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Severe acute respiratory syndrome (SARS)-CoV
is a newly emerging virus that causes SARS
with high mortality rate in infected people. To
study the humoral responses against SARS-CoV,
we evaluated nucleocapsid (N) and spike (S)
proteins-specific antibodies in patients’ sera by
Western blotting and enzyme-linked immuno-
sorbent assay (ELISA). Recombinant N and S
proteins of SARS-CoV were purified from trans-
formed E. coli. Serum specimens from 40 SARS-
CoV-infected patients in the convalescent phase
were analyzed by Western blotting using the
purified antigens. Serial serum specimens from
12 RT-PCR-confirmed SARS patients were as-
sayed by ELISA using the recombinant N protein
as coated antigen. By Western blotting, 97.5%
of the SARS patients were positive for N protein-
specific antibodies whereas only 47.5% of the
samples were positive for S protein-specific
antibodies. Using N protein-based ELISA, 10 out
of the 12 patients were positive for N protein-
specific antibodies and 6 of them showed ser-
oconversion at mean of 16 days after onset of
fever. Immunoblotting was useful for detecting
the humoral immune response after SARS-CoV
infection. Antibodies against SARS-CoV N pro-
tein appear at the early stage of infection, there-
fore, N protein-based ELISA could serve as a
simple, sensitive, and specific test for diagnosing
SARS-CoV infection. J. Med. Virol. 73:338-
346, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

An outbreak of atypical pneumonia, referred to as
severe acute respiratory syndrome (SARS), was first
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reported in Guangdong Province of People’s Republic of
China beginning in November of 2002 and has spread
to Hong Kong, Singapore, Vietnam, Canada, America,
Taiwan, and several European countries. By July 2003,
before it stopped, the epidemic had affected 8,436
individuals and claimed 812 deaths [WHO, 2003]. A
novel virus, the SARS-associated coronavirus (SARS-
CoV), has been identified as the causal agent [Drosten
et al., 2003; Ksiazek et al., 2003; Kuiken et al., 2003;
Peiris et al., 2003b].

Coronaviruses can cause severe diseases in many
animals such as infectious bronchitis virus (IBV) in
chickens, feline infectious peritonitis virus (FIPV) in
cats, murine hepatitis virus (MHV) in mice, and trans-
missible gastroenteritis virus (TGEV) in pigs [Lai and
Holmes, 2001]. However, the previously known human
coronaviruses, HCoV-229E and HCoV-OC43 are respon-
sible for only ~30% of mild upper respiratory tract
illnesses, but not severe ones [Lai and Holmes, 2001].
Since the new SARS-CoV spreads effectively and claims
a high case-mortality rate (10%), it is imperative to
understand the differences between SARS-CoV and
other coronaviruses in the host responses. That is im-
portant for both understanding the pathogenesis and
establishing early clinical diagnosis.

SARS-CoV is a member of the Coronoviridae family.
Its positive-stranded RNA genome encodes 23 putative
proteins, including 4 major structural proteins, nucleo-
capsid (N), spike (S), membrane (M), and small envelope
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(E). Its genomic organization resembles other corona-
viruses but the overall similarity between the structural
proteins of SARS-CoV and those of other coronaviruses
is low [Rota et al., 2003].

Among the viral structural proteins, the N protein
appears to be important. It is a phosphoprotein which
could bind to viral RNA to form a helical nucleocapsid
that participates in viral replication [Baric et al., 1988;
Lai and Holmes, 2001]. It is also a major viral antigen
stimulating host’s immune responses. Previous studies
on animal coronaviruses have shown that some anti-
genic peptides of the N protein can be presented on the
surface of infected cells and recognized by T cells [Boots
et al., 1991; Wege et al.,, 1993]. Immunization with
DNA vaccine of the N protein of TGEV could elicit both
antibody production and T cell response against the N
protein in mice [Liu et al.,, 2001]. It has also been
reported that the N protein-specific cellular immune
response is essential for protection against FIPV in-
fection [Gerber et al., 1990]. These data suggested that
the N protein of coronavirus possesses strong antigeni-
city and may play an important role in the induction of
host’s immune responses and even pathogenesis during
SARS-CoV infection.

