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1. Introduction

A life-threatening and highly emerging disease called severe
acute respiratory syndrome (SARS) originated in China in late 2002
and spread rapidly to many countries. Upon this outbreak, a world-
wide collaboration network was coordinated by WHO. As a result
of this extraordinary endeavor, in March 2003, SARS-CoV, a novel
type of coronavirus, was identified as the etiologic agent of SARS
[1]. The genomic sequence of SARS-CoV was completed and it
was found that SARS-CoV has all the features and characteris-
tics of other coronaviruses (groups I–III), but it is quite unique
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ocapsid protein (N) of severe acute respiratory syndrome (SARS)-CoV is
tigen candidates for vaccine design. In this study, three fragments [N1
: 1–109); N3 (residues: 110–422)] of N protein of SARS-CoV were expressed
by pooled sera of convalescence phase of SARS patients. Three gene frag-
327 nt) and N3 (328–1269 nt)—expressing the same proteins of N1, N2

N were cloned into pVAX-1 and used to immunize BALB/c mice by elec-
e-linked immunosorbent assay, ELISA) and cellular (by cell proliferation

y was detected by using recombinant N1 and N3 specific antigen. Results
nts of N protein expressed by E. coli were able to react with sera of SARS
ific humoral and cellular immunity in mice could be induced significantly
d N3 DNA vaccine. In addition, the immune response levels in N3 were
y responses (IgG and IgG1 but not IgG2a) and cell proliferation but not
to N1 vaccine. The identification of antigenic N protein fragments has
formation for the design of DNA vaccine against SARS-CoV. The present
NA immunization with pVax-N3 could be used as potential DNA vaccina-
ody in BALB/c mice, but also illustrates that gene immunization with these
e different immune responses.

© 2008 Elsevier B.V. All rights reserved.

from them, representing a new group (group IV) [2,3]. SARS-CoV
is believed to be a mutant coronavirus transmitted from a wild
animal that developed the ability to productively infect humans
[2,4].

Till date, there is no operational treatment for SARS. Quaran-
tine or transmission-blocking measures have been the only means
existing to curb its ruinous impact. Individuals convalescing from
SARS have been seen to develop high titres of neutralizing anti-
bodies [5]. Moreover, the appearance of antibodies coincides with
the onset of SARS pneumonia [6,7]. These reports point to the
possibility of vaccination as an effective therapy against SARS-
CoV.

Prevention through vaccination would be a promising option
that is less reliant on individual case detection to be effec-
tive. Even though there are no vaccines currently licensed for

http://www.sciencedirect.com/science/journal/01652478
mailto:pjhak@snu.ac.kr
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the human CoVs, vaccines have been successfully produced for
some animal CoVs, such as certain strains of infectious bron-
chitis virus (poultry), bovine coronavirus and canine coronavirus
[8–12].

The genome of SARS-CoV is a single-stranded plus-sense
RNA ∼30 kb in length and contains five major open reading
frames (ORFs) that encode non-structural replicase polyproteins
and structural proteins: the spike (S), envelope (E), membrane
(M) and nucleocapsid protein (N), in the same order and of
approximately the same sizes as those of other coronaviruses
[2,4].

The SARS-CoV nucleocapsid (N) gene encodes a 50-kDa protein
harbouring a putative nuclear localization signal [2]. However, the
N protein is distributed predominantly in the cytoplasm of SARS-
CoV-infected and N gene-transfected cells [13]. The SARS-CoV N
protein is a highly charged, basic protein that can self-associate
to form dimmers [14]. The three-dimensional structure of the N-
terminal portion of the protein shares similarity with that of other
RNA-binding proteins. The coronavirus N protein is thought to
participate in the replication and transcription of viral RNA and
to interfere with cell-cycle processes of host cells. As a result, it
plays a critical role in SARS CoV pathogenesis [14–17]. In addi-
tion, the N proteins of many coronaviruses are highly immunogenic
and expressed abundantly (90%) during infection [18]. High lev-
els of IgG antibodies against N have been detected in sera from
SARS patients [19]. The N protein can induce protective immunity

or at least set up the protective response in some coronaviruses
[20]. It is reported that N protein is a representative antigen for
the T-cell response in vaccine setting [21], induces SARS-specific
T-cell proliferation and cytotoxic T-cell activity and induces virus-
specific cellular responses in human cells using mouse model
[21,22].

