicited against it. Like pT.gp
with plasmid DNA constructs encoding RV-G (100 �g/mice), vector (100 �g/mice)
or PBS on days 0, 21 and 42. On days 20, 41 and 62, mice were bled and the sera were
prepared; and subsequently analyzed for anti-RV-G antibodies by ELISA. Microti-
tration plates were coated with bacterially expressed, recombinant glycoprotein
(500 ng/well) and incubated with 1:50 dilutions of immune sera samples. ELISA
antibody titers are presented as the mean from all mice in each group.
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Fig. 4. The isotype profile of the RV-G-specific IgG1 (Black bars) and IgG2a (Gray
bars) titers in mice immunized by different protocols. Each group of mice (n = 10)
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Fig. 5. Rabies virus-neutralizing antibody (RVNA) titers in mice vaccinated with
various RV-G plasmid DNA constructs were determined. The bars represent the
as immunized respectively by DNA, vector or PBS. Mice were bled at three weeks
fter the last immunization and glycoprotein-specific IgG1 and IgG2a titers were
etected by ELISA. Optical density was measured at 450 nm. Data shown represent
eometric mean titers and standard deviations for each group of animals.

ndosomes and then to lysosomes, again influencing the Th2 type
esponse. pT.gp.L may channelize the glycoprotein through either
f the above pathways, to affect the Th2 type of immune response.
n the contrary, pU.gp is expected to enhance the proteolysis of
onjugated glycoprotein mediated by the ubiquitin-proteasome
athway for enhancing the processing and presentation for Th1
ype of immune response. To examine such a possibility, serum
rom mice immunized with pgp, pT.gp, pT.gp.L, pU.gp and pgp.L
as assayed by probing with isotype specific secondary antibodies.

mmunization with all the constructs led to an IgG1-dominated
esponse (Fig. 4) indicating the Th2 bias. Thus, our results show that
ddition of signal sequence did not affect the isotype inclination
ollowing the immunization and there was convergence of the
ntibody response, in spite of differential targeting.

.4. Rabies virus-neutralizing antibody (RVNA) response

Further, we explored the possibility of enhancement in neu-
ralizing antibodies against glycoprotein when modified antigens
ere employed for the immunization experiments. Rabies virus-
eutralizing antibody (RVNA) titers were assessed by RFFIT; three
eeks post the last immunization corresponding to the time of

ethal challenge. The RVNA titer in all the groups of immunized mice
as >0.5 IU/ml; the minimum titer against Rabies as recommended

y WHO. As shown in Fig. 5, the highest geometric mean RVNA
iter was observed for pgp.L (16 IU/ml, P value <0.005), followed by
T.gp.L and pU.gp with titer of 8 IU/ml. The neutralizing antibody
otential of TPA tagged vaccine was found be the lowest, equivalent
o the unmodified antigen based DNA vaccine (4 IU/ml). In com-
arison, vector or PBS immunized group did not induce significant
eutralizing antibodies.

.5. Cytokine ELISA

T helper cells (Th1/Th2) play an important role in eliciting
oth humoral and cellular responses via expansion of antigen-
timulated B cells and CD8+ T cells or CTLs respectively. The levels

f some cytokines which may play key roles in the induction of
rotective immune responses against rabies virus were studied
s parameters of polarization of immune response. Th1 cytokines
IL-2, IL-12, and IFN-�) and Th2 cytokine (IL-4) were measured
rom splenocytes from immunized mice by ELISA at 24, 48 and
geometric mean of the RVNA titers obtained with individual serum samples (repre-
sented by various symbols) in a group of vaccinated mice. RVNA titer equivalent to
0.5 IU/ml is the minimum adequate titer against rabies as recommended by WHO.
The figure represents RVNA titers on day 62.

72 h after re-stimulation with inactivated PV-11 virus. IL-2 produc-
tion substantially increased on immunization with pgp.LAMP-1;
28.03 pg/ml i.e., ∼14 fold higher as compared to the response from
control (splenocytes from PBS immunized mice) was observed (P
value <0.005). All the constructs exhibited significant IL-4 and IFN-�
production. There was no significant increase in the cytokine lev-
els of mice immunized with vector or PBS. IL-12 production also
strongly increased in case of pgp.LAMP-1, ∼35 fold superior than the
control group (P value <0.005). The cytokine profile is summarized
in Fig. 6.

