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Severe acute respiratory syndrome (SARS) is a serious threat to public health and the economy on a global
scale. The SARS coronavirus (SARS-CoV) has been identified as the etiological agent for SARS. Thus,
vaccination against SARS-CoV may represent an effective approach to controlling SARS. DNA vaccines are an
attractive approach for SARS vaccine development, as they offer many advantages over conventional vaccines,
including stability, simplicity, and safety. Our investigators have previously shown that DNA vaccination with
antigen linked to calreticulin (CRT) dramatically enhances major histocompatibility complex class I presen-
tation of linked antigen to CD8* T cells. In this study, we have employed this CRT-based enhancement strategy
to create effective DNA vaccines using SARS-CoV nucleocapsid (N) protein as a target antigen. Vaccination
with naked CRT/N DNA generated the most potent N-specific humoral and T-cell-mediated immune responses
in vaccinated C57BL/6 mice among all of the DNA constructs tested. Furthermore, mice vaccinated with CRT/N
DNA were capable of significantly reducing the titer of challenging vaccinia virus expressing the N protein of
the SARS virus. These results show that a DNA vaccine encoding CRT linked to a SARS-CoV antigen is capable
of generating strong N-specific humoral and cellular immunity and may potentially be useful for control of

infection with SARS-CoV.

Severe acute respiratory syndrome (SARS) has become a
priority for healthcare agencies around the world because of its
communicability, associated mortality, and the potential for
pandemic spread. As of 31 July 2003, 8,098 cases had been
identified worldwide and 774 people had died, a mortality rate
of about 9.6% (World Health Organization statistics [http:
/www.who.int/csr/sars/country/table 2003_09_23/en/]). SARS
has been attributed to infection with a coronavirus (SARS-
CoV) (13, 22, 25). Evidence that SARS-CoV is the etiologic
agent of SARS was demonstrated by experimental infection of
macaques (Macaca fascicularis), fulfilling Koch’s postulates
(15). Knowledge of the structure of SARS-CoV and charac-
terization of its complete RNA genome (23, 27, 28) have pro-
vided us with a significant opportunity to develop strategies for
the prevention of SARS using vaccines.

Like its CoV relatives, SARS-CoV is a plus-stranded RNA
virus with a ~30-kb genome encoding replicase (rep) gene
products and the structural proteins spike (S), envelope (E),
membrane (M), and nucleocapsid (N) (23, 27). S protein is
thought to be involved with receptor binding, E protein plays a
role in viral assembly, M is important for virus budding, and N
protein is associated with viral RNA packaging (for review, see
reference 17). Among these proteins, it is unclear which con-
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tain useful SARS-CoV-specific T-cell epitopes. N protein has
been shown to generate coronavirus-specific CD8" T cells,
albeit in coronaviruses infecting different species (i.e., mouse
hepatitis virus and infectious bronchitis virus) and with differ-
ent tissue tropisms (3, 4, 30, 34, 35). In addition, N-specific
CD8™ T cells have been shown to generate protective effects in
other coronavirus systems (9, 30). We therefore initially fo-
cused on the N protein of the SARS-CoV as the target antigen
for our vaccine development.

DNA vaccines are known for their ability to generate both
cellular and humoral antigen-specific immunity (for reviews,
see references 12, 26, and 31). DNA is relatively stable, and it
can be easily prepared and harvested in large quantities. In
addition, naked plasmid DNA is relatively safe and therefore
can be repeatedly administered as a vaccine (12, 26). However,
naked DNA has no cell type specificity. Thus, it is important to
find an efficient route for the delivery of DNA vaccines into the
appropriate target cells, such as professional antigen-present-
ing cells (APC). Intradermal administration of DNA vaccines
using a gene gun represents a convenient way to deliver DNA
vaccines into professional APCs, such as dendritic cells (DCs),
in vivo (10). DCs are the most potent professional APCs that
prime CD4™" helper and CD8 " killer T cells in vivo (for review,
see references 5, 16, and 33). Thus, gene gun delivery of DNA
vaccines to DCs has become an important method for enhanc-
ing T-cell-mediated immunity against viral infection.

