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Here we report the development of a more-sensitive immunoassay for severe acute respiratory syndrome (SARS)
based on an enzyme-linked immunosorbent assay using chemiluminescence (CLEIA) to detect the viral nucleocap-
sid (N) antigen in nasopharyngeal aspirate (NPA) from patients infected with SARS coronavirus (CoV). The CLEIA
was established with an optical combination of monoclonal antibodies (MAbs) against SARS CoV N protein
prepared from mice immunized with recombinant N protein without cultivating the virus. The capture and detecting
MADbs of the CLEIA reacted to the carboxyl-terminal and amino-terminal peptides of the N protein, respectively.
The CLEIA was capable of detecting recombinant N protein at 1.56 pg/ml and viral N protein in SARS CoV cell
culture lysates at 0.087 of 50% tissue culture infective doses/ml. The CLEIA showed no cross-reactivities to
recombinant N proteins of common human CoV (229E, OC43, and NL63) or lysates of cells infected with 229E and
0C43. In addition, an evaluation with 18 SARS-positive NPA samples, all confirmed SARS positive by quantitative
PCR and antibodies to SARS CoV, revealed that all (18/18) were found positive by the CLEIA; thus, the sensitivity
of detection was 100%. When we tested 20 SARS-negative NPA samples, the CLEIA was shown to have high
specificity (100%). The sensitivity of our novel SARS CLEIA was significantly higher than the previous EIA and

comparable to the other methods using reverse transcription-PCR.

Since the identification of a novel type of human coronavi-
rus, severe acute respiratory syndrome-associated coronavirus
(SARS CoV) (19, 26, 28, 33), sensitive diagnostic tests that can
detect viral RNA genomes and antigens are in demand for the
effective and immediate containment of the patients. Firstly,
reverse transcription-PCR (RT-PCR) was found to be useful
to detect the SARS CoV during the early phase of infection
due to its high sensitivity (13, 32, 44). Hourfar et al. (13)
demonstrated that RT-PCR could detect SARS CoV in clinical
samples of nasopharyngeal aspirates (NPA) at a sensitivity of
about 80% during the first few days after the onset of clinical
symptoms. However, the RT-PCR test requires specific labo-
ratories with expertise in molecular diagnostics. Secondly, al-
though the real-time loop-mediated amplification assay is a
simpler procedure with a single-step reaction (36), it showed
lower sensitivity than the RT-PCR method (31). Thirdly,
whereas serological tests gave good sensitivity in diagnosing
SARS infection using sera collected 10 to 40 days after the
onset of symptoms (40, 41), they showed only 65.4% sensitivity
using sera obtained 6 to 10 days after the onset (35). Fourthly,
an immunochromatography test for detecting SARS CoV nu-
cleocapsid (N) protein was developed (17). The major merit of
this test system is that it can be performed without any partic-
ular instrument or extensive training and thus can be applied
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immediately in any clinical setting. However, the minimum
detection limit was 199 50% tissue culture infective doses
(TCIDs,)/ml (17) and was not sensitive enough to detect the
SARS CoV N protein in clinical samples such as NPA (20).
Finally, the enzyme-linked immunosorbent assay (ELISA) for
detecting SARS virus antigens, especially the N protein, was
developed (2, 4, 10, 20, 42). Interestingly, although the con-
centration of SARS CoV is very low in clinical specimens such
as NPA, urine, and feces obtained from SARS patients 6 to 10
days after the onset of illness (20), antibodies against the
SARS CoV N protein can be detected in the early phase of
viral infection (21, 25). Here, we introduce a highly sensitive
chemiluminescence enzyme immunoassay (CLEIA) system
that can readily and reproducibly detect the SARS CoV N
protein antigen and thus can be used for early detection of
human SARS CoV infection. The results with detection per-
formance in NPA are also demonstrated.

On the other hand, some reports suggest that the sensitivity
of direct N protein detection in serum decreased gradually in
the late stage in infection (after 11 days from the onset of
symptoms) (2, 23). The viral roads in serum/plasma of SARS
patients were also lower in the late stage in infection (5, 8, 15).
From those previous reports, a novel direct antigen detection
assay with higher sensitivity, for example CLEIA, may be re-
quired for diagnostics in the late stage in infection.

MATERIALS AND METHODS

Viral strains. SARS CoV (HKU-39849) (6) isolated from a patient with SARS
CoV pneumonia in Hong Kong was propagated in FRhk4 cells in Dulbecco’s
modified Eagle’s medium (Gibco BRL) with 10% fetal calf serum. Common
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TABLE 1. SARS patients from whom NPA specimens
were collected

Days from onset of

Patient Sex” Age (yr) symptoms
P1 M 44 9
P2 F 39 10
P3 F 39 8
P4 M 49 8
P6 M 26 11
P7 M 24 12
P8 F 71 18
P9 F 57 4
P10 M 58 12
P11 F 34 17
P14 M 43 15
P15 M 35 7
P16 M 34 4
P17 M 32 6
P18 F 55 3
P19 F 34 8
P20 M 18 8
Mean 40.4 9.7

“M, male; F, female.

human CoV 229E (ATCC number VR-740) (9) and OC43 (ATCC number
VR-759) (27) were obtained from ATCC.