Spike glycoprotein also has several important biolo-
gical functions. It has been shown that a cellular metal-
lopeptidase, angiotensin-converting enzyme 2 (ACE2)
could bind to S1 domain of the SARS-CoV S protein and
support viral replication [Li et al., 2003]. Studies on the
murine hepatitis virus-4 (MHV-4) showed that mono-
clonal antibodies against the S protein could neutralize
viral infectivity and S protein-specific CTL response
could be detected in MHV-4-infected mice [Collins et al.,
1982; Fleming et al., 1983; Bergmann et al., 1996].

In patients with SARS, antibodies against SARS-CoV
are detected within 2—3 weeks after onset of the disease
by immunofluorescence assay (IFA) [Ksiazek et al.,
2003; Peiris et al., 2003a]. It has been demonstrated that
the convalescent sera from patients with SARS could
react strongly with a ~46 kDa protein derived from
the supernatant of SARS-CoV-infected Vero E6 cell
[Krokhin et al., 2003]. The size of the protein is equi-
valent to that of nucleocapsid proteins of other corona-
viruses. Until now, little was known about the temporal
profiles of the antibody responses against N protein or
S protein of SARS-CoV. Therefore, we studied the
serological responses to SARS-CoV N and S proteins
by immunoblotting and an enzyme-linked immunosor-
bent assay (ELISA).

MATERIALS AND METHODS
cDNA Cloning and Plasmid Construction

c¢DNA encoding SARS nucleocapsid or spike proteins
were generated by reverse transcription from SARS
coronavirus TW1 (accession no. AY291451) using
Superscript II (Invitrogen, Carlsbad, CA) followed by
amplification using platinum Taq DNA polymerase
(Invitrogen). The oligonucleotide primers for nucleocap-
sid protein were 5-ATGTCTGATAATGGACCCCA-3
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(forward, nt 28120-nt 28139) and &5-TTATGCCT-
GAGTTGAATCAG-3' (reversed, nt 29369—nt 29388).
Primer sets for spike (a.a. 511-1255) were 5'-TCCACT-
GACCTTATTAAGAA-3' (forward, nt 23022—nt 23041)
and 5-GTTCGTTTATGTGTAATGTA-3' (reversed, nt
25246—nt 25265). The resulting cDNA fragments were
ligated into pGEX-1 (Amersham Pharmacia Biotech.,
Little Chalfont, England) plasmid for recombinant pro-
tein expression.

Protein Expression and
GST-Fusion Protein Purification

GST-nucleocapsid (GST-N) and GST-spike (GST-S)
(511-1255) constructs were transformed into E. coli
DH50 and BL21 strains, respectively. A single colony
was grown overnight in LB medium containing 50 pg/ml
ampicillin until ODggo reached 0.2-0.3. Cells were
then induced by 0.25 mM isopropyl-p-p-thiogalactoside
(IPTG) for 3 hr at 30°C.

Cells were collected by centrifugation and then re-
suspended in TNE buffer (50 mM Tris, pH 8.0, 0.15 M
NaCl, 1 mM EDTA, and 1 mM PMSF), about 1 ml per
25 ODggq cells. Cells were either lysed by sonication
or microfluidizer depending on the volume of culture.
After centrifugation, the lysate was separated into
supernatant and pellet fractions. The solubility of
recombinant proteins was then determined by SDS—
PAGE analysis of these two fractions. To purify the
recombinant protein, the lysate was incubated with
TNE-equilibrated glutathione resin at 4°C for 1 hr.
In consequence, the resins were packed and washed
with PBS containing 1% Triton X-100 at a flow rate
about 1 ml/min. The bound protein was eluted by 10 mM
reduced glutathione in 50 mM Tris (pH 8.0) buffer.
The purified recombinant N and S proteins were used
for antibody generation and also used as the antigens
for Western blotting and ELISA.

Mass Spectrometric Protein Determination

The purified proteins were separated by capillary
HPLC (ABI 140D HPLC; PerkinElmer Life Sciences,
Inc., Boston, MA) in-line coupled with the LCQ ion trap
mass spectrometer (Finnigan). The acquired mass
spectra were analyzed by SEQUEST Browser to corre-
late the MS/MS spectrum with the amino acid sequences
of proteins from SARS-CoV genome database.