Our investigators have previously used this system to test
several intracellular targeting strategies that enhance major
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histocompatibility complex (MHC) class I and/or class II pro-
cessing and presentation of antigen (for review, see reference
19). Recently, our investigators have performed a head-to-
head comparison of these strategies for their ability to improve
DNA vaccine potency. This comparison showed that linkage of
antigen to calreticulin (CRT) in a DNA vaccine resulted in the
greatest enhancement of the humoral and T-cell-mediated im-
mune responses in vaccinated mice (J. W. Kim, C. F. Hung,
J. Juang, L. He, T. W. Kim, D. K. Armstrong, S. I. Pai, C. T.
Lin, and T. C. Wu, submitted for publication). CRT is an
abundant 46-kDa Ca”*-binding protein located in the endo-
plasmic reticulum (24) and is considered to be related to the
family of heat shock proteins (2, 11). CRT has been shown to
associate with peptides delivered into the endoplasmic reticu-
lum by transporters associated with antigen processing (TAP-1
and TAP-2) (32) and with MHC class I-f2m molecules to aid
in antigen presentation (29). These data indicate that DNA
vaccines employing CRT can potentially enhance antigen-spe-
cific immune responses.

Thus, in the present study, we have vaccinated mice with
DNA encoding CRT linked to the N protein of the SARS-
CoV. Our data indicate that vaccination with CRT/N DNA
vaccine is capable of generating strong N-specific humoral
and T-cell-mediated immune responses in vaccinated C57BL/6
mice. More importantly, our data show that mice vaccinated
with CRT/N DNA are capable of significantly reducing the
titer of challenging vaccinia virus expressing the N protein of
the SARS virus. Based on these data, we have considered
future development of DNA vaccines for SARS-CoV, as well
as eventual clinical translation of our vaccine studies.

MATERIALS AND METHODS

Plasmid DNA constructs and DNA preparation. In the present study we used
the mammalian expression vector pcDNA3.1/myc-His(-) (Invitrogen, Carlsbad,
Calif.) for our DNA vaccine studies. For the generation of pcDNA3-N-myc, the
DNA fragment encoding SARS-CoV nucleocapsid was amplified with PCR
using a set of primers, 5'-AAAGAATTCATGTCTGATAATGGACCCCAAT
C-3', 5-TTTGGTACCTGCCTGAGTTGAATCAGCAGA-3’, and pGEX-1-
NC-G3 (L. R. Huang, C. M. Chiu, S. H. Yeh, W. H. Huang, P. R. Hsueh, J. Y.
Yang, I. J. Su, S. C. Chang, and P.-J. Chen, submitted for publication), as a
template. The amplified product was further cloned into the EcoRI/KpnlI sites of
pcDNA3.1/myc-His(-) vector. To generate pcDNA3-CRT-myc, CRT DNA seg-
ment was isolated from pcDNA3-CRT (7) and cloned into the XhoI/EcoRI sites
of pcDNA3.1/myc-His(-). For the generation of pcDNA3-CRT/N-myc, the am-
plified N DNA was cloned into the EcoRI/KpnlI sites of pcDNA3-CRT-myc. The
accuracy of these constructs was confirmed by DNA sequencing. The DNA was
amplified in Escherichia coli DH5« and purified as described previously (6).

Generation of bacterium-derived SARS-CoV N protein. cDNA encoding
SARS-CoV nucleocapsid protein was generated by reverse transcription of
SARS-CoV TWI1 (18) (accession no. YA291451) using Superscript II (Invitro-
gen) followed by amplification using platinum 7ag DNA polymerase (Invitrogen)
as described elsewhere (L. R. Huang et al., submitted). The oligonucleotide
primers for SARS-CoV N protein were 5'-ATGTCTGATAATGGACCCCA-3’
(forward, nucleotides 28120 to 28139) and 5'-TTATGCCTGAGTTGAATCA
G-3' (reversed, nucleotides 29369 to 29388). The DNA fragment encoding N
protein was cloned into the pGEX-1 plasmid (Amersham Pharmacia Biotech,
Little Chalfont, England) to generate pGEX-1-NC-G3 (L. R. Huang et al.,
submitted) for recombinant protein expression. E. coli BL-21 cells were trans-
formed with pGEX-1 or pGEX-1-NC-G3 plasmids and grown overnight in Lu-
ria-Bertani medium containing 50 pg of ampicillin/ml to the mid-log phase. Cells
transformed with glutathione S-transferase (GST) or GST-N fusion constructs
were directly induced with 0.25 mM isopropyl-B-p-thiogalactoside for 3 h at
30°C. Cells were collected by centrifugation and then resuspended in TNE buffer
(50 mM Tris [pH 8.0], 0.15 M NaCl, 1 mM EDTA, and 1 mM phenylmethylsul-
fonyl fluoride), about 1 ml per 25 (optical density at 600 nm) cells. The fusion
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protein solubility was determined by sonication and centrifugation followed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sepa-
ration of both the supernatant and pellet fractions. In a larger volume of culture
(~3 liters), cells were lysed by using a microfluidizer. Lysates prepared from the
large batch were incubated with TNE-equilibrated glutathione resin. Bound
protein was eluted by 10 mM reduced glutathione in 50 mM Tris (pH 8.0) buffer.
The eluted and purified fractions were used for Western blot analysis and as the
coating antigen for an enzyme-linked immunosorbent assay (ELISA).