Clinical specimens. Human NPA samples were obtained from 18 individual
patients with SARS CoV infection whose infection was confirmed by both RT-
PCR and serology during the course of their illness. Sex, age, and period after the
onset of symptoms of the 18 individual SARS patients are shown in Table 1. The
mean age of the 18 SARS patients (10 males and 8 females) from whom positive
NPA samples were collected was 40.4 years old. The mean period after the onset
of symptoms in the 18 SARS patients was 9.7 days (Table 1). All donors of
SARS-positive NPA were Asian people. SARS-negative NPA (n = 20) and NPA
obtained from hospitalized patients because of unrelated illnesses were used as
negative controls. All SARS-negative NPA were analyzed by immunofluores-
cence assay (for SARS, influenza A and B, parainfluenza 1, 2, and 3, respiratory
syncytial virus, and adenovirus) and were culture negative. These NPA samples
were stored frozen until use.

Expression and purification of recombinant SARS CoV N protein and com-
mon human CoV (229E, OC43, and NL63). The genome RNA sequences of
SARS CoV and other human coronaviruses, 229E, OC43, and NL63, encoding
the N protein (GenBank accession number AY274119) were utilized to synthe-
size the respective cDNA sequences in accordance with the codon usage for
Escherichia coli. The cDNA sequences encoding these CoV N proteins were
synthesized by PCR as previously described (38). Two halves of the cDNA
fragments for N-terminal and C-terminal peptides of SARS CoV N protein,
respectively, were synthesized by PCR (twice with first PCR and second PCR
primers, as shown in Table 2). These two cDNA fragments were linked at the
Smal restriction enzyme site located at the central part of the cDNA encoding N
protein, allowing the generation of full-length cDNA. The cDNA fragments of
the truncated SARS CoV N protein, having deletions in amino acid regions 283
to 422 (NA283-422) or amino acid regions 1 to 141 (NA1-141), were prepared
from cloned full-length cDNA using two single-stranded DNA primers shown in
Table 2. These synthesized cDNA fragments encoding various N proteins were
cloned into the pQE30 expression vector (Qiagen) at the BamHI sites in frame
and downstream of a series of six-histidine residues. These clones were se-
quenced to confirm the proper PCR amplification and construction at least twice
for each clone. The His,-tagged recombinant nucleocapsid protein was expressed
and purified by using a Ni,-loaded HiTrap chelating system (Amersham Phar-
macia) according to the manufacturer’s instructions and as previously reported
(37). The synthesis of cDNAs of other human coronaviruses (229E, OC43, and
NL63 [12]) encoding the N protein (GenBank accession numbers NC_002645,
NC_005147, and AY567487) and production of recombinant N proteins were
carried out similarly.

Preparation of N protein-specific MAbs. Seven-week-old BALB/c mice were
immunized with purified recombinant nucleocapsid protein mixed with an equal

EIA-BASED CHEMILUMINESCENCE ASSAY FOR SARS 303

volume of complete Freund adjuvant and then with an equal volume of mono-
phosphoryl lipid A and trehalose dicorynomycolate adjuvant five times every
three weeks. Splenocytes from the immunized mice were fused with x63 my-
eloma cells. The fused hybridoma cells were selected in RPMI 1640 medium
supplemented with 10% fetal calf serum, hypoxanthine, aminopterin, and thy-
midine (18). The hybridoma clones producing antibodies against the SARS CoV
N protein were screened by an ELISA with the recombinant SARS CoV N
protein as the coated antigen and immunoprecipitated with recombinant nucleo-
capsid proteins, respectively. The hybridoma clones thus identified were further
cloned by limiting dilution. Monoclonal antibodies (MAbs) were purified from
mouse ascites with a protein A affinity column.

Western blot analysis. One microgram of purified Hiss-tagged recombinant N
protein of SARS CoV was loaded to each well of 5 to 20% gradient sodium
dodecyl sulfate (SDS)-polyacrylamide gel, electrophoresed, and subsequently
electroblotted to a polyvinylidene difluoride membrane (Millipore). The blot was
cut into strips and incubated separately with 10 pg/ml of each MAb against
SARS CoV N protein. Strips were washed three times and incubated with 1:1,000
dilution of peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG)
polyclonal antibody. Antigen and antibody interactions were detected with
4-chloro-1-naphthol (Bio-Rad).

Conventional EIA by color detection for SARS CoV N protein. Inmunoplates
(Nunc International) were coated with 100 pl of 1.0 wg/ml anti-nucleocapsid
monoclonal antibody (capture MAb) for 15 h and blocked with 10 mM phos-
phate-buffered saline (pH 7.4) containing 2.5 mM EDTA and 1% bovine serum
albumin. Fixed concentrations of purified SARS CoV N protein in 100 pl sample
buffer were added to each well and incubated at room temperature for 1 h with
shaking. Wells were washed three times and 100 pl of 1.0 wg/ml biotinylated
anti-SARS CoV nucleocapsid MAbs (detecting MAb) was added to the well, and
the plates were further incubated for 30 min at room temperature with shaking.
Wells were washed three times, and 1:12,000-diluted peroxidase-conjugated
streptavidin was added to each well. After adding 100 pl of substrate solution
(5% o-phenylenediamine) per well and incubating for 5 min, the spectrophoto-
metric absorbance at 492 to 690 nm was measured by a microplate reader.