From such observations, we hypothesize that N protein
expressed in viral infected cells may be an effective mediator of
the potential target for SARS-CoV vaccine. To address this issue,
we therefore focused our studies on characterization of the N pro-
tein [N1 (residues: 1–422 aa, full-length sequence protein); N2
(residues: 1–109 aa, N-terminal region) and N3 (residues: 110–422
aa, middle plus C terminal region)] of SARS-CoV as a target antigen
for vaccine development.

We constructed eukaryotic expression plasmid encoding N [(N1
(nucleotide: 1–1269), N2 (nucleotide: 1–327), and N3 (nucleotide:
328–1296)) gene fragments of the SARS-CoV and compared their
individual potential immune responses in BALB/c mice for use in
the development of SARS vaccine candidates. Therefore, a safe and
effective SARS vaccine would be highly beneficial to the human
health system.

Table 1
Primer sequence, target site, restriction enzyme, product size and PCR conditions

Expression Target site Sequence (5′–3′)

Prokaryotic N1 [1–1269] F: CGG GGA TCC ATG TCT GAT AAT GGA CCC CAA
R: ACGC GTC GAC TGC CTG AGT TGA ATC AGC

N2 [1–327] F: CGG GGA TCC ATG TCT GAT AAT GGA CCC CAA
R: ACGC GTC GAC CCA TCT GGG GCT GAG CTC TTT

N3 [328–1296] F: CGG GGA TCC ATG TAC TTC TAT TAC CTA GGA AC
R: ACGC GTC GAC TGC CTG AGT TGA ATC AGC

Eukaryotic N1 [1–1269] F: CGC GGA TCC ATG TCT GAT AAT GGA GCC CAA
R: CGG CTG CAG TTA TGC CTG AGT TGA ATC GC

N2 [1–327] F: CGC GGA TCC ATG TCT GAT AAT GGA GCC CAA
R: CTG CAG TCA CCA TCT GGG GCT GAG CTC TTT

N3 [328–1296] F: CGG GGA TCC ATG TAC TTC TAT TAC CTA GGA AC
R: CGG CTG CAG TTA TGC CTG AGT TGA ATC GC

The underline sequences are restriction sites.
etters 118 (2008) 65–71

2. Materials and methods

2.1. Molecular cloning, expression and purification of
bacterium-derived SARS-CoV N protein

DNA fragments containing the full length and truncated SARS-
CoV N gene were generated by PCR using SARS-CoV (strain Hanoi
01–03) cDNA as the template. Table 1 shows the forward and
reverse primers with PCR cycling conditions that were used in
order to sub-clone the PCR product as a Bam H1-Sal1 fragment into
the pET21a vector (Novagen, Germany). Plasmids containing the N
gene were then transformed into Escherichia coli strain OrigamiTM B
(DE3). SARS-CoV N protein expression was induced in transformed
competent cells by adding 1 mM IPTG (Invitrogen, USA) for 4 h. The
expressed N protein, containing a small hexahistidine tag at the C
terminus, was subsequently purified by using the His Bind® purifi-
cation kits (Novagen) through Ni-IDA resin column and confirmed
by SDS-PAGE using 12% polyacrylamide gels followed by western
blotting using mouse anti-SARS N protein monoclonal antibody
(1:1,000 dilution, Zymed, USA) and horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (1:500 dilution, Zymed, USA) as
a primary and secondary antibody, respectively. Purified proteins
were then analyzed with pooled sera of convalescence phase of
SARS patients as a positive control and healthy volunteers as a
negative control.
2.2. Plasmid DNA constructs and DNA preparation

In the present study, we used pVAX-1 (Invitrogen, USA), con-
taining a CMV promoter and BGH polyadenylation sequence, for
high-level mammalian expression of our DNA vaccine. For the gen-
eration of pVAX-N1/N2/N3, DNA fragments encoding SARS-CoV
nucleocapsid were amplified by PCR using a set of primers as a tem-
plate (Table 1). The amplified products were cloned into pGEM®-T
Easy vector (Promega, UK). pGEMT-N genes were digested with
Bam HI and PSTI (Roche, Switzerland) and then inserted into vec-
tor pVAX-1. The accuracy of these constructs was confirmed by
DNA sequencing (Genotech Company, Seoul, Korea). The sequences
were identical to the reported sequence [Gene Bank accession
number AY307165 (gi: 31540948)]. The DNA was amplified in E.
coli DH5� strain and purified by plasmid-purification kit (Qiagen,
USA) and dissolved in endotoxin-free PBS to a final concentration
of 1 �g/�l, and stored at −20 ◦C. The 260/280 ratios ranged from
1.8 to 2.0. The endotoxin content from purified plasmid DNA was
below 10 EU/ml in which the level had no effect on the immune
response.