Western blot analysis. The expression of N protein in 293 cells transfected
with pcDNA3.1/myc-His(-) encoding no insert, CRT, N, or CRT/N DNA was
characterized by Western blot analysis. A 20-ug aliquot of DNA was transfected
into 5 X 10° 293 cells using Lipofectamine 2000 (Life Technologies, Rockville,
Md.). Twenty-four hours after transfection, cells were lysed with protein extrac-
tion reagent (Pierce, Rockford, Ill.). Equal amounts of protein (50 ug) were
loaded and separated by SDS-PAGE using a 10% polyacrylamide gel. For the
characterization of bacterium-derived N protein, 1 pg of purified GST-N fusion
protein was loaded and separated by SDS-PAGE using a 10% polyacrylamide
gel. The gels were electroblotted to a polyvinylidene difluoride membrane (Bio-
Rad, Hercules, Calif.). Blots were blocked with phosphate-buffered saline
(PBS)-0.05% Tween 20 (TTBS) containing 5% nonfat milk for 2 h at room
temperature. Membranes were probed with rabbit anti-GST-N serum (L. R.
Huang et al., submitted) at a 1:1,000 dilution in TTBS for 2 h, washed four times
with TTBS, and then incubated with goat anti-rabbit immunoglobulin G (IgG)
conjugated to horseradish peroxidase (Zymed, South San Francisco, Calif.) at a
1:1,000 dilution in TTBS containing 5% nonfat milk. Membranes were washed
four times with TTBS and developed using Hyperfilm-enhanced chemilumines-
cence (Amersham, Piscataway, N.J.).

Mice. Six- to eight-week-old female C57BL/6 mice were purchased from the
National Cancer Institute (Frederick, Md.) and kept in the oncology animal
facility of the Johns Hopkins Hospital (Baltimore, Md.). All animal procedures
were performed according to approved protocols and in accordance with rec-
ommendations for the proper use and care of laboratory animals.

DNA vaccination. DNA-coated gold particles were prepared according to a
previously described protocol (6). DNA-coated gold particles were delivered to
the shaved abdominal regions of mice using a helium-driven gene gun (Bio-Rad)
with a discharge pressure of 400 Ib/in®>. C57BL/6 mice were immunized with 2 pug
of the plasmid encoding no insert, CRT, N, or CRT/N protein. The mice received
two boosters with the same dose at a 1-week interval.

ELISA. The presence of SARS-CoV N-specific antibodies in the sera from
CRT/N DNA-vaccinated C57BL/6 mice (five per group) was determined by
ELISA using microwell plates coated with bacterium-derived recombinant
GST-N protein. Purified GST-N protein was diluted to 1 pg/ml with 0.05 M
carbonate buffer (pH 9.6), and 0.1 ml/well was added to 96-well microtiter plates.
Purified GST protein was used as negative control. The plates were incubated
overnight at 4°C, washed with PBS-0.05% Tween 20 (PT), incubated with PT
(0.1 ml/well)-2% bovine serum albumin for 60 min at 37°C, and washed again
with PT. Serial dilutions of the tested sera were added (0.1 ml/well), and the
plates were incubated for 60 min at 37°C. The plates were washed with PT and
were incubated with 0.1 ml of alkaline phosphatase-conjugated rabbit anti-mouse
antibodies (Zymed)/well for 30 min at 37°C. The plates were washed with PT and
incubated with alkaline phosphatase substrate (0.1 ml/well) (according to Sigma
instructions) for 60 min at 37°C. Plates were read on a MicroElisa reader at a
wavelength of 450 nm. Readings higher than threefold above negative controls
were scored as positive reactions.