CLEIA for SARS CoV N protein. Immunoplates (Nunc International) were
coated with 100 pl of 1 pg/ml anti-nucleocapsid MADb (capture MAb) for 15 h
and blocked with phosphate-buffered saline containing 2.5 mM EDTA, 1%
bovine serum albumin, and 0.5% casein (CLEIA blocking buffer). Fifty micro-
liters of sample buffer {6 mM ACES [N-(2-acetamido)-2-aminoethanesulfonic
acid], 0.3% NP-40, 220 mM sodium chloride, 15 mM EDTA 2Na, 60 mM NaOH,
15 mM NaNj3} containing various concentrations of purified nucleocapsid pro-
tein was added to each well. The plates were then incubated at room temperature
for 1 h with shaking. After the wells were washed three times, 100 wl of 1 pg/ml
biotinylated MAb against SARS CoV N protein (detecting MADb) was added to
each well, and the plates were incubated at room temperature for 30 min with
shaking. Wells were then washed three times, and 1:12,000-diluted peroxidase-
conjugated streptavidin were added to each well. A hundred microliters per well
of substrate solution (Femtogrow; Michigan Diagnostics) was added, and after
incubation for 5 min at room temperature, chemiluminescence signals were
measured by luminometer.

Measurement of clinical specimens. We also examined the efficacy of CLETA
in detecting SARS CoV N protein in the clinical specimen. Fifty microliters of
NPA and four hundred and fifty microliters of sample buffer containing final 2
mM phenylmethylsulfonyl fluoride were mixed well for both extraction of anti-
gens and virus inactivation. The solution was then filtered with the simplest
disposable filter (1.5-wm pore size) to decrease its viscosity, and 50 wl of the
solution was added to each well containing 50 wl blocking buffer. Samples were
applied to each well, and the capture ELISA procedure was performed as
described above.

Q-PCR. The basic procedure of quantitative RT-PCR (Q-PCR) was reported
previously (32). RNAs from experimental and clinical samples, cultured SARS
CoV lysate, and NPA were extracted using a QIAamp virus RNA mini kit
(Qiagen) as instructed by the manufacturer. Briefly, 140 pl of the sample was
processed and the extracted RNA was eluted in 60 ml RNase-free water and
stored at —80°C until use. The Q-PCR assay was performed as described previ-
ously (30). The cDNA was amplified in a 7000 sequence detection system (Ap-
plied Biosystems) by using a TagMan PCR core reagent kit (Applied Biosystems)
as reported previously (32).

RESULTS

Preparation of recombinant N protein of SARS CoV in E.
coli. A Hisg-tagged recombinant N protein of SARS CoV was
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TABLE 2. Primers for synthesizing cDNA of SARS CoV N protein

Primer Sequence

Sl 5'-ATGAGCGATAACGGCCCGCAGAGCAACCAGCGTAGCGCGCCGCGTATTACCTTTGGCGGCCCGACCGATAGCAC
CGATAACAACCAGAACGGCGGCCG-3'

S22 5'-GTTTACCGCGCTGACCCAGCATGGCAAAGAAGAACTGCGTTTTCCGCGTGGCCAGGGCGTGCCGATTAACACCA
ACAGCGGCCCGGATGATCAGATTGGC-3’

S3 e 5"-CGCGTTGGTATTTTTATTATCTGGGCACCGGCCCGGAAGCGAGCCTGCCGTATGGCGCGAACAAAGAAGGCATT
GTGTGGGTGGCGACCGAAGGCGCGCTG-3’

Sd.eine 5'-CAGCTGCCGCAGGGCACCACCCTGCCGAAAGGCTTTTATGCGGAAGGCAGCCGTGGCGGCAGCCAGGCGAGCA
GCCGTAGCAGCAGCCGTAGCCGTGGC-3’

Al 5'-GCTGGGTCAGCGCGGTAAACCAGCTCGCGGTGTTGTTCGGCAGGCCCTGCGGACGACGCTGTTTCGGACGCGCG
CCGTTACGGCCGCCGTTCTGGTTGTTATC-3'

A2 5'-GATAATAAAAATACCAACGCGGGCTCAGTTCTTTCATTTTGCCATCGCCGCCACGCACACGACGGGTCGCACGAC
GATAATAGCCAATCTGATCATCCGGGC-3’

A3 5'-GTGGTGCCCTGCGGCAGCTGCAGCACGGTCGCCGCGTTGTTGTTCGGGTTACGGGTGCCAATATGATCTTTCGG
GGTGTTCAGCGCGCCTTCGGTCGCCAC-3’

Ad.. 5'-CAGCGCGGTTTCGCCGCCGCCGCTCGCCATACGCGCCGGGCTGTTGCCACGGCTGCTGCCCGGGGTGCTGTTAC
GGCTGTTGCCACGGCTACGGCTGCTGC-3’

S5 5'-ACAGCCGTAACAGCACCCCGGGCAGCAGCCGTGGCAACAGCCCGGCGCGTATGGCGAGCGGCGGCGGCGAAAC
CGCGCTGGCGCTGCTGCTGCTGGATCGTCTG-3'

SO 5'-AAAGCGCGGCGGAAGCGAGCAAAAAACCGCGTCAGAAACGTACCGCGACCAAACAGTATAACGTGACCCAGGC
GTTTGGCCGTCGTGGCCCGGAACAGACCCAGGG-3’

ST e 5'-GCGCAGTTTGCGCCGAGCGCGAGCGCGTTTTTTGGCATGAGCCGTATTGGCATGGAAGTGACCCCGAGCGGCAC
CTGGCTGACCTATCATGGCGCGATTAAAC-3’

S8 5"-ACCTTTCCGCCGACCGAACCGAAAAAAGATAAAAAAAAAAAAACCGATGAAGCGCAGCCGCTGCCGCAGCGTC
AGAAAAAACAGCCGACCGTGACCCTGC-3"