Restriction
enzyme

Product
size (bp)

PCR conditions

BamH1 1269 94 ◦C for 10 min, then 30 cycles of 94 ◦Cfor
30 s, 48 ◦C for 30 s, and 72 ◦C For 1 min,
Followed By one cycle of 72 ◦C for 5 min

Sal1
BamH1 327
Sal1

T GGC BamH1 942
Sal1
BamH1 1269
Pst1
BamH1 327
Pst1

T GGC BamH1 942
Pst1
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2.3. Transfection of 293T cells with pVAX-N and Western blot
analysis

The human embryonic kidney cell line ATCC 293T (CRL
11268) was maintained in Dulbecco’s modified eagle’s medium
(DMEM, Gibco BRL) supplemented with 0.1% penicillin–
streptomycin–neomycin and 10% fetal bovine serum (FBS).
Cells were incubated at 37 ◦C in 5% CO2. When the cell density
was 80–90% confluent, transfection was performed using a trans-
fection kit (Trans IT-LT1 reagent, Myrus). Experimental groups
were treated with the pVAX-N1/N2/N3 plasmid and a negative
control was treated with pVAX1 plasmid. Forty-eight hours after
transfection, the cells were harvested and lysed using triple-
detergent lysis buffer. The expressed proteins in the cells were
separated on a 12% SDS polyacrylamide gel and transferred to a
nitrocellulose membrane (0.45 �m, Schleicher and Schuell GmbH,
Dassel, Germany). The nitrocellulose membrane was incubated
for 1 h with TNT [15 mmol/l Tris-base, 140 mmol/l NaCl, 0.05%
(v/v) Tween-20] containing 5% (w/v) powdered skimmed milk.
Membranes were probed with mouse anti-SARS nucleoprotein
(Zymed Laboratories) at a 1:1000 dilution in T-PBS for 2 h, washed
four times with T-PBS, and then incubated with peroxidase rabbit
anti-mouse (CAPPEL) at a 1:500 dilution in T-PBS containing 5%
non-fat milk. Membranes were washed four times with T-PBS
and developed using Hyperfilm-enhanced chemiluminescence
(Amersham, Piscataway, N.J.) [23].

2.4. Animals and immunizations

Eight-week-old female BALB/c mice, each weighing 18–20 g, free
of adventitious rodent pathogens, ectoparasites and endoparasites,
were used in this study. Mice were maintained in a certified ani-
mal house under supervision and standard conditions of 22 + 2 ◦C
temperature and 55 + 10% relative humidity with a photoperiod of
12:12 h of light–darkness. Water and a dry pellet diet were given
ad libitum. The mice were acclimatized for 4 days prior to the start
of the experiments.

All procedures were performed in accordance with the guide-
lines [24] for the care and use of laboratory animals approved by
Seoul National University [Approval number SNU070827-2].

Four groups (n = 5/group) of mice were used in this study: group
1 (negative control), group 2 (Sham control), groups 3 and 4 (exper-
imental). Group 1 was immunized with 30 �l PBS, group 2 with
30 �g of pVAX-1, group 3 with 30 �g pVAX N1 and group 4 with

30 �g pVAX N3. All immunizations were carried out three times
at 2-week intervals intramuscularly (i.m.) by electroporation in the
right quadriceps muscle. Injections and electroporation treatments
were made under light anesthesia induced by a mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg) into the tibialis anterior mus-
cle. A pair of electrode needles with 5 mm between probes was
inserted into the muscle to cover the DNA injection sites and elec-
tric pulses were delivered using an electric pulse generator (Electro
Square Porator ECM 830; BTX, San Diego, USA). Four pulses of 100 V
each were delivered to each injection site at the rate of one pulse
per second, with each pulse lasting for 40 ms. This was followed
by four pulses of the opposite polarity, as described previously
[25].