Intracellular cytokine staining and flow cytometry analysis. In order to assess
the ability of our DNA vaccine encoding SARS-CoV N protein to elicit an
N-specific CD8" T-cell response, we sought to identify the MHC class I-re-
stricted cytotoxic T-cell (CTL) epitope of the SARS-CoV N protein. Using the
BIMAS database for D” and K” peptide binding predictions (http:/bimas.cit
.nih.gov/molbio/hla_bind/) and the SYFPEITHI database of MHC ligands and
peptide motifs (http:/syfpeithi.bmi-heidelberg.com/), we analyzed various pep-
tides of 8, 9, or 10 residues and determined their sequences, positions, and
scores, and we eventually generated seven potential peptides for our studies
(Table 1). We used splenocytes from C57BL/6 mice vaccinated with CRT/N
DNA for the characterization of these candidate peptides. Splenocytes were
harvested from mice 1 week after the last vaccination. Prior to intracellular
cytokine staining, 4 X 10° pooled splenocytes from the vaccinated mice were
incubated for 16 h with 1 pg of each candidate peptide/ml for detecting N-
specific CD8" T-cell precursors. Intracellular gamma interferon (IFN-y) staining
and flow cytometry analysis were performed as described previously (6). Flow
cytometry analysis was performed on a Becton Dickinson FACScan with
CELLQuest software (Becton Dickinson Immunocytometry Systems, Mountain
View, Calif.).
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To characterize the various DNA vaccines in eliciting an N-specific CD8*
T-cell response, splenocytes from the various vaccinated mice (five per group)
were incubated with 1 pg of N peptide/ml (amino acids [aa] 346 to 354;
QFKDNVILL) for 16 h. Intracellular IFN-y staining and flow cytometry analysis
were performed as described above.

Generation and characterization of recombinant vaccinia virus. The recom-
binant vaccinia virus was generated using a protocol similar to that described
previously (38). Briefly, the DNA fragment encoding SARS-CoV nucleocapsid
was amplified with PCR using a set of primers, 5'-AAAGCATGCATGTCTGA
TAATGGACCCCAATC-3', 5'-TTTGGTACCTTATGCCTGAGTTGAATCA
GCAGA-3', and pGEX-1-NC-G3, as a template. The amplified product was
further cloned into SphI/Kpnl sites of pSCIIMCS2. This construct was trans-
fected into wild-type vaccinia virus (Vac-WT)-infected CV-1 using Lipo-
fectamine 2000. The recombinant vaccinia viruses were isolated as described
previously (38). Plaque-purified recombinant vaccinia viruses were checked for
the expression of N protein by flow cytometry analysis, immunofluorescence
staining, and Western blot analysis using rabbit anti-GST-N sera (L. R. Huang et
al., submitted). For the detection of the expression of SARS-CoV N protein in
TK™ cells infected with vaccinia virus encoding N protein (Vac-N) by flow
cytometry analysis, the vaccinia virus-infected cells were incubated with rabbit
anti-GST-N serum at a 1:100 dilution in 1X Perm (PharMingen, San Diego,
Calif.) for 30 min after fixation with Cytofix/Cytoperm (PharMingen), washed
four times with 1X PBS, and then incubated with fluorescein isothiocyanate-
labeled goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West
Grove, Pa.) at a 1:1,000 dilution. Western blot analysis was performed as de-
scribed above.

Vac-WT and Vac-N were amplified by infecting TK™ cells in vitro according
to a standard protocol. The titer was determined by plaque assay using BSC-1
cells. The viral stocks were preserved at —70°C prior to vaccination. Before use,
the virus was thawed, trypsinized with a 1/10 volume of trypsin-EDTA in a 37°C
water bath for 30 min, and diluted with minimal essential medium to a final
concentration of 108 PFU/ml.

Immunofluorescence staining for N protein expression. Immunofluorescence
staining was performed using a protocol similar to what has been described
previously (8). Briefly, TK™ cells were cultured in eight-well culture chamber
slides (Nalge Nunc Intl., Naperville, Ill.) until they reached 50% confluency. The
cells were infected with Vac-N or Vac WT at a multiplicity of infection of 10 to
evaluate the expression of N protein. After 24 h of infection, cells were fixed and
permeabilized with Cytofix/Cytoperm (Pharmingen) for 30 min. Rabbit anti-N
serum was added into the chamber at a dilution of 1:100 and incubated for 30
min. Diluted fluorescein isothiocyanate—goat anti-rabbit IgG (10 wg/ml; Jackson
ImmunoResearch Laboratories) was added and incubated for 30 min. The slides
were mounted and observed immediately under a fluorescence microscope.

In vivo challenge with recombinant vaccinia virus. For the local challenge
experiment, the immunized mice were anesthetized and infected with 2 X 10°
PFU of Vac-WT or Vac-N/mouse in 20 pl by intranasal instillation 1 week after
the final immunization. For the systemic challenge experiment, the immunized
mice were infected with 107 PFU of Vac-N/mouse in 100 pl by intravenous
injection 1 week after the final immunization. Five mice were used for each
vaccinated group. To determine virus titers in lungs, mice were sacrificed 5 days
after challenge. Both lungs were harvested, homogenized in 1 ml of minimal
essential medium containing 2.5% fetal bovine serum, and subjected to three
rounds of freezing and thawing before the titer of virus was determined by plaque
assay.