A5 5'-GCTCGCTTCCGCCGCGCTTTTTTTGGTCACGGTCTGGCCCTGCTGCTGCTGGCCTTTGCCGCTCACTTTGCTTTCCA
GCTGGTTCAGACGATCTAGCAGCAGCA-3’

A6 5'-CGCGCTCGGCGCAAACTGCGCAATCTGCGGCCAATGTTTATAATCGGTGCCCTGACGAATCAGATCCTGATCGCC
AAAGTTGCCCTGGGTCTGTTCCGGGCC-3'

AT e 5'-GGTTCGGTCGGCGGAAAGGTTTTATACGCATCAATATGTTTGTTCAGCAGAATCACGTTATCTTTAAACTGCGGA
TCTTTATCATCCAGTTTAATCGCGCCATGATAG-3’

A8 5'-TTACGCCTGGGTGCTATCCGCGCTCGCGCCGCTCATGCTGTTCTGCAGCTGACGGCTAAAATCATCCATATCCGC

CGCCGGCAGCAGGGTCACGGTCGGCTG-3'
5'-CCCGGATCCATGAGCGATAACGGCCCGCA-3’
.5'-CCCACAGCCGTAACAGCACCCCG-3'
.5'-CCCGGATCCCAGCGCGGTTTCGCCGCCGC-3’
.5'-CCCTTACGCCTGGGTGCTATCCG-3’
.5'-GGATCCCTGTTCCGGGCCACGACGGC-3’
5'-GGATCCACCCCGAAAGATCATATTGG-3'

“S1, S2, S3, S4, Al, A2, A3, and A4: primer set of the 1st PCR for the N-terminal cDNA fragment of SARS CoV N protein from the 1st to 220th amino acid residues. S5, S6, S7,
S8, A5, A6, A7, and A8: primer set of the Ist PCR for the C-terminal cDNA fragment of SARS CoV N protein from the 215th to 422nd amino acid residues. NS and NA: primer
set of the 2nd PCR for the N-terminal cDNA fragment of SARS CoV N protein from 1st to 220th amino acid residues. CS and CA: primer set of the 2nd PCR for the C-terminal
cDNA fragment of SARS CoV N protein from the 215th to 422nd amino acid residues. NS and CA: primer set of PCR for the full-length cDNA fragment of SARS CoV N protein
from the Ist to 422nd amino acid residues. NS and N2/3: primer set of PCR for the N-terminal cDNA fragment of SARS CoV N protein from the 1st to 282nd amino acid residues.
N2/3 and CA: primer set of PCR for the C-terminal cDNA fragment of SARS CoV N protein from the 143rd to 422nd amino acid residues.
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tion of the bacterial extracts. As shown in Fig. 1A, the intact 1001 :;3
recombinant N protein of approximately 50 kDa was detected 54 . 4.
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in the purified protein fraction. In addition, a 43-kDa protein
was also detected. Since Western blot experiments shown in

Fig. 1B illustrated that both bands were derived from SARS s0- W <— N (50KDs) o :: :(SOKDa)
CoV protein, the lower-molecular-mass protein (43 kDa) is <— N (43KDa) U
considered a partially degraded N protein. The recombinant N - . 7
protein prepared had enough quality for preparing MAbs.
Evaluation of the reactivity and the specificity of MAbs
against the SARS CoV N protein by ELISA and Western blot- 9 .
ting. We classified some anti-N protein MAbs into three =
groups referencing the results of their affinities to immobilized 25 -/. 20 -

N protein and selected five monoclonal antibodies from each

group. Five different types of monoclonal antibodies (I-16, FIG. 1. Purified recombinant N protein expressed in E. coli.

1gG1/k; 1-23, IgG2b/A; 11-3, IgG2a/k; 11-12, IgG2a/k; and 11-21,
I1gG2b/k) were prepared from mice immunized with Hisg-
tagged full-length recombinant N protein. Results of ELISA
experiments using each MAb are shown in Fig. 2. MAbs, 11-21

(A) Results of SDS-PAGE (5 to 20% gradient gel) for recombinant N
protein. (B) Results of Western blot analysis for recombinant N pro-
tein that reacted with anti-SARS CoV nucleocapsid MAb (catalog no.
654; IMGENEX Co. Ltd.). Lane 1, molecular mass marker; lane 2,
purified recombinant Hiss-tagged N protein.
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FIG. 2. Immunoreactivities of MAbs. Immunoreactivity of anti-
SARS CoV N protein MAbs. The immunoreactivity of each MAD to
full-length recombinant Hiss-tagged N protein is shown: @, 1-16; H,
1-23; A, 11-3; &, II-12; and O, 1I-21. The reactivities of serially diluted
MAbs were measured in duplicates on a microtiter plate coated with
full-length recombinant N protein. The mean value for 0 pg/ml of
MAD was 0.042. Results show the means of net values (the mean value
for each concentration of MAb/the mean value for 0 pg/ml of MAb).

and II-12 gave a concentration of about 10 to 20 ng/ml at 50%
maximum absorbance for immobilized full-length N protein,
and they exhibited higher affinities to full-length N protein.
MAD I-16 gave a concentration of about 200 ng/ml at 50%
maximum absorbance for immobilized full-length N protein,
and it exhibited a similar level of affinity to full-length N pro-
tein. On the other hand, two MADbs, 1-23 and II-3, gave a
concentration of over 8,000 ng/ml at 50% maximum absor-
bance for immobilized full-length N protein and had lower
affinities to full-length N protein (Fig. 2). Five MAbs, I-16,
1-23, 1I-3, 1I-12, and II-21, gave no significant absorbance
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(from 0.043 to 0.047 optical density at 492 nm), which was
similar to the background absorbance with 0 pg/ml of each
MADb (0.043 optical density at 492 nm) when they reacted to
immobilized 0.5 pg/ml recombinant N protein of three human
CoV strains including 229E, OC43, and NL63.