Western Blot Analysis of SARS-CoV Nucleocapsid
and Spike Proteins From Virus-Infected Cells

Cell lysate of gamma-irradiated SARS-CoV-infected
Vero E6, noninfected Vero E6 cells, and recombinant
GST-N or GST-S (511-1255) proteins were separated
by SDS—PAGE wusing 10% polyacrylamide gel and
transferred to Hybond™.-C super nitrocellulose mem-
brane (Amersham Pharmacia Biotech.) by electroblot-
ting [Sambrook and Russell, 2001]. The membrane
was blocked for 1 hr with 5% nonfat dry milk at room
temperature and then probed with heat-inactivated
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serum specimens (1: 200 dilution) from patients with
SARS in the convalescent phase, rabbit anti-GST-N sera
(1:10,000 dilution), or rabbit anti-GST-S (511-1255)
sera (1:1,000 dilution), respectively for 1 hr. The mem-
brane was washed three times with PBS containing
0.1% Tween 20 and then incubated with horseradish
peroxidase (HRP)-conjugated sheep anti-human immu-
noglobulin G (IgG, Amersham Pharmacia Biotech.) or
HRP-conjugated goat anti-rabbit immunoglobulins
(Igs, DAKO Corporation, Carpinteria), and detected by
chemiluminescence (PerkinElmer Life Sciences, Inc.)
using Kodak BioMax MR film (Eastman Kodak Com-
pany, New York).

N Protein-Based SARS-CoV ELISA

One hundred and ninety microliters of specimen
diluent was added to each well of the purified re-
combinant GST-N protein-coated plates (coated antigen
concentration: 1 pg/ml) and 10 ul of heat-inactivated test
sera was added, mixed, and incubated for 60 min at
37°C. The plates were rinsed six times with washing
solution and 100 pl of working conjugate (anti-human
IgG HRP conjugate) was added and incubated at 37°C
for 30 min. The plates were rinsed six times with
washing solution and 100 pl of TMB solution was added
to each well of the plates and incubated for 30 min at
room temperature. The reaction was stopped by adding
100 pl of stop solution 2 N HySO,4 and absorbance at
450 nm was read. The test is co-developed by General
Biologicals Corp., Hsinchu, Taiwan and us.

Serum Specimens

Patient serum specimens were collected from RT-
PCR-confirmed SARS patients from National Taiwan
University Hospital. For each patient, a series of serum
samples were obtained at admission and thereafter.
Negative serum specimens were collected from healthy
blood donors. Sera used for Western blot analysis were
from patients with SARS in the convalescent phase and
were provided by Center for Disease Control, Taiwan.
Rabbit anti-GST-N and anti-GST-S (511-1255) sera
were collected from rabbits immunized three times with
purified recombinant GST-N and GST-S (511-1255)
proteins, respectively (LTK BioLaboratories, Taipei,
Taiwan). For biosafety concern, all patient serum speci-
mens used for ELISA or Western blotting have been
inactivated by heating at 56°C for 30 min and all
experiments were performed in a P2-level lab.

RESULTS

Expression of Recombinant SARS-CoV
Nucleocapsid and Spike (511-1255) Proteins

To obtain individual SARS-CoV antigen, we initially
selected open reading frames for spike and nucleocapsid
proteins from SARS-CoV genome for the expression of
their recombinant proteins. Suitable primers covering
the complete open reading frame of TW1 strain were
used to produce their corresponding cDNAs which were
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then inserted into GST fusion expression vector for
protein expression [Hsueh et al., 2003; Yeh et al., 2004].

The GST fusion proteins, GST-N and GST-S (511
1255), were expressed in DH5a and BLi21 strains respec-
tively which were then lysed and separated into pellet
and supernatant fractions. Although the pellet fraction
contains residual recombinant N protein, significant
portion of recombinant proteins were found in the
soluble fraction (data not shown). We could recover the
GST-N and GST-S (511-1255) fusion proteins through
reduced glutathione agarose chromatography (Fig. 1A,
lanes 3, 6). The resultant recombinant protein size was
about 72 kDa for GST-N and 108 kDa for GST-S (511
1255). The purified proteins were used as antigens in
Western blotting and ELISA. The identity of the purified
recombinant proteins was confirmed by ion-trace mass
spectrometry. Figure 1B showed a typical result of mass
spectrometry.