3.6. Antiviral protective efficacy

The ability of these DNA vaccines to elicit protective responses in
immunized mice was assessed by intracerebral challenge with 20
LD50 of virulent rabies virus CVS strain. For controls, vector and PBS
immunized mice were also challenged. The lethality of the chal-
lenge was confirmed by death of all the mice in the vector and PBS
immunized group within 4–11 days post-challenge. Groups of vac-
cinated mice that developed significant levels of virus-neutralizing
antibodies also survived rabies virus challenge. The protection con-
ferred by DNA vaccines was found to be significant (P value <0.005).
All modified antigen groups apart from pT.gp conferred higher
protection than the unmodified DNA vaccine, with 60% and 40% pro-
tection levels conferred respectively. Surviving mice did not show
any signs of rabies virus infection. Kaplan–Meier curves for survival
of DNA vaccine immunized mice are summarized in Fig. 7.

4. Discussion

A variety of cell-culture derived vaccines are available for
prophylaxis against rabies [1]. However, the high cost of the vac-
cination therapy along with the risk of developing anaphylactic,
neuroparalytic or encephalitic side reactions limit their therapeutic
application. These facts indicate the need of more faithful candi-
date vaccines which must be capable of inducing strong immune
response to protect from infection. More importantly, the candi-
date immunogen must be able to induce a strong Th2 immunity

as it has been established that Th2; that is, the humoral immune
response plays a predominant role in induction of protective immu-
nity against rabies virus [32–34]. Rabies virus glycoprotein is the
main antigen responsible for inducing the production of rabies
virus-neutralizing antibodies and for conferring immunity against
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ig. 6. Concentrations of cytokines in cell-culture supernatants of BALB/c mouse sp
V-11 virus. 24, 48 and 72 h later, culture supernatants were collected and analyzed
ith DNA vaccine constructs were included in each experiment. Data are expressed

ethal rabies infection. Out of the various strategies being employed
or enhancing the immunoprophylactic potential of vaccination
trategy, DNA vaccines have been the most promising.

In an effort to develop an optimal DNA vaccine against rabies
irus, this study was aimed at evaluating the immune enhancement
otential of different antigen targeting strategies to selectively

mprove responses mediated by CD8+ and CD4+ T lymphocytes

nd by antibodies, induced after intramuscular immunization with
NA plasmids. Addition of target sequences like TPA, LAMP-1, UQ
ave been employed for vaccination against various pathogens

ncluding SARS coronavirus [35]; Dengue virus [36]; Orthopox virus

ig. 7. Survival percentage of mice immunized with Rabies DNA vaccine. Mice were
mmunized with the various constructs or empty vector control. All mice were
hallenged intracerebrally with 20 LD50 of CVS strain of rabies virus on day 21
ost-immunization and observed for 18 days for rabies specific symptoms or death.
tes. Splenocytes (5 × 105 cells/ml) were stimulated with 5 �g/ml of BPL-inactivated
apture ELISA for IL-2, IL-4, IL-12 and IFN-�. Splenocytes from two mice immunized

ean values ± S.D. of triplicates.

[37]; Influenza A [38]; Mycobacterium [39]. The signal sequences
would target the heterologous protein to different sites targeting
the model; for (i) high expression and secretion by fusing with
TPA and a more generalized activation of the immune system for
induction of significant humoral and cell-mediated responses [23]
(ii) lysosomal degradation by fusing with LAMP-1 and Class II pre-
sentation [40,41]; (iii) wider and enhanced immune response by
fusion with TPA and LAMP-1 and (iv) cytoplasmic degradation by
the proteasome by fusing with ubiquitin and Class I presentation
[42].

Classically, the transmembrane (TM) region is excised from
the DNA vaccine immunogen, such that it can be secreted into
extracellular milieu. Targeted DNA vaccines based on immunogens
with deleted TM have been successfully employed for vaccination
against tumours [43]. Nevertheless, Wang et al. found that Hemag-
glutinin (HA) proteins from different serotypes of influenza A virus
elicits contrasting response to full length and truncated transmem-
brane forms [44]. Further, Rath et al. reported that TM domain along
with a secretion signal of RV glycoprotein was required for elicit-
ing highest level of neutralizing antibodies. They inferred that TM
domain is critical for proper folding of protein otherwise the critical
epitopes may get disrupted [30]. Gupta et al. also reported that DNA
vaccine encoding rabies virus glycoprotein lacking transmembrane
domain though enhances antibody response but does not confer
protection [35]. Therefore, we retained the TM domain in our DNA
vaccine constructs and utilized full gene for targeting strategies.