Results of Western blot analysis of these anti-N protein
MAbs are shown in Fig. 3. The finding that I-16 and 1I-12
exhibited no reactivity to truncated NA1-141 protein indicates
that the epitopes for these MAbs appear to reside within the
amino-terminal region of N protein spanning from the 1st to
141st amino acid residues. In addition, I-23 had no reactivity to
truncated NA283-422 protein, suggesting that its epitope might
exist in the carboxyl-terminal region of N protein from the
283rd to 422nd position. Although II-21 strongly reacted to
NA283-422, similar to I-16 and II-12, it reacted to NA1-141
protein only weakly. II-3 reacted to NA283-422 protein more
weakly than with NA1-141 protein. These findings clearly dem-
onstrate the distinct immunoreactivities against SARS CoV N
protein.

Development of a CLEIA for detecting N protein. In order to
assess the best combination of these MAbs for N protein de-
tection by CLEIA, twenty-five (5%) different combinations of
capture MAb and detecting MADb were examined with conven-
tional EIA using a color detection system by labeling one of the
MAbs (I-16, I-23, 1I-3, II-12, and II-21) with biotin and screen-
ing for their reactivity with 20 ng/ml of recombinant viral N
protein as antigen. Among these combinations, five sets of
MAbs showing high reactivities to the N protein were selected
and further examined (Fig. 4A). Twofold serial dilutions of
recombinant full-length N protein of SARS CoV (1.56 to 100
pg/ml) were used to assess the sensitivities and specificities in
CLEIA (Fig. 4B). We found that the minimum detection limits
ranged from 1.56 to 6.25 pg/ml. The CLEIA using the combi-
nation of I-23 (capture MAb) and II-12 (detecting MADb), from
hereon termed as the “best” CLEIA, gave the highest reactivity
to recombinant N protein, detecting as low as 1.56 pg/ml (Ta-

MAbI-3 MAbII-12 MAbID-21

1 2 3 1 2 3 1 2 3
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=] = =

SH** - *k ‘ Tl
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FIG. 3. Western blot detection of MAD reactivity to SARS CoV N protein. (Coomassie stain panel) Coomassie blue staining of purified
recombinant SARS CoV N protein. The recombinant viral protein was loaded at 1.0 pwg/lane and analyzed on a 5 to 20% SDS-PAGE and stained
by Coomassie blue dye. (MADb I-16, MAb 1-23, MAD II-3, MAb 1I-12, and MADb II-21 panels) Western blot detection of recombinant SARS CoV
N protein by MAbs. Recombinant N proteins were transferred to polyvinylidene difluoride membrane after SDS-PAGE, and each membrane was
reacted to different MADbs (I-16, 1-23, II-3, II-12, and II-21). Lane 1, full-length N protein was applied; lane 2, truncated N protein (NA283-422)
was applied; and lane 3, truncated N protein of SARS CoV (NA1-141) was applied. O, completely stained and partially degraded N protein (full
length); @, completely stained N protein AN283-422; A, completely stained and partially degraded N protein (NA1-141); *, anti-N MAb reacted
to complete and partially degraded N protein (full length); **, anti-N protein MADb reacted to complete N protein (NA283-422); ***, anti-N protein
MAD reacted to complete and partially degraded N protein (NA1-141).
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FIG. 4. Evaluation of sandwich ELISA system with various MAbs. (A) Evaluation of sandwich ELISA by color detection system using 25
different combinations of anti-SARS CoV N protein MAbs. Twenty nanograms of recombinant full-length N protein was measured by different
combination of MAbs with sandwich ELISA systems. Asterisks indicate the best five results among the 25 ELISAs with different combinations of
MAbs. *1, ELISA with I-23/11-12 (capture MAb/detection MAD); *2, ELISA with II-21/1I-3; *3, ELISA with I1-12/1-23; *4, ELISA with I11-21/1-23;
and *5, ELISA with I-16/1-23. (B) Standard antigen ELISA curves determined with purified recombinant N protein by sandwich ELISA (CLEIA)
using five kinds of MAD pairs (capture MAb/detecting MAb): @, 1-23/11-12; W, 11-21/1-23; A, 11-12/1-23; #, 11-21/11-3; and O, 1-16/I-23. Serial
dilutions of recombinant N protein were measured in triplicate by CLEIA. Results show the means of triplicate results. Error bars indicate the

range of standard deviations.

ble 3). The best CLEIA had no cross-reactivity to the full-
length recombinant N protein of three common human coro-
naviruses (229E, OC43, and NL63) even at the highest antigen
concentration of 100 ng/ml (relative light unit [RLU] sensitiv-
ities of 565 = 149, 843 = 80, and 593 = 94, respectively [blank
control, 782 * 283; means * standard deviations, n = 3]),
whereas it exceeded the upper limit of detection (greater than
200,000 RLU) with the N protein of SARS CoV used as a
target antigen (data not shown).