Antigenicity of N and
S Proteins in SARS-CoV Infection

To determine the antigenicity of the N protein during
natural SARS-CoV infection, sera from patients in the
convalescent phase (S04, S18, and S45) were reacted
with cell lysate of SARS-CoV-infected Vero E6, non-
infected Vero E6 cells or the recombinant GST-N protein
by immunoblotting. All patients’ sera at a 1:200 dilution
consistently reacted with a protein of approximately
50 kDa in the cell lysate of SARS-CoV-infected Vero E6
cells (Fig. 2A, lane 2) as well as the recombinant GST-N
protein of 72 kDa by immunoblotting (Fig. 2A, lane 3),
whereas none of the negative sera had any reactivity at
a 1:200 dilution (data not shown). Only one out of the
above three sera showed reactivity with a protein of
approximately 180 kDa in the cell lysate of SARS-CoV-
infected Vero E6 (Fig. 2B, lane 2) as well as the recom-
binant GST-S (511-1255) protein of 108 kDa (Fig. 2B,
lane 3).

We also immunized rabbits with recombinant GST-N
and GST-S (511-1255) proteins respectively to produce
rabbit anti-N or anti-S antibodies. After three times
immunization, sera from immunized rabbits were
collected and assayed for reactivity with SARS-CoV-
infected Vero E6 cell lysate and recombinant GST-N or
GST-S (511-1255) proteins by immunoblotting. The
immune sera at a 1:10,000 dilution reacted with the
same protein of approximately 50 kDa from the cell
lysate of the SARS-CoV-infected Vero E6 and the
recombinant GST-N protein (Fig. 2C, lanes 2, 3); and
the immune sera from GST-S (511-1255) immunized
rabbits could reacted with the same protein of 180 kDa
in the cell lysate of the SARS-CoV-infected Vero E6 cells
and the recombinant GST-S (511-1255) protein of
108 kDa at a 1:1,000 dilution (Fig. 2D, lanes 2, 3). These
results indicated that the recombinant GST-N and the
recombinant GST-S (511-1255) proteins could react to
specific antibodies in patients’ sera and their antigeni-
city was similar to their native forms in the cell lysate of
SARS-CoV-infected Vero E6 cells.



Antibody Response Against Proteins of SARS-CoV

341

&
&
o R < b
& g & ©
s F 2 OF 09
& 5 £ o0&
$ O & @Fy o
F F & P,y B
o & 5 5885 5
& IS £ 9% 9§ o
100 — = ' Lo |- GST-5 (511-1255)
o - — - GS5T-N
_ . —
- -
50— E - | l
a7— ¥ "
" . =
- y
25—

SARS coronavirus nucleocapsid protein

M3DNGPQOSNQ RSAPRITFGG PTDSTDNHQHN GGRNGARPKQ
PDDQIGYYRR ATRRVRGGDG KMEELSPRWY FYYLGTGPEA
QLPQGTTLPK GFYAEGSRGG SQASSRS3SR SRGNSENSTP
QOOGQTVTEK SAREASKEPR QERTATEQYN VTQAFGRRGP
IGMEVTPSGT WLTYHGAIKL DDKDPQFKDN VILLNEHIDA
MDDFSROLON SMSGASADST QA
Fig. 1. Expression and purification of severe acute respiratory
syndrome (SARS)-CoV nucleocapsid and spike fusion proteins.
A: Expression of GST fusion protein in E. coli. Transformed cells were
induced by isopropyl-p-bp-thiogalactoside (IPTG) and their lysates
were separated by SDS—PAGE followed by Coomassie blue staining.
Lane 1 represents the cell lysate from noninduced SARS-CoV
nucleocapsid/pGEX-1 transformed DH5a cells whereas lane 2 showed

that from IPTG-induced cells. Lane 3 is the purified recombinant
GST-N protein. Lane 4 shows the cell lysate from noninduced SARS-

N Protein Is a Major Viral Antigen Eliciting
Antibody Response After SARS-CoV Infection

To characterize the serological response to N and
S proteins during SARS-CoV infection, we tested 40
serum specimens from SARS-CoV-positive patients by
Western blotting with recombinant GST-N and GST-S
(511-1255) proteins. The results of 15 SARS-CoV-
positive samples and 5 SARS-CoV-negative samples
from healthy blood donors were shown in Figure 3.
Nineteen (47.5%) out of 40 SARS-CoV-positive samples
at a 1: 200 dilution showed significant reactivity with
the recombinant GST-S (511-1255) protein (Fig. 3,
lanes 6—12). Thirty-nine positive sera (97.5%) at a 1: 200
dilution consistently reacted with the GST-N protein by
immunoblotting (Fig. 3, lanes 6—20). In addition, most of
the samples showed strong reactivity with the GST-N