Thus, different plasmid DNA constructs were made—pgp, the
unmodified constructs and modified constructs including p.gp.L
(N terminal TPA and C terminal LAMP-1), pT.gp (N terminal TPA),

pU.gp (N terminal UQ), and pgp.L (C terminal LAMP-1). Transient
transfection of BHK-21 cells with all the plasmid DNA constructs
revealed expression of rabies glycoprotein by flow cytometric anal-
ysis. Majority of the cells were found to express glycoprotein as seen
by the fluorescence monitored by cell sorter. Thus, DNA vaccine
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onstructs were capable of efficiently expressing the glycoprotein.
istribution of chimeras was analyzed by subcellular fractionation
nd immunoblotting. Total cell lysate of transfected BHK-21 cells of
ll the constructs expressed glycoprotein at approximately 67 kDa.
he observed high molecular weight of RV-G expressed in BHK-21
ells could be due to the influence of host factors on glycosylation
45]. Morimoto et al. showed both BHK and Murine Neuroblastoma
MNA) cell lines, transformed with the same retroviral expression
ector encoding RV-G cDNA, show different patterns of glycosyla-
ion of the expressed RV-G [45]. rRV-G expressed by BHK cells was
ighly glycosylated and sialylated in comparison to MNA expressed
RV-G, indicating that the glycosylation and sialylation of RV G is
ependent on the cellular conditions in which RV-G is produced.
nalysis of subcellular fractions indicated that glycoprotein along
ith the targeting sequences was suitably recognized by mam-
alian cells and directed towards the respective pathway. From

ow cytometric and immunoblotting analysis of transfected cells,
t can be inferred that there was efficient recognition and expres-
ion of DNA vaccine immunogens in the mammalian system. The
ignal sequences successfully directed the glycoprotein to respec-
ive cellular locations, with comparable levels of expression as of
otal cell lysate.

Vaccination of mice with all RV-G plasmid DNA constructs led
o the generation of anti-RV-G antibodies. All the modified vaccines
licited higher anti-RV-G antibody levels than the unmodified one.
he highest antibody response was observed with pgp.LAMP-1. The
eneration of RVNA is the most important adaptive immune sys-
em response for conferring protection against rabies. Therefore,
o compare the utility of the RV-G plasmid DNA constructs, RVNA
esponse elicited by each construct was determined by RFFIT. The
eutralizing antibodies were more than 0.5 IU/ml, which is the min-

mum titer recommended by WHO. The highest RVNA titer was
licited by pgp.LAMP-1 which is also supported by an enhanced
ntibody response by ELISA, in comparison to other RV-G con-
tructs.

The effectiveness of the constructs to induce Th1/Th2 type of
mmune response was indirectly evaluated by determining Th1
IgG2a) and Th2 (IgG1) antibody isotypes. We found a strong IgG1
esponse in all the DNA constructs. Even though IgG2a antibodies
ere produced, the ratios of IgG1/IgG2a were consistently more

han one, thus emphasizing on the Th2 bias. Presence of both types
f immune responses may be due to the presence of more than
ne type of antigenic sites in the glycoprotein immunogen. It is
orth noting that differential targeting for enhancing Th1 and Th2

esponses yielded in effect a similar response.
The increase in antibodies to DNA vaccine may reflect an effect

f the antigen on the T helper cell response needed to promote dif-
erentiation of naïve B cells into antibody secreting plasma cells.
his was assessed by cytokine profiling of splenocytes immunized
ith signal sequence tagged glycoprotein based vaccine or only

ector; upon in vitro stimulation with inactivated PV-11 virus. We
ound that all the cytokines analyzed could be detected from the
plenocytes of DNA vaccine immunized mice, with a pronounced
nhancement in the level of IL-2 and IL-12 in the pgp.LAMP-1
mmunized group. For other cytokines, namely IL-4 and IFN-�, simi-
ar levels of cytokines were observed for all the four groups, with the
evel being several folds in comparison to the splenocytes from con-
rol group. Antigen binding to the T cell receptor (TCR) stimulates
he secretion of IL-2, and the expression of IL-2 receptors IL-2R. The
L-2/IL-2R interaction then stimulates the growth, differentiation
nd survival of antigen-selected cytotoxic T cells via the activation

f the expression of specific genes. IL-2 facilitates production of
mmunoglobulins made by B cells and induces the differentiation
nd proliferation of natural killer cells. IL-12, produced mainly by
acrophages and dendritic cells, is quickly induced by viral infec-

ions or by vaccination stimuli. IL-12 strengthens the non-specific
(2009) 2128–2137 2135

immune responses by activating NK cells to produce IFN-� and in
synergy with IFN-�, drives the differentiation of CD4+ T cells into
Th1 cells, more adapted to the control of viral infections.