To assess the reproducibility of the best CLEIA, intra- and
interassay variabilities were obtained with five fixed dilutions of
recombinant N protein, namely 6.25, 12.5, 25, 50, and 100
pg/ml. The intra-assay variability was determined with repli-
cate tests 20 times with five samples in the same CLEIA. The

TABLE 3. Sensitivity of CLEIA for detecting recombinant SARS
CoV N protein

Sensitivity (RLU * SD) with the following concns of SARS

t MADb,
Capture / CoV recombinant N protein (pg/ml)”

detecting

MAb 0 1.56 3.13 6.25
1-16/1-23 375+ 154 532+ 118 1,219 = 344> 3297 + 991¢
I1-21/1-23 1,858 + 401 2,412 = 96" 4,327 +322¢ 7,531 + 141¢
I1-12/1-23 1,306 + 548 2,592 = 874 3,563 + 205 7,321 * 116°
II-21/I1-3 3,963 = 473 6,164 = 465° 9,266 *+ 521¢ 13,906 = 618°
[-23/11-12 782 + 283 2,040 = 66° 4,561 + 252° 10,859 + 183¢

“ All data are expressed as means = SD (n = 3).

® The value of the mean minus 1.0 SD is higher than that of the mean plus 1.0
SD of the control (0 pg/ml).

¢ The value of the mean minus 2.0 SD is higher than that of the mean plus 2.0
SD of the control (0 pg/ml).

RLU values, means, and standard deviations for 6.25, 12.5, 25,
50, and 100 pg/ml were 10,864 = 399, 23,208 =+ 1,332, 48,410 =
1,690, 106,482 * 6,003, and 199,484 *= 718, respectively, with
corresponding coefficients of variation of 3.6, 5.7, 3.4, 5.6, and
0.4. The interassay variability was determined by subjecting
four samples to 10 different assays performed repeatedly 10
times on different days. The RLU values, means, and standard
deviations for 6.25, 12.5, 25, 50, and 100 pg/ml were 10,839 =
1,017, 24,292 *= 2,432, 51,139 = 4,308, 110,387 = 9,320, and
199,685 = 791, respectively, and their coefficients of variation
were 9.4, 10.0, 8.4, 8.4, and 0.4.

To examine the actual reactivity of the best CLEIA to cell
culture SARS CoV and common human CoV strains (229E
and OC43), serial dilutions of cell culture lysates from SARS
CoV, 229E, and OC43 were used. As shown in Fig. 5A, the
lowest positive result for detecting the SARS CoV using the
cell lysate from cells infected with SARS CoV (HKU-39849)
was with a viral concentration of 0.087 TCIDs,/ml, which cor-
responded to 111 copies/ml by Q-PCR (44). Neither 229E nor
OC43 cell culture lysates even at the highest (10000 TCIDs,/
ml) virus content gave detectable signals by the CLEIA with
SARS CoV N antigen (Fig. 5B).

Detection of the viral N protein in NPA from SARS patients.
To evaluate the performance of the best CLEIA, 18 NPA samples
from patients previously diagnosed as SARS positive by one-step
Q-PCR and 20 SARS-negative NPA samples from SARS nega-
tive donors were measured by the best CLEIA. As shown in Fig.
6, the mean RLU and standard deviation for SARS-negative
NPA was 363 = 118. Thus, the cutoff value of the best CLEIA,
defined as the mean plus three standard deviations, was 717. All
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FIG. 5. Sensitivity of CLEIA in detecting SARS CoV N antigen.
(A) Limiting dilution experiment with cultured SARS CoV (HKU-
39849) for detecting SARS CoV N antigen by CLEIA using I-23 as
capture MAb and II-12 as detecting MAb. Twofold dilutions of cell
culture lysates of SARS CoV were measured in triplicate by the
CLEIA. Results show mean values of the triplicates. Error bars express
the range of 2X standard deviation values. The limit of detection of
CLEIA is 0.087 TCIDsy/ml (a coarse dotted line), which is the mini-
mum concentration (TCIDsy/ml) of cultured SARS CoV (HKU-
39849) giving the signal value of the mean minus 2.0 standard devia-
tions, which is higher than that of the mean plus 2.0 standard
deviations of 0.0 TCIDsy/ml (a fine dotted line). (B) Limiting dilution
experiment with cell culture lysates of common human CoV (229E [H]
or OC43 [A]). Serial dilutions of recombinant N protein were mea-
sured in triplicate by the CLEIA. Results show mean values of the
triplicates. Error bars indicate 2X standard deviation values.

eighteen SARS-positive NPA samples confirmed by Q-PCR were
positive by the best CLEIA. Fourteen of them were above the
maximum limit (200,000 RLU) of detection of the luminometer.
In addition, a statistically significant (P < 0.01) correlation be-
tween the results of Q-PCR and those of the best CLEIA was
observed with the 18 SARS-positive NPA (Fig. 6). Thus, our
CLEIA had a sensitivity high enough to detect the minimum
concentration (757 copies/ml by Q-PCR) of SARS-positive NPA.
On the other hand, none of the twenty negative NPA from SARS-
negative donors was positive by the best CLEIA. Thus, both the
specificity and sensitivity of this CLEIA were 100%.