FRPQGLPHNT ASWFTALTQH GKEELEFPRG QGVPINTHSG
SLPYGANKEG IVWVATEGAL NTPKDHIGTR NPNNHAATVL
GSSRGNSPAR MASGGGETAL ALLLLDRLNQ LESKVSGEGQ
EQTQGNFGD) DLIRQGTDYKE HWFQIAQFAP SASAFFGMSR
YETFPPTEPK KDKFKKTDEA (QPLPQRQEKEKQ PTVTLLPAAD

CoV GST-S (511-1255)/pGEX-1 transformed BL21 cells whereas
lane 5 shows that from IPTG-induced cells. Lane 6 is the purified
recombinant GST-S (511-1255) protein. The relative protein size is
shown in the left side of the panel. The positions of induced products
are indicated. B: The complete amino acid sequences of SARS-CoV
(TW1) N proteins were analyzed by mass spectrometry. The bold
sequences are shown as the trypsin digested region identified under
LC/MS/MS analysis. About 54% of the sequence for N protein was
covered.

protein. Only one out of the 40 positive sera showed no
reactivity with the recombinant GST-N protein and
it also showed no reactivity with the recombinant
GST-S (511-1255) protein (data not shown). All the five
SARS-CoV-negative samples showed no reactivity with
GST-N or GST-S (511-1255) proteins (Fig. 3, lanes 1-5).
These data implied that the titer and positive rate for
antibodies against the N protein were much higher than
those against the S protein during SARS-CoV infection.
Therefore, we used the N protein as the coated antigen
in ELISA for detection of SARS-CoV infection.

N Protein-Based ELISA Using
Anti-Human IgG mAb HRP Conjugate

We cooperated with General Biologicals Corp. to devel-
op N protein-based ELISA. First, we have performed a
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Fig. 2. Western blot analysis of SARS patients’ sera, rabbit anti-
GST-N serum, and rabbit anti-GST-S (511-1255) serum with cell
lysate of SARS-CoV-infected Vero E6 cells, purified recombinant
GST-N or purified recombinant GST-S proteins. The cell lysates and
recombinant proteins were separated by SDS—PAGE and transferred
to a nitrocellulose membrane. Each membrane was incubated with
diluted sera followed by horseradish peroxidase (HRP)-conjugated
anti-human IgG (1:3,000 dilution) or anti-rabbit Igs (1:2,000 dilution)
and detected by chemiluminescence. A: Reactivity of the patients’ sera
with the native N protein in cell lysate (lane 2) and the purified
recombinant GST-N protein (lane 3). Each membrane was incubated
with a 1:200 dilution of patient sera. Lane 1 (Vero) was a preparation
of cell lysate of Vero E6 cells and was served as a negative control.
B: Reactivity of the patients’ sera with the native S protein in cell lysate

(lane 2) and the purified recombinant GST-S (511-1255) protein
(lane 3). Each membrane was incubated with a 1:200 dilution of
patients’ sera. Lane 1 (Vero) was a preparation of cell lysate of Vero E6
cells, lane 4 was a preparation of the purified GST protein and both
were served as a negative control. C and D: Reactivity of the rabbit anti-
GST-N or rabbit anti-GST-S (511-1255) sera with the native N protein
or S protein in cell lysate (lane 2) and the purified recombinant GST-N
or GST-S (511-1255) proteins (lane 3). The membrane was incubated
with a 1:10,000 dilution of anti-GST-N serum (panel C) and a 1:1,000
dilution of anti-GST-S (511-1255) serum (panel D), respectively.
Lane 1 was a preparation of cell lysate of Vero E6 cells and lane 4 was a
preparation of the purified GST protein and both were served as a
negative control.
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Fig. 3. Western blot analysis of SARS-CoV-positive and -negative
human sera with the recombinant GST-N and GST-S (511-1255)
proteins. The recombinant GST-N and GST-S (511-1255) proteins
were mixed and separated by SDS—PAGE using 10% polyacrylamide
gel and transferred to nitrocellulose membrane. Each lane of the