Statistical analysis. All data expressed as means * the standard errors of the
means are from one experiment of at least two experiments performed. Data for
intracellular cytokine staining with flow cytometry analysis and in vivo viral
challenge experiments were evaluated by analysis of variance. Comparisons be-
tween individual data points were made using Student’s ¢ test.

RESULTS

Characterization of N protein in cells transfected with the
various DNA vaccines. In order to characterize the expression
of the SARS-CoV N protein in 293 cells transfected with the
various DNA constructs, we performed a Western blot analysis
using cell lysates derived from DNA-transfected cells. Rabbit
anti-GST-N sera were used for Western blot analysis. As
shown in Fig. 1, lysate from 293 cells transfected with N DNA
revealed a protein band with a size of approximately M, 48,000
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FIG. 1. Characterization of recombinant SARS-CoV N protein ex-
pression by Western blot analysis. The expression of SARS-CoV N
protein was determined in 293 cells transfected with pcDNA3.1/myc-
His(-) encoding CRT, N, CRT/N, or no insert by Western blot analysis.
Rabbit anti-GST-N serum was used at a 1:100 dilution for the detec-
tion of N expression. Lane 1, lysate from 293 cells transfected with
pcDNA3.1/myc-His(-); lane 2, lysate from 293 cells transfected with
CRT DNA; lane 3, lysate from 293 cells transfected with N DNA; lane
4, lysate from 293 cells transfected with CRT/N DNA.

corresponding to N protein in lane 3. Lysate from 293 cells
transfected with CRT/N DNA revealed a protein band with a
size of approximately M, 90,000 corresponding to the chimeric
CRT/N protein in lane 4. In contrast, N protein was not de-
tected in lysates from 293 cells transfected with plasmid DNA
with no insert (lane 1) or CRT DNA (lane 2). Our data indi-
cated that N DNA-transfected cells exhibited levels of N pro-
tein expression comparable to that in CRT/N DNA-trans-
fected cells.

Vaccination with CRT/N DNA significantly enhances N-spe-
cific antibody responses. To evaluate the humoral immune
response to DNA vaccines encoding SARS-CoV N protein, we
performed ELISA analysis using bacterium-derived GST-N
fusion protein and sera from mice vaccinated with the various
DNA vaccines. As shown in Fig. 2A and B, recombinant
GST-N protein was purified from bacteria. The purification of
bacterium-derived GST-N protein was demonstrated by gel
electrophoresis (Fig. 2A). The confirmation of GST-N protein
was demonstrated by Western blot analysis with rabbit anti-
GST-N sera (Fig. 2B). We used the bacterium-derived GST-N
protein for our ELISA. As shown in Fig. 2C, mice vaccinated
with CRT/N DNA generated the highest titer of N-specific
antibody responses among mice vaccinated with the various
DNA vaccines. Furthermore, an ELISA to determine the sub-
type of IgG antibody showed a significantly higher titer of
N-specific IgG1 antibody than N-specific IgG2a in sera from
mice vaccinated with N or CRT/N DNA (Fig. 2D). We also
used purified GST protein as a control for our ELISA. Sera
from vaccinated mice only generated a background level of
color changes against GST (data not shown). These data
showed that vaccination with CRT/N DNA elicits a signifi-
cantly stronger N-specific humoral immune response than vac-
cination with N DNA. This suggests that the linkage of CRT to
N protein in a DNA vaccine enhances N-specific antibody
production in vaccinated mice.
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FIG. 2. SARS-CoV N-specific humoral immune response in mice vaccinated with various DNA vaccines. (A) Coomassie blue-stained SDS-
PAGE gel of N protein purified from E. coli. Lane 1, marker; lane 2, crude extract of E. coli expressing N protein; lane 3, purified GST-N protein.
(B) Western blot analysis to confirm the presence of purified GST-N protein. Lane 1, lysate from 293 cells transfected with plasmid DNA without
an insert (negative control); lane 2, lysate from 293 cells transfected with plasmid DNA encoding N protein (positive control); lane 3, purified
GST-N protein. (C) ELISA to determine the titers of N-specific IgG antibodies in sera from vaccinated mice. Sera were collected from
DNA-vaccinated mice (five per group) 1 week after the last vaccination and were used to characterize antibodies against bacterium-derived GST-N
protein. Purified GST protein was used as a control for our ELISA. Sera from vaccinated mice only generated background levels of color changes
against GST (data not shown). (D) ELISA comparing the relative titers of N-specific IgG1 and IgG2a antibodies in sera from DNA-vaccinated

mice (five per group).