Statistical analysis with results of CLEIA on difference be-
tween data of onset and age. In order to examine the relation-
ship between the history of the NPA samples and the signals of
CLEIA, some statistical analyses were performed with the
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FIG. 6. Correlation between CLEIA and Q-PCR in detecting SARS
CoV N antigen using clinical samples obtained from SARS patients. In
CLEIA, I-23 and II-12 MADs are used as capture and detecting Abs,
respectively. For the Q-PCR detection of SARS CoV RNA, Q-PCR was
performed as previously reported (32). Eighteen clinical NPA samples
from 18 SARS-positive patients (@) and 20 SARS-negative NPA samples
(O) were analyzed. RNA was prepared from each NPA sample, and the
SARS CoV RNA concentration was quantitatively evaluated by Q-PCR.
The amount of SARS CoV N protein was measured by CLEIA as de-
scribed above. Results show the means of triplicates for each specimen.
Cutoff value of CLEIA, 718 RLU (as measured by the mean of negative
specimens plus 3 standard deviations). *, the results with SARS-positive
NPA with the minimum concentration of viral RNA by Q-PCR (757
copies/ml); ¥, the four dots in the ellipse drawn with a dotted line indicate
the chemiluminescence intensity for four NPA samples which exceeded
the maximum limit of detection by luminometer.

results of the 18 SARS-positive patients. No significant differ-
ence was found between CLEIA data for the difference of age
groups or the days from onset of symptoms. In spite of the days
from the onset or the age group, the range of plotted CLEIA
signals on diagrams was very wide in every group of SARS
patients (Fig. 7A and B). But, in the results of samples from 4
to 10 days from the onset of symptoms, the mean of N protein
levels in NPA from patients under 40 years old (group B) was
10 times higher than that for patients over 40 years old (group
A). In the results of samples from 11 to 18 days from the onset
of symptoms, there was no significant difference in N protein
levels between samples from patients under 40 years old
(group C) and over 40 years old (group D) (Fig. 7C). One NPA
specimen (P16) in the patient group of the early stage (4 to 5
days from onset of symptoms) converted both a high level of N
protein and a high level of viral load (2.43E + 07 copies/ml).
The specimens from patients from 11 to 15 and 17 to 18 days
from onset of symptoms in infection still gave the same high
CLEIA signals as those from patients in the early stage (Fig.
7A). Those specimens also converted high levels of viral load
(from 1.09E + 5 to 4.56E + 07 copies/ml) which were mea-
sured by Q-PCR.

DISCUSSION

In this study, we have established a highly sensitive CLEIA
for detecting SARS CoV N protein. Although a similar EIA
system was already reported previously (2, 10, 20, 34), our
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FIG. 7. N protein detection and the difference between the days from
onset and age groups of SARS patients. (A) Chemiluminescence intensity
of CLEIA with NPA from SARS patients who were classified into four
groups by their days from the onset of symptoms (4 to 5, 6 to 10, 11 to 15,
and 16 to 18 days). *, the CLEIA signal of patient P16 in the early stage
(4 days from onset of symptoms) whose viral load is 2.43E + 07 copies/ml.
(B) Chemiluminescence intensity of CLEIA with NPA from SARS pa-
tients who were classified into four groups by their ages (18 to 26, 32 to 39,
43 to 49, and 55 to 72 years). Chemiluminescence intensity (RLU) of the
NPA from each SARS patient is expressed in its proper lane of panel A
or B. Bars and numbers in each diagram indicate mean values of signals
with specimens in each group. (C) Chemiluminescence intensity of
CLEIA with NPA from SARS patients who were classified into four
groups by a combination of their age and their days from the onset of
symptoms. Group A, NPA from patients 18 to 39 years old and at 4 to 10
days from the onset of symptoms; group B, NPA from patients 44 to 57
years old and at 4 to 10 days from the onset of symptoms; group C, NPA
from patients 24 to 35 years old and at 11 to 17 days from the onset of
symptoms; group D, NPA from patients 43 to 71 years old and at 12 to 18
days from the onset of symptoms.

CLEIA system using newly developed MADbs can detect as low
as 1.56 pg/ml and 0.087 TCIDsy/ml of the recombinant N
protein of SARS CoV and the cell culture lysate of virus-
infected cells (111 copies/ml of viral RNA), respectively,
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whereas the limits of detection in previous studies using the
recombinant N protein were 50 (2), 37.5 (10), 200 (20), and
1,000 (34) pg/ml, and those using the cell culture lysate of
virus-infected cells were 15 (20) and 50 (10) TCIDsy/ml. Our
novel SARS CLEIA gave higher sensitivity than those previous
EIA tests. For example, the detection limit for SARS CoV in
the infected cells using our method exhibited approximately
172-fold higher sensitivity than that of a previous EIA (20). In
addition, the sensitivity of our CLEIA was comparable to the
results with other methods using RT-PCR, such as the results
reported from the World Health Organization (0.1 TCIDs,/
ml) (13), results from a Realart HPA CoV assay (100 copies/ml
of viral RNA), and appeared to be even better than results
from a Roche LightCycler SARS CoV quantification assay
(10,000 copies/ml of viral RNA) (13). Moreover, it showed no
cross-reactivity even at higher concentrations of recombinant
protein of conventional human CoV (229E, OC43, and NL63)
and high-titer cell culture lysates from human CoV, 229E, and
OC43 (Fig. 5B). The sensitivity and specificity are 100% when
NPA were tested with our CLEIA. The sensitivity is 100%, but
the number of negative samples tested was relatively small.
However, considering the presence of a large discrepancy in
the value of chemiluminescence (the y axis in Fig. 6 is in
logarithmic scale), it is considered that the number of negative
samples was sufficient.