checkerboard titration of antigen coating on the micro-
well plates by using 1 ug/ml, 2.5 pg/ml, 5 pg/ml, and 10 pg/
ml of antigen, respectively. The absorbance at 450 nm of
the control sera increased when more coated antigen
was used. Therefore, we used 1 pg/ml antigen for coating
plates. The mean A4 of normal control sera in this N-
protein ELISA was quite low (0.06—0.07) at each
dilution of sera (n =5) (Fig. 4A). The number of normal
control sera has been expanded to 192 and the mean
Ay (Estandard deviation, SD) at a 1:20 dilution was
0.0456 (£0.054). The mean +4 SD (0.262) was set as the
cutoff value and the false positive rate of the negative
sera was 1.04% when using this cutoff value. ELISA
performed on serially diluted positive sera produced
typical ELISA curve and had an end point (A450 below
0.262) between 1:640 and 1:1280 dilutions (Fig. 4A).
However, an obvious variation of titers of N protein-
specific antibodies in different patients’ sera was noted
asreflected by the huge error bars. Since all positive and
negative sera gave distinct results at a 1:20 dilution,
we used this dilution to assay serial serum specimens
collected from twelve PCR-confirmed SARS patients
(Fig. 4B-D).

Serum samples from 10 of the 12 patients were posi-
tive for N protein-specific IgG (Fig. 4B,C). As shown in
Figure 4B, The IgG seroconversion to N proteins shown
by six patients was at mean of 16 days. There were four
patients whose N protein-specific IgG was positive in
their first serum specimens (patients 2, 5, 7, 9). This may
be due to a later serum collection after onset of fever
in the cases of patients 2, 5, 7 (Fig. 4C). For unknown
reasons, the first serum specimen from patient 9 was
positive for N protein-specific antibodies although it was
collected at day 2 after onset of fever (Fig. 4B, patient 9).
High titer of N protein-specific antibodies in SARS
patients could last for 70 days after infection (Fig. 4C).
N protein-specific IgG were undetectable in the serial
serum specimens of patient 1 and patient 8 (Fig. 4D).
This may be due to low titers of antibodies in their serum
specimens. According to Figures 4B, the ascending As¢
of serum samples from four patients implied that the
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membrane was incubated with a 1:200 dilution of human sera followed
by HRP-conjugated anti-human IgG (1:3,000 dilution) and detected by
chemiluminescence. Lanes 1-5 showed the reactivity with negative
serum specimens. Lanes 6—20 showed the reactivity with SARS-CoV-
positive serum specimens.

titers of N protein-specific IgG increased after the onset
of SARS.

DISCUSSION

Our data clearly demonstrated that both N and S
proteins of the SARS-CoV are antigenic during the
natural course of infection. Antibodies to the N protein
were detected consistently among the sera from patients
with SARS in the convalescent phase. Furthermore,
the recombinant N protein expressed in E. coli was
antigenically similar to the native one. Most impor-
tantly, the recombinant N protein-based ELISA was
effective for detecting specific antibodies in sera from
patients with SARS.

Most of the serial serum specimens showed serocon-
version or increasing antibody titers to the N protein.
These data were similar to those obtained from SARS-
CoV-based ELISA or IFA [Ksiazek et al., 2003; Peiris
et al., 2003a]. Until now, there are still no satisfactory
diagnostic methods for SARS-CoV infection. Real-time
polymerase chain reaction (RT-PCR), SARS-CoV-based
ELISA, and IFA are three commonly used methods for
detecting either viral RNA or virus specific antibodies
[Ksiazek et al., 2003]. RT-PCR technique is a relatively
sensitive assay comparing with the others and it could
detect as low as 10 copies of SARS-CoV viral transcripts
per reaction, corresponding to 830 RNA molecules per
milliliter of specimen [Drosten et al., 2003]. However,
the false positive rate may be higher than the other
methods because of the cross-contamination in labora-
tories. A serological examination will provide another
independent evidence of infection. Both SARS-CoV-
based ELISA and IFA need the preparation of viruses as
a source of antigen, which may reduce their accessibility
for the general laboratories without biosafty con-
tainment facilities. The N protein-based ELISA can be
performed in laboratories without containment faci-
lities, due to the use of a single immunogenic viral
protein instead of highly infectious SARS-CoV as coated
antigen. In contrast to the IFA, which is not suitable for
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seven PCR-confirmed SARS patients were assayed. First serum

80

large-scale surveys, an ELISA based on a recombinant
protein as coated antigen is easier to be produced and
performed.