Vaccination with CRT/N DNA significantly improved SARS-
CoV N-specific CD8" T-cell-mediated immune responses.
T-cell-mediated immunity has been shown to be important for
control of viral infection. In order to develop quantitative
assays for characterizing N-specific CD8" T-cell-mediated
immune responses, we sought to identify the MHC class I-

restricted CTL epitope of the SARS-CoV N protein. Using
the BIMAS database for D® and K” peptide binding predic
tions (http://bimas.cit.nih.gov/molbio/hla_bind/) and the
SYFPEITHIdatabase of MHC ligands and peptide motifs
(http://syfpeithi.bmi-heidelberg.com/), we identified several
potential candidate peptides for SARS-CoV N protein in

TABLE 1. Candidate CTL epitopes for SARS-CoV nucleocapsid protein

Peptide name MHC class I Peptide length Peptide position Peptide sequence BIMAS score SYFPEITHI score
Nay6 354 H-2D" 9 346-354 QFKDNVILL 60 20
351-359 H-2D" 9 351-359 VILLNKHID 33 11
N3s2-360 H-2D" 9 352-360 ILLNKHIDA NA“ 2
202-211 H-2D" 10 202-211 SSRGNSPARM NA 24
N2 131 H-2D* 10 122-131 LPYGANKEGI 200 NA
50_57 H-2K* 8 50-57 TASWFTAL 11 22
Nsia18 H-2K* 8 311-318 SASAFFGM 11 18

“ NA, not available.
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FIG. 3. SARS-CoV N-specific CD8" T-cell-mediated immune responses in mice vaccinated with the various DNA vaccines. Intracellular
cytokine staining followed by flow cytometry analysis was used to characterize the N-specific CD8" T-cell response to vaccination. (A) Repre-
sentative example of flow cytometry analysis. (B) Bar graph depicting the number of SARS-CoV N peptide-specific IFN-y-secreting CD8" T-cell
precursors per 3 X 10° splenocytes. Splenocytes harvested from mice vaccinated with CRT/N DNA (five per group) were incubated with each of
the peptides derived from SARS-CoV N protein, as shown in Table 1. (C) Bar graph depicting the number of N-specific IFN-y-secreting CD8*
T-cell precursors per 3 X 10° splenocytes. Splenocytes from mice (five mice per group) vaccinated with plasmid DNA encoding N, CRT, CRT/N,
or no insert were cultured with MHC class I-restricted N peptide (aa 346 to 354; QFKDNVILL) in vitro overnight and stained for CD8 and IFN-y.

C57BL/6 mice. Table 1 shows their sequences, positions, and
scores. We then synthesized these peptides and characterized
their ability to activate N-specific CD8™ T cells using spleno-
cytes harvested from mice vaccinated with the various DNA
vaccines. As shown in Fig. 3A, using intracellular cytokine
staining followed by flow cytometry analysis, we showed that
a DP-restricted 9-mer peptide positioned at aa 346 to 354
(QFKDNVILL) of N protein was able to activate significantly
more N-specific CD8* T cells in splenocytes from mice vacci-
nated with CRT/N DNA than the other epitopes (P < 0.05). In

comparison, the N peptide (aa 351 to 359; VILLNKHID) only
activated N-specific CD8" T cells in splenocytes from mice
vaccinated with CRT/N DNA to a slightly higher level than the
background level. The other five peptides were not able to
activate N-specific CD8" T cells in splenocytes from mice
vaccinated with CRT/N DNA (Fig. 3A). Thus, the N peptide
(aa 346 to 354; QFKDNVILL) likely represents an H2D"-
restricted CTL epitope for SARS-CoV N protein. Our results
also showed that mice vaccinated with CRT/N DNA generated
significantly more N-specific CD8" T cells than mice vacci-
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FIG. 4. SARS-CoV N protein expression in cells infected with recombinant N vaccinia virus. 293 cells were infected with either Vac-WT or
Vac-N. Rabbit anti-GST-N serum was used to identify N protein expression. (A) Flow cytometry analysis. (B) Immunofluorescence staining.
(C) Western blot analysis using cell lysate from 293 cells infected with either Vac-WT (lane 1) or Vac-N (lane 2). Note: lysate from 293 cells
infected with Vac-N revealed a band of approximately M, 48,000 in size, corresponding to the N protein of SARS-CoV.

nated with N DNA (Fig. 3B) (P < 0.05). Thus, our data suggest
that the linkage of CRT to N protein in a DNA vaccine en-
hances N-specific CD8" T-cell-mediated immune responses in
vaccinated mice.