2.5. Analysis of the humoral immune response

Serum antibodies against N1/N3 proteins were assessed by
enzyme-linked immunosorbent assay (ELISA). Mouse sera (1:40)
were collected the day before (day 0) and after 10 days of
final immunization, for specific antibodies detection. N-specific
immunoglobulin IgG and its subclasses (IgG1 and IgG2a) were
etters 118 (2008) 65–71 67

assessed by ELISA. In this case, recombinant N (250 ng) pro-
tein expressed in E. coli was purified and used as the detection
antigen. HRP-conjugated goat anti-mouse IgG, IgG1 and IgG2a
(1:5000, Sigma) were used as secondary antibodies. Optical
density (OD) was read at 490 nm (A490) using a plate reader
(Bio-Rad, USA). The values obtained for mouse sera from the
experimental groups were considered positive when they were
≥2.1 times that of the control group. Values >0.05 were not
included.

2.6. Measurement of lymphocyte proliferation index (LPI)

Antigen-specific T-cell proliferation assay (LPA) was performed
as described [26]. In brief, 10 days following the final injection,
mice were sacrificed and single-cell suspensions were prepared
from the spleens for each group. Splenocytes (2 × 105/well) in
RPMI-1640 medium (Sigma) supplemented with 10% FBS were
seeded in 96-well plates, in triplicates. Cultures were stimu-
lated under the following various conditions for 60 h at 37 ◦C
and 5% CO2: 5 �g/ml concanavalin A (positive control), 5 �g/ml
purified N antigen (specific antigen), 5 �g/ml bovine serum albu-
min (irrelevant antigen), or medium alone (negative control).
CellTiter 96 Aqueous One Solution Reagent (20 �l, Promega, USA)
was added into each well according to the manufacturer’s pro-
tocols. Following 4 h incubation at 37 ◦C, absorbance was read at
490 nm. Proliferative activity was estimated using the stimulation
index (SI) calculated from the mean OD490 of antigen-containing
wells divided by the mean OD490 of wells without the anti-
gen.

2.7. Analysis of CD4+ and CD8+ T lymphocytes

Spleens of mice were excised and ground on a 200-mesh cop-
per net. One hundred �l of a suspension containing 1 × 106 spleen
cells were added into 5 ml PBS and centrifuged at 1500 × g for
5 min. After washing twice with PBS, the cells were re-suspended
to make a 0.5-ml cell suspension. Twenty microliters of an anti-
mouse CD8+ monoclonal antibody (mAb) labeled with FITC and a
CD4+ mAb labeled with PE were added into the suspension. The
cells were washed twice and incubated at 4 ◦C for 30 min. Finally,
0.5 ml of fluorescence conservation solution was added, and the
cells were then detected by a FACS Caliber flow cytometer and
data were analyzed using the WinMDI software (Beckton Dickin-
son).
2.8. Statistical analysis

Statistical analysis was performed using Duncan’s multiple
range test (SAS v. 8.2, SAS Institute). p-Values <0.05 were considered
statistically significant.

3. Results

3.1. Production and identification of SARS-CoV N protein in E. coli

The full-length (N1) and truncated (N2 and N3) fragments of
the N gene were cloned and expressed in E. coli Origami TM
B (DE3) pLysS using expression plasmids, pET21a as described
in Fig. 1c and Table 1. The inserts in plasmid were sequenced
and proved to be correct. After induction with IPTG, the pET-N
(pET-N1, pET-N2 and pET-N3) from E. coli with a hexahistidine
tag were over-expressed, with expected sizes of 46.95, 12.09 and
34.85 kDa, respectively. pET-N1, N2 and N3 were successfully puri-
fied through resin based affinity chromatography (Fig. 1d). The
truncated recombinant N1 and N3 (but not N2) proteins were
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Fig. 1. Insert preparation, expression, purification and detection of N (N1/N2/N3)
expressing SARS-CoV N protein in prokaryotic expression vector and mammalian ex
N2 (nucleotides: 1–327) and N3 (nucleotides: 328–1296). The number is the amino
(942 bp), M: DNA marker. (c) Prokaryotic expression vector (pET21a) cloning (BamH
M: protein marker, C: control [protein from normal E. coli Origami TM B (DE3)], I: 4

resin column. (e) SDS-PAGE gels were transferred onto cellulose nitrate membranes for
stained from SDS-PAGE [M, protein marker and lane 1: positive control (purified protein
patient (lane 3) and serum from a healthy volunteer (lane 4).

identified by Western blotting with mouse SARS N protein anti-
body (Fig. 1e). We confirmed the same by using convalescent SARS
patient sera as positive and healthy human sera as negative anti-
bodies (Fig. 1f).