Various groups of immunized mice when challenged with CVS
virus showed higher protection as compared to a vehicle control.
High titers of RVNA and protection conferred in DNA vaccines might
be due to the possibility that modified immunogens led to the
expression of RV-G with appropriate folding and better accessi-
bility of epitopes to immune system, critical for generating RVNA
titers. In spite of similar magnitude of immune response generated,
protective efficacies against viral challenge varied. The unmodified
and secreted forms of vaccines were found to be inferior in induc-
ing protection against viral challenge. Xiang et al. also reported
that secreted form of vaccine did not confer significant protective
immunity [46]. Protection against rabies virus is mainly mediated
by neutralizing antibodies [47]; subtle differences in the conforma-
tion of the secreted protein, not readily detectable by conventional
biochemical methods, might select a different repertoire of neu-
tralizing antibodies with lower avidity to the full length G protein
present on the surface of viral particles, thus being less able to
prevent the spread of virus [48].

Interestingly, pT.gp.L, pT.gp, pU.gp, pgp.L DNA vaccine combi-
nations designed to generate different types of immune responses
yielded in effect similar data. A probable explanation for this could
be that the tagged antigens evoke similar levels of immunity and
act to enhance survival via the same primary protective mecha-
nism. We observed that ubiquitination of antigen for MHC Class
I targeting also enhanced the IgG1 antibody and CD4+ mediated
cytokine response. Thus, we infer that the peptides generated
by proteasomal degradation could also be presented by MHC-II.
While, there is no specific information of how protein process-
ing in transfected cells occurs in vivo, different mechanisms have
been postulated. They include direct priming by somatic cells,
direct priming by antigen-presenting cells, or cross priming of
antigen-presenting cells. Activation by cross priming appears to
be the most probable immune mechanism which occurs follow-
ing intramuscular vaccination that could be shared by the TPA,
LAMP-1 and UQ vaccines [24,49–52]. Cross priming may occur
via exit of exogenous antigens from the endocytic compartments
and its processing in the cytosol, recycling of MHC-I molecules
through endosomal/lysosomal pathway and transfer of processed
peptides to the endosomal compartments. It is well known that
CD4+ T-cell stimulation can result from endocytosis of exogenous
peptides or proteins followed by antigenic processing via MHC Class
II pathways [53]. LAMP-1 targeting of antigen has been reported to
increase the number of immunogenic peptide epitopes that acti-
vate CD4+ T cells, thus inducing a broadened immune response in
comparison to untargeted antigen [54]. Recent studies have also
demonstrated that exogenous proteins or peptides, possibly com-
plexed to heat shock proteins, can be taken up by antigen processing
cells, processed through the MHC Class I pathway, and ultimately
stimulate naïve CD8 cells [55,56]. Thus, via cross-priming mech-
anisms, secreted fusion proteins expressed from TPA plasmids,
membrane bound fused proteins expressed from LAMP-1 or pep-
tides released from cells transfected with the UQ constructs could
induce both CD4+ and CD8+ T-cell populations.

5. Conclusions

Several researchers have applied targeting strategies and
reported conflicting results with different antigens and different

infectious systems. Successful targeting was demonstrated for sev-
eral pathogens including Human papillomavirus [57], Influenza A
[38]; Mycobacterium [39]; but not for all the constructs tested
against malaria [58]. Thus, a tagged DNA vaccine may represent
an ‘ideal’ immunogen for generating protective immune response,
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evertheless; the antigen dependence of immune strategies has
o be considered for successful vaccination against any pathogen.
urther, optimization of immunization doses, routes, schedule,
djuvant supplementation and a greater understanding of the
mmune mechanisms responsible for producing protective immu-
ity in response to DNA vaccination should facilitate the creation
f further improved Rabies DNA vaccination strategies.
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