All serum samples from patient 1 and 8 were negative
for N protein-specific antibodies (Fig. 4D). The same
serum specimens of patient 1 have been assayed by IFA
and the antibodies were also undetectable at a 1:25
dilution (data not shown). This may be due to that the
antibody titer of patient 1 was not high enough to be
detected by ELISA and IFA at day 12 after onset of fever.
Patient 8 was immunocompromised and this may ex-
plain why the antibodies against the N protein remained
below the cutoff value at day 24 after onset of fever.

According to our data, antibodies against the S protein
could not be detected in the sera of some SARS-CoV-
infected individuals although they have already pro-
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specimens from the seven SARS patients were collected within 2 weeks
after onset of fever. C: Serum samples from three PCR-confirmed SARS
patients were assayed. These patients represented the group whose
first serum specimens were collected after 14 days after onset of fever.
D: Serum samples from two PCR-confirmed SARS patients were
assayed. This group represented the non-responders who did not show
seroconversion after SARS-CoV infection.

duced anti-N protein antibodies. This may be due to the
use of truncated spike protein that does not cover the
major antigenic N-terminal to be recognized by anti-
bodies generated in SARS-CoV-infected patients. It has
been found in pigs upon TGEV infection that in order
to achieve a protective immune response equivalent
to that induced by full S protein, the intact globular
N-terminal half of the protein was essential [Tuboly
et al., 1995]. The globular N-terminal part of SARS-CoV
S protein was almost not included in the GST-S (511—
1255) construct. Therefore, it needs further studies
to elucidate whether SARS-CoV globular N-terminal-
spike-specific antibodies are generated in most of the
SARS patients.

N proteins were proved to be the most abundant
proteins found in purified SARS-CoV virions [Rota et al.,
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2003]. A lot of examples showed that in other corona-
virus infections, immune response against the N protein
could be generated. The N protein of the MHV could
elicit both CD4 " and CD8" T cell responses which con-
tributed to the protection against coronavirus-induced
encephalomyelitis [Stohlman et al., 1992; Wege et al.,
1993]. Chickens primed with the recombinant nucleo-
capsid protein of the IBV showed increased tracheal
protection against challenge with live IBV [Boots et al.,
1992]. Increased antibody titers against the nucleo-
capsid protein of human coronavirus could be detected
in some paired sera of volunteers experimentally
infected with human coronavirus 229E group viruses
[Macnaughton et al., 1981]. The evidence implied that
large amount of N protein may be produced in infected
cells and the antigenicity of the N protein is very strong
in vivo. Consistently, we found the N protein could
elicit strong immune response (antibody production) at
the early stage of SARS infection. Further studies are
needed to understand whether the immune response
against the N protein is associated with the pathogen-
esis of SARS-CoV.

Because SARS-CoV is a newly emerging virus and
there is still no available reliable method for detection of
N protein-specific antibodies other than ours, therefore
it is hard to evaluate the sensitivity of this N protein-
based ELISA. Since the false positive rate of the N-
protein based ELISA was 1.04% among healthy blood
donors, the specificity of this ELISA was about 99%.
It has been reported that antibodies against human
229E and OC43-like coronaviruses are widespread
in the human population [McIntosh et al., 1970;
Bradburne and Somerset, 1972]. According to the
observation that there is no serological reactivity
against SARS-CoV among healthy blood donors and
patients with respiratory or other diseases in Hong
Kong [Peiris et al., 2003b], it suggests that there is no
cross reactivity between the antibodies against pre-
viously known coronaviruses and SARS-CoV. It still
needs further studies to elucidate whether the false
positive cases were caused by cross-reactivity of the
antibodies against pre-existing human coronaviruses
and the recombinant N protein of SARS-CoV. We also
suggest to use immunoblotting to confirm those false
positive samples as in the cases of detecting the anti-
HIV or anti-HTLV antibodies.

In conclusion, the N protein-based ELISA is a useful
recombinant protein-based ELISA for detection of anti-
bodies against SARS-CoV. It could serve as a simple,
sensitive, and specific test for conducting the large-scale
seroepidemiology studies to help to understand SARS-
CoV epidemic.
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