3.2. Structure and sequence analysis of DNA vaccine

To increase the potency of the specific immune response, the
full-length N (N1) and truncated (N2 and N3) genes were ligated
into pVAX-1 containing a CMV promoter and BGH polyadenylation
sequence. The inserts in plasmid were indicated as pVAX-N1/N2/N3
and sequenced and proved to be correct (Fig. 2b).

3.3. Characterization of N protein in cells transfected with the
various DNA vaccines

In order to characterize the expression of the SARS-CoV N pro-
tein in 293T cells transfected with the various DNA constructs, we

Fig. 2. Insert preparation, expression and confirmation of N (N1/N2/N3) protein in mam
(942 bp), M: DNA marker. (b) Eukaryotic expression vector (pVAX-1) cloning (BamH1 a
analysis with antisera reactive with SARS CoV N was evaluated after transfection of the in
transfected with vector), lane 1: vector inserted gene (pVAX-N1/pVAX-N2/pVAX-N3), lan
n in E. coli OrigamiTM B (DE3). (a) Schematic representation of plasmid constructs
ion vector. Full-length N gene labeled as N1 (nucleotides: 1–1269) and truncated as
osition of N protein sequence. (b) PCR products of N1 (1269 bp), N2 (327 bp) and N3
Sal1 digestion). (d) Expression of N (N1/N2/N3) protein in E. coli by 12% SDS-PAGE.
induction with 1 mM IPTG, P: N protein purification with His Band affinity Ni-IDA
western blotting for antigen confirmation. (f) Analysis of antigen. Coomassie blue
)], western blotting with purified protein (lane 2), serum from convalescent SARS

performed a Western blot analysis using cell lysates derived from
DNA-transfected cells. Mouse anti-SARS nucleoprotein was used for
Western blot analysis. As shown in Fig. 2c, lysate from 293T cells
transfected with N1 and N3 DNA revealed a protein band with a
size of approximately 46.95 and 34.85 kDa, respectively. In contrast,
N2 protein was not detected in lysates from 293T cells transfected
with pVAX-N2 DNA Our data indicated that N DNA-transfected
cells exhibited levels of N protein expression comparable to that
in plasmid DNA with no insert-transfected cells (control).

3.4. Detection of antibody titer in mice immunized with the
candidate vaccine

To evaluate the humoral immune response to DNA vaccines
encoding SARS-CoV N (N1/N3) protein, we performed ELISA analy-
sis using bacterium-derived N (N1/N3) protein and sera from mice
ten days after the final vaccination with the two DNA vaccines
(pVAX-N1 and pVAX-N3). As shown in Fig. 3, two groups (pVAX-N1

malian cells (ATCC 293T). (a) PCR products of N1 (1269 bp), N2 (327 bp) and N3
nd Pst1 digestion). (c) Expression of the constructs, determined by western blot
dicated plasmid expression vectors in ATCC 293T cells. C: control (whole cell lysate
e 2: Recombinant SARS N (N1/N3) protein as positive control.



N.K. Dutta et al. / Immunology Letters 118 (2008) 65–71 69

se ser
d **p
Fig. 3. Detection of humoral immune response in the immunized BALB/c mice. Mou
IgG, IgG1 and IgG2a were assessed. Data are presented as means ± S.D. *p > 0.001 an

and pVAX-N3) of vaccinated mice developed substantial antibody
responses whereas the animals in the control groups (PBS and

pVAX-1) did not show any detectable N-specific IgG and its sub-
type profile IgG1 and IgG2a antibody response. As shown in Fig. 3,
the anti-SARS-CoV IgG, IgG1 and IgG2a were induced by all the
immunization regimens. IgG, IgG1 antibody levels in the N3 groups
showed higher degrees of increase compared to those in the N1 vac-
cinated groups, although the IgG2a antibody profiles were more or
less similar in both groups.