In sharp contrast to the previously reported EIA systems
using cocktail MAbs (2) and polyclonal antisera from immu-
nized animals (20), our CLEIA characteristically uses a com-
bination of two newly developed MAbs and has exhibited
much higher sensitivity yet still with specificity. In order to
achieve this goal, we have carefully evaluated the combination
of various MAbs by testing all 25 different combinations and
we identified the best combination of two such MAbs, I-23 and
II-12: capture Ab I-23 reacted to the linear epitope located at
the 283-t0-422 amino acid residues of SARS CoV N protein,
and detecting Ab II-12 reacted to another independent linear
epitope located within the 1-to-141 amino acid residues of N
protein. We consider the epitope is presumably linear because
this recombinant nucleocapsid protein was denatured during
SDS-polyacrylamide gel electrophoresis (PAGE) in Western
blot analysis (Fig. 3). These epitopes are distinct from those
reported previously (34), wherein an anti-N protein MAD that
reacted to a peptide from the 249th to 317th amino acid resi-
dues of N protein and another MAb that reacted to a peptide
from the 317th to 395th amino acid residues were used in a
sandwich ELISA for detecting N protein at ng/ml orders (34).
Identification of the MAb recognizing the C-terminal regions
of N protein was reported by others (1); however, the sensi-
tivity in a practical EIA system was not demonstrated. Thus, in
our system, either better epitopes are reacted by MAbs 1-23
and II-12 or this combination is superior to those of other
previous reports (1, 34). The fact that a combination of MAbs
1-23 and II-12 in conventional EIA by color detection could
detect around 12 pg/ml of recombinant N protein at the de-
tection limit using a color detection system (data not shown)
suggests that the immunoreactivities of our newly developed
MADs are potent enough to develop a more-sensitive CLEIA
system.

A number of epitope mapping studies on the N protein of
human Abs from SARS patients have been conducted (3, 11,
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22, 24, 39). The major epitopes of human Abs induced after
SARS infection were found in the carboxyl-terminal region of
N protein (3). Li et al. (22) reported that the linear epitope
located within the carboxyl-terminal region of N protein spans
from the 371st to 407th amino acid residue, as identified by
protein structure analysis (22). In our study, approximately
27% of all MAbs recognized the amino-terminal region, from
the 1st to 143rd amino acid residues, of N protein. On the
other hand, approximately 60% of all MAbs recognized the
carboxyl-terminal region, from the 283rd to 422nd amino acid
residue, of N protein. Our MAb II-12 appears to have reactiv-
ity to that linear epitope within the amino-terminal region. It is
noted that there has not been any report of a MAD reacting to
the amino-terminal region of SARS CoV N protein. There-
fore, our success in establishing a highly sensitive CLEIA sys-
tem might be ascribed to the development of such a MAb
reacting to the amino-terminal region of SARS CoV N protein.
More detailed information about the epitopes of our five
MAbs reported here should provide us with further informa-
tion on how our MAbs recognize the viral N protein (7, 14,
16, 45).

Previous serological tests of NPA samples collected at 1 to 5
days and 6 to 10 days after onset of symptoms analyzed with
EIA exhibited very low sensitivities of about 0% and 27%,
respectively (20). In contrast, our CLEIA could detect lower
concentrations of SARS CoV in NPA samples obtained at the
early phase of infection. This feature is especially important
when detection of SARS patients is urgent in order to isolate
those who are infected with the virus for containment in epi-
demic areas.

The current conventional EIA tests could detect 80 to 90%
of positive SARS cases with serum samples collected 1 to 5
days after onset of symptoms (4, 23), possibly because of the
higher level of N proteins in serum during the early stage of
infection. But a similar EIA test could detect the virus in NPA
but not in serum from SARS patients in early infection, pos-
sibly because of higher viral load of SARS CoV in NPA (20).
This is because the concentration of N protein in sera in the
early phase could be higher than in NPA, urine, and stool (29).
However, our newly established CLEIA could detect 3/3
(100%) and 8/8 (100%) NPA samples obtained at 1 to 5 days
and 6 to 10 days after onset of symptoms, respectively. Al-
though the sample sizes were small and all donors were Asian
people (and thus a larger scale and extensive screening study is
needed in the near future), it is clear that our CLEIA should
be useful in detecting SARS infection using NPA samples
obtained from patients.

In the results of statistical analyses of the differences be-
tween data from the onset and age and the detection, no
significant difference was found between the levels of N protein
in NPA by the differences of the age groups or the days from
the onset of symptoms. But, a SARS patient in the early stage
in infection (4 to 5 days from the onset of symptoms) has
already converted high levels of both N protein and viral load
in NPA (Fig. 7). According to a previous report (20), the levels
of N protein in NPA from patient groups in the early stage in
infection (1 to 5 days from the onset of symptoms) are thought
to be very low on the whole. But, our results could suggest that
there are some patients who convert high levels of N protein in
NPA during the early stage in infection.
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On the other hand, two SARS patients in the late stage in
infection (17 to 18 days from the onset of symptoms) still
converted high levels of both N protein and viral load in NPA
in our results (Fig. 7). According to previous reports (8, 15),
the viral loads, which have good correlation with levels of N
protein (Fig. 6.), in all serum/plasma from patients in the late
stage in infection (after 10 or 13 days from the onset of symp-
toms) are very low (under 1E + 03 copies/ml). Considering
those facts, the ability of our simple CLEIA system to detect
the N protein with NPA samples might be useful in monitoring
the clinical efficacies of therapy and the risk of viral transmis-
sion from patients. It could also provide important information
to decide when the patients should be isolated and discharged
from the isolation ward.

In the results of statistical analyses with NPA from patients
in the early stage (4 to 10 days from the onset of symptom), the
mean of N protein levels in NPA from patients under 40 years
old was 10 times higher than that from patients over 40 years
old (Fig. 7C). As the World Health Organization reported,
death rates are increased in accordance with the increase of
the ages of SARS patients (43). The lower levels of viral loads
in NPA from older patients in the early stage of infection might
relate to the higher death rates of older patients.
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