Recombinant vaccinia virus expressing SARS-CoV N pro-
tein as surrogate virus for vaccine studies. Certain factors
preclude the usage of live SARS-CoV for our vaccine efficacy
studies. Thus, we generated vaccinia virus expressing SARS-
CoV N protein as a surrogate virus for our vaccine efficacy
studies. To demonstrate the expression of SARS-CoV N pro-
tein, we infected 293 cells with Vac-N and confirmed N expres-
sion via flow cytometry analysis, immunofluorescence staining,
and Western blot analysis using rabbit anti-GST-N sera (Fig.
4). 293 cells infected with Vac-WT were used as a negative
control. All three assays determined that 293 cells infected with
Vac-N expressed significant levels of N protein and that 293
cells infected with Vac-WT did not express N protein.

Vaccination with CRT/N DNA results in the greatest reduc-
tion of titer of recombinant vaccinia virus expressing N pro-
tein. The ability of a vaccine to successfully protect against viral
challenge is an essential measure of its efficacy. To test the
ability of our DNA vaccines encoding SARS-CoV N protein to
protect against viral challenge, we vaccinated mice with DNA
encoding CRT/N, N, CRT, or no insert and challenged these
mice with Vac-N or Vac-WT intranasally or intravenously 1
week after the last vaccination. As shown in Fig. 5A, while no
difference in Vac-WT titer was observed among mice vacci-
nated with any of the DNA vaccines, we found significantly
lower titers of Vac-N in lungs of mice vaccinated with DNA
encoding N than in lungs of mice vaccinated with DNA encod-
ing CRT or no insert (intranasal, P < 0.009; intravenous, P <
0.033). More importantly, mice vaccinated with DNA encoding
CRT/N exhibited a significantly reduced titer of Vac-N in their

lungs when compared to mice vaccinated with DNA encoding
N (intranasal, P < 0.013; intravenous, P < 0.006). These data
indicate that vaccination with CRT/N DNA can reduce the
titer of vaccinia virus expressing SARS-CoV N protein to a
greater degree than vaccination with N DNA. Thus, vaccina-
tion with CRT/N DNA may generate the best protection
against intranasal or intravenous challenge with viruses ex-
pressing SARS-CoV N protein.

DISCUSSION

We have shown that vaccination with CRT/N DNA can elicit
SARS-CoV nucleocapsid-specific humoral and cellular im-
mune responses, and our results suggest that these responses
can significantly reduce the titer of challenging vaccinia virus
expressing N protein. These results also indicate that the link-
age of CRT DNA to N DNA leads to enhanced DNA vaccine
potency against a virus expressing a SARS-CoV protein. This
is consistent with our previous studies using a different model
antigen (human papillomavirus type 16 E7 peptide) (7). Thus,
the ability of the CRT strategy to enhance cellular and hu-
moral immune responses has been confirmed in two distinct
antigenic systems. This indicates that a similar DNA vaccine
strategy may prove effective against other antigenic proteins of
SARS-CoV, such as the S, E, or M proteins.

The observed enhancement of the humoral immune re-
sponse against the N protein of SARS-CoV in mice vaccinated
with the chimeric CRT/N DNA vaccine may not be useful for
SARS-CoV neutralization, given the location of the N protein
inside the viral envelope. Thus, N-specific antibodies may not
be able to cross the envelope to bind with the nucleocapsid
protein to abolish the infection. In comparison, SARS-CoV S,
E, and M proteins are expressed on the envelope surface (27),
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FIG. 5. Reduction of the recombinant N vaccinia virus titer in mice vaccinated with the various DNA vaccines. Mice (five per group) were
vaccinated with pcDNA3.1/myc-His(-) encoding CRT, N, CRT/N, or no insert as described in Materials and Methods. (A) Intranasal challenge
with vaccinia virus. The immunized mice were infected with 2 X 10° PFU of Vac-WT or Vac-N/mouse in 20 pl by intranasal instillation 1 week
after the final immunization. Vac-WT infection was used as a negative control. (B) Intravenous challenge with vaccinia virus. The immunized mice
were infected with 107 PFU of Vac-N/mouse in 100 pl by intravenous injection 1 week after final immunization. The titer of virus was determined
by plaque assay 5 days after challenge. Note: mice vaccinated with CRT/N DNA showed the greatest reduction in titer of Vac-N when challenged

intranasally or intravenously.

and neutralizing antibodies against these proteins may thus be
able to neutralize SARS-CoV infection. This raises the possi-
bility that a DNA vaccine strategy employing CRT linked to
the S, E, or M protein may elicit effective neutralizing anti-
bodies as well as potent T-cell-mediated immune responses
against infection by live SARS-CoV. Thus, exploration of the
CRT strategy targeting these envelope-associated proteins of
SARS-CoV is warranted.