3.5. N-specific T cells proliferation

Activation and proliferation of lymphocytes play a critical
role in both humoral and cellular immune responses induced by
vaccination. Therefore, we next evaluated whether pVAX-N1/N3
vaccination by electroporation and subsequent immunization
could influence antigen-specific T-cell proliferation. As shown in
Fig. 4, higher levels of lymphocytes stimulated by N protein were
observed in mice immunized with pVAX-N1/N3 compared to con-
trols (pVAX-1 and PBS) (p < 0.01). Cell proliferation in animals
immunized with pVAX-N3 was appreciably higher than that in
pVAX-N1 immunized animals (p < 0.05).

Fig. 4. N-specific lymphocyte proliferation assay. Pooled splenocytes were obtained fro
immunization. Splenocytes were stimulated in vitro with N protein (N1/N3-test groups),
the control groups (pVAX-1 or PBS) were stimulated with N protein, and served as negati
following formula: SI = (mean OD of Con A or antigen-stimulated proliferation)/(mean O
mice. *p > 0.01 and **p > 0.05.
a were collected 10 days after the final immunization. SARS-CoV N (N1/N3)-specific
> 0.01.

3.6. CD4+ and CD8+ T lymphocytes responses
Since activated CD4+ and CD8+ T lymphocytes are among
the most crucial components of antiviral effectors, they were
assessed in the vaccinated mice (Fig. 5). Flow cytometric analy-
sis of unstimulated cells was used to standardize the background
responses, and there was little variation in non-immunized mice.
Compared with the control group (p < 0.05, the CD8+ T cells
increased and the ratio of CD4+/CD8+ decreased in the pVAX-N1
and pVAX-N3 (experimental groups), indicating that cytotoxic T
lymphocyte (CTL) activity was induced by the recombinant plas-
mid. The CD8+/CD4+ ratio in the N3 groups was higher than that
in the N1 groups but the difference was not statistically significant
(p > 0.05).

4. Discussion

The 2002/2003 SARS epidemic is currently under control. How-
ever, the absence of an effective therapeutic agent against this
relatively new lethal virus of animal origin, compounded by the
threat of its potential for re-emergence, calls for the develop-
ment of a SARS vaccine. Extensive efforts have been made for the

m mice (five mice per group) immunized with the DNA vaccine on day 10 post-
Con A (positive controls), and BSA (irrelevant antigen controls). Splenocytes from
ve controls and sham controls. The stimulation index (SI) was calculated using the
D of non-stimulated proliferation). Each bar represents the mean SI ± S.D. of five
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Fig. 5. Changes in CD4+CD8+ ratio of BALB/c mice in different groups. The CD4+ and
CD8+ T subtypes were counted on day 10 post-immunization. Compared with the
control group, the CD8+ T cells increased and the ratio of CD4+/CD8+ decreased in the
experimental group, indicating that CTL activity was induced by the recombinant
plasmid. *p < 0.05.

development of a SARS vaccine along a variety of approaches like
inactivated whole virus vaccine, subunit vaccines, DNA vaccines,
as well as live recombinant vaccines and various animal models of
experimental infection by the SARS-CoV have been evaluated.

Results in a study by Tan et al. [5] suggest that as early as 2 days
after the onset of illness, there are IgM and IgA anti-N antibodies
present in the blood, and by 9 days, IgA levels against N protein are
very high. This finding that N protein induces a strong IgA response
parallels the findings by Tripp et al. [27] that monoclonal antibodies
against N protein are present in the mucosal epithelia, as detected
by immunohistochemistry on autopsy samples. These locations
include the alveolar epithelium, trachea/bronchus, esophagus, gas-
tric parietal cells and the intestinal tract. Strong immunoreactivity
towards N protein suggests that the protein may be released from
the virus or from infected cells into the circulation during infec-
tion. Alternatively, it may be presented by antigen presenting cells
(APCs) for cytolysis of target cells. N protein does not appear to
undergo rapid mutation like S protein. Coupled with the fact that
S protein is more difficult to express, N protein could be a better
target for the development of serological assays.

Similar to studies with S protein, putative antigenic sequences
have also been identified for N protein. Using cDNA from full-length
N protein expressed in E. coli, fragments were probed with SARS
patients’ sera in a study by Chen et al. [28]. Four regions with pos-
sible epitopes were identified: amino acids 51–71 (EP1), 134–208

(EP2), 249–273 (EP3) and 349–422 (EP4). While EP2 and EP4 were
described as linear epitopes, EP1/EP2 and EP3/EP4 formed con-
formational epitopes that reacted with sera. As such, structural
requirements appear to be important for antigenicity in N pro-
tein.

Keeping in mind these protein microarray data, we expressed
recombinant N [amino acids: 1–422 (N1); 1–109 (N2) and 110–422
(N3)] proteins in E. coli and prepared N protein-specific monoclonal
and polyclonal antibodies for developing a tool for SARS diagno-
sis. Two kinds of antibodies (N1-Ab, anti-full-length N protein and
N3-Ab, anti-partial N protein) were obtained. We have shown N1
and N3 has 100% sensitivity and specificity for SARS-CoV antibody
when testing with 10 SARS-CoV positive human sera compared
to 50-healthy human sera by ELISA system. We also checked that
the polyclonal or monoclonal antibodies do not have the cross-
reactivity with the group 1 corona virus (human corona virus-229E
and porcine epidemic diarrhea) and group II (human corona virus-
OC43 and mouse hepatitis virus) [authors’ unpublished data]. The
identification of antigenic N protein fragments offered a poten-
tial target site for the design of an epitope-based vaccine against
SARS.
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In this report, we detected SARS-Cov N1 and N3 protein-specific
immune response induced by pVAX-N1 and N3 DNA vaccina-
tion, respectively, and found significantly high titres of specific
antibody and specific cell mediated immunity compared to con-
trol. These results indicate that N protein, which naturally exists
in virus particles after binding of viral RNA, was able to induce
strong humoral and cellular immune responses when induced by
DNA vaccine, and it might be a prospective candidate gene for
development of SARS-CoV vaccine. We have shown that DNA vac-
cination can successfully elicit SARS-CoV N-specific humoral and
CD8+ T-cell responses in vaccinated mice. It is also evident that
vaccination with pVAX-N3 is more effective than N1. We got the
same result in ELISA system that the specificity and sensitivity
of N3-antibody is higher than N1-antibody [authors’ unpublished
data].

Our data show that middle or C-terminal region of SARS-CoV
N protein has antigenicity, but N-terminal region does not, reflect-
ing published reports [29]. The result suggests that the truncated
recombinant protein except N-terminal of SARS N protein, contain-
ing a highly conserved motif, is more useful for designing a DNA
vaccine [3,30].

The nucleocapsid of corona virus group contains T-cell depen-
dent and independent epitopes. Nude (athymic) mice immunized
with HBV-nucleocapsid alone develop high titers of IgM, IgG2a and
IgG2b antibodies, which are the predominant antibodies in Th1
responses. There is evidence that the specific structural folding of
viral nucleocapsid is responsible for its high immunogenicity [31].
Two more studies analyzed humoral and cell-mediated immune
responses in mice immunized with DNA vaccines expressing nucle-
ocapsid.

Kim et al. showed that linkage of nucleocapsid protein to cal-
reticulin increased humoral and cellular immune responses in
vaccinated mice compared to mice receiving DNA-nucleocapsid
alone. Shi et al. showed that expression of membrane protein aug-
ments the specific responses induced by SARS-CoV nucleocapsid
DNA immunization. Zhu et al. showed a high level of antibody titer
in mice after three injections of DNA-nucleocapsid [7,32–34]. The
success of immunization depends on several factors, such as type
of antigen, route of administration and usage of adjuvants. Widera
et al. increased DNA vaccine delivery and immunogenicity by elec-
troporation in vivo [25]. In this study, mice were immunized by
electroporation.

DNA immunization has been well modeled in mice for the eval-
types of immune responses produced, as is evident from data till
date. DNA vaccines also seem promising in human application.
However, effects in mice may often be more vivid than those in
humans; hence, certain safety issues need to be taken care of
regarding immunogenicity of DNA vaccines in humans. DNA vac-
cines in larger animals are still not totally effective due to significant
restrictions with the recent technologies. Many characteristics still
remain to be considered prior to the development of a DNA vac-
cine against SARS-CoV in humans. In our present report, we have
illustrated that the presented SARS N DNA vaccine expressing plas-
mid induces specific immune responses in mouse. However, we
did not run tests to check the protective effect with challenge
SARS-CoV. Our next target would be to evaluate and establish the
efficacy of this SARS DNA (pVAX-N3) vaccine in non-human primate
model.
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