While the humoral immune response may represent an ef-
fective means of generating protection from SARS-CoV infec-
tion, it may also lead to an antibody-dependent enhancement
(ADE) reaction. In ADE, virus-specific antibodies have been
shown to interact with the Fc and/or complement receptors to
enhance viral entry into host immune cells, such as granulo-
cytic cells and monocyte/macrophages (for review, see refer-
ence 36). The ADE phenomenon has been observed in at least
one coronavirus system (37). It should therefore be considered
when designing a vaccine against SARS-CoV. If the ADE
phenomenon is observed in SARS-CoV infection or vaccina-
tion, N protein may be the logical choice for a target antigen,
as antibodies against N will be unlikely to lead to ADE. This is
due to the fact that the N protein is not expressed on the viral
envelope and thus antibodies against N will probably not be
able to facilitate viral entry.

We observed significant enhancement of the N-specific
CD8™" T-cell response as a result of linkage of the N protein to
CRT in a DNA vaccine. The percentage of N-specific CD8* T
cells in CRT/N DNA-vaccinated mice may potentially be fur-
ther improved by coadministration with DNA encoding an
antiapoptotic protein (20, 21). Our investigators recently
showed that coadministration of DNA encoding BCL-xL with
DNA encoding E7/HSP70, CRT/E7, or Sig/E7/LAMP-1 re-
sulted in further enhancement of the E7-specific CD8" T-cell
response for all three constructs (20). Because intracellular
targeting and antiapoptotic strategies modify DCs via different
mechanisms, it is potentially feasible to combine antiapoptotic

strategies for prolonging DC life with CRT for enhancing
MHC class I processing and presentation of SARS-CoV anti-
gen by DCs to further enhance DNA vaccine potency.

In this study we used vaccinia virus expressing N protein of
SARS-CoV as a surrogate virus for assaying the vaccine effi-
cacy in our study because SARS-CoV, having mainly been
isolated in Asia, is difficult to obtain in the United States. More
importantly, the handling of live SARS-CoV is potentially ex-
tremely hazardous, whereas the handling of recombinant vac-
cinia virus is relatively safe. For these reasons, we generated
vaccinia virus expressing SARS-CoV N protein for use as a
surrogate viral challenge model. The development of such a
model for testing of our vaccine strategy is not without prece-
dent, as vaccinia virus has been previously used in several prior
studies as a substitute viral challenge model (1, 14). While
these studies may show a good correlation between the reduc-
tion of vaccinia virus titer and vaccine potency, it would be
preferable for our research to explore vaccine efficacy against
live SARS-CoV in a near-human model. A potential animal
model is M. fascicularis, which has been shown to be suscepti-
ble to live SARS-CoV infection and demonstrates pulmonary
pathology similar to humans (15).

We have shown that DNA vaccination can successfully elicit
SARS-CoV N-specific humoral and CD8" T-cell responses in
vaccinated mice. It is also evident that vaccination with CRT/N
DNA can significantly enhance both humoral and cellular im-
mune responses when compared to vaccination with N DNA.
These enhanced immune responses resulting from linkage of
antigen to CRT correlate with a strong reduction of titer of
challenging vaccinia virus expressing N protein in mice vacci-
nated with CRT/N DNA. While N protein may not be able to
elicit an effective neutralizing antibody response against live
SARS-CoV, we have shown that it is capable of eliciting a
SARS-CoV antigen-specific CD8" T-cell response that results
in a significant reduction of titer of challenging vaccinia virus
when linked to CRT in a DNA vaccine. This makes our CRT/N
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DNA vaccine a potential candidate for future clinical transla-
tion. Furthermore, our CRT DNA vaccination strategy may
potentially be applied to envelope-associated SARS-CoV pro-
teins, such as S, E, or M protein, which may be able to elicit
both neutralizing antibodies against SARS-CoV and SARS-
CoV antigen-specific CTLs. Future studies will explore the
efficacy of DNA vaccines encoding CRT linked to these SARS-
CoV structural proteins in a primate model. The results of
these studies will help to lay the groundwork for future clinical
translation of our DNA vaccine strategy for SARS-CoV.
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