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Fable 5. Number of species and maximum, minimum and median probabilitics fmedian Gninimum — maxinnun)] (10 7) of non-ribosomal, non-ViJ0125-satellite-

repeat and random hexamers hexanucleotides in known viral species

Family

Number of species

Non-ribosomal

Non-V0i1 25

Random hexamers

Adenoviridue
Arenaviridae
Astroviridae

Bnmuviriduc

Cmmuvu idac
Filoviridae
Flaviviridae
Hepadnaviridue
Herpesviridae
Iridoviridae
Orthomyxoviridae
Papiltomaviridae
Parvoviridae
Picornaviridae
Polyomaviriduc
Poxviridae
Reoviridae
Retroviridae
Rhabdoviridae
Togaviridae

1029

123

5.3 (6.5-28.3)
17.0 (13.1-19.2)
174 (14.5-19.2)
20.0 (20.0-20.01)
228 (11.8--30.7)
13.2(7.1-19.3)
242 (239-31.4)
219 (20.8-22.0)
141 (R6-23.4)
16.6 {9.7-27.2)
15.0 (3.7-29.2)
17.7 (14.1-25.2)
17.6 (6.3-29.7)
24.7 (7.7-34.3)
20.5 (6.3-35.9)
19.3 (7.1-30.6)
18.4 (14.0-28.5)
37.6 (8.2=44.8)
28.4 (12.9-38.4)
17.0 (9.9-27.6)
16.8 (9.2-23.3)
20.0 (7.6-24.3)

25.0 (19.4-47.13
26.0 (23.3-27.6)
23.9 (22.4-25.6)
21.8 (21.8-21.8)
26.2 (21.8-29.7)
23.5 (19.1-26.5)
25.3 (25.2-29.9)
249 (24.4-26.2)
22.4(19.0-25.9)
21.6 (18.0-25.3)
226 (16.4-27.2)
23.3 (20.8-29.3)
24.3 (16.2-32.9)
24.9 (18.7-28.9)
25.0 (19.5-31.2)
24.3 (19.0-29.0)
22,0 (20.6-26.4)
26.9 {22.7-32.0)
26.2 (19.2-31.5)
22.1 (18.2-26.8)
22.7 (19.0-26.3)
23.3 (20.1-25.1)

238 (22.8-47.0)
245 (23.8-251)
')4 3 ("3 5 75"!)
23.7423.7-237

23.7 (23.1--25. "‘)
24,1 (23.4-25. 4)

74 U (’I 'S
23.5(22.8~ "4 R;
235 (21.9-23.6)
24.3 (20.0-27.9)
232 21.1-25.4)
23.8(21.6-25.1)
240 (22.6-25.1
23.6 (22.3-247)
229213240
238 (20.7-258)
233 (21.6-24.6)
23.6 (23.1-24.2)
23.7(22.7-24.5)

Sequences for species were selected according to their length as deseribed in Materials and Methods. The total probability in each species was caleulated as the
summation of probabilities of all non-ribosomal he xanucleotides in sense and complementary sequences of a viral genomic sequence that was selected s described in
Materials and Methods. The probabilities of non-ribosomal hexanucleotides in 1791 virus genonic sequences are supplemented online.
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Figure 2. Autoradiogram of V*P-labelled double-stranded cDNA synthesized from mixtures consisting of artificial RNA and total cellular RNA. I vitro transcribed
RNA was synthesized from pClneo plasmid and mixed with total cellular RNA extracted from rat2 cells in weight proportions 1:0 (lanes 1 and 8), 1:1 (lanes 2 and 9).

P HG (Janes 3 and 10). 1:100 (Janes 4 and H

), 12300 (lanes 5 and 12), 111000 (Janes 6 and 13) and 1 (lanes 7 and 14). One microgram of mixed RNA wus reverse

transcribed using random (lanes [~7) or non-ribosomal (lanes 8-14) hexanucteotides and a second-strand cDNA was then synthesized with RNaseH. DNA
polymerase and DNA ligase according to the method described in Materis l]\ and Methods. One-tenth of the volume of synthesized cDNAs was loaded on agarose

gel (A). Loaded volumes were corrected to include the same wnounts of
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Figure 3. Agurose gel electrophoresis of RDA products (A) and its hybridized autoradiogram (B). In vitro transeribed RNA and total cellular RNA were mixed as
described in the legend to Figure 2. Double-stranded ¢ DNAs were synthesized and subjected to RDA as described in Muterials and Methods. One-twentieth of
the volume of the amplified products wis separated on 3% agarose gel and stained with ethidium bromide (A), blotted onto a nylon membrane and hybridized with

2p_fabelied pCineo (B). Positions and sizes (bp) of markers are present on the left.

On the other hand, the synthesis of ribosomal cDNA was not
obvious in the cDNA primed with non-ribosomal hexanuc-
leotides. A relatively large ¢DNA derived from artificial

RNA could be observed even when a smaller proportion of

test RNA was mixed with cellular RNA and non-ribosomal
hexanucleotide-primed samples. These data suggest that the
relative amount of test RNA-derived c¢DNA is greater
in non-ribosomal hexanucleotides-primed samples than in
random primer-primed samples.

After the first round of ¢cDNA RDA, amplified fragments
were observed on agarose by staining with cethidium bromide.
The bands that corresponded to artificial RNA could be
observed in 1:0, 1:1 and 1:10 (test:total cellular RNAS) mix-
tures when ¢DNAs were primed with a random primer. On the
other hand, these bands could be observed in 1:0 to [:300 RNA
mixtures when ¢DNA was primed with non-ribosomal hexa-
nucleotides (Figure 3A). This amplification of test RNA wuas
confirmed by hybridization with pClneo, which was a template
for in vitro RNA synthesis (Figure 3B). The hybridized bands
were observed even in a lane corresponding to 1:1000 RNA
mixture. When ¢DNA was primed with a random primer, the
hybridized bands could not be observed in 1:100, 1:300 and
1:1000 RNA mixtures. These data suggest that the fower limit
of the test RNA amplification decreased at least 30 times
when non-ribosomal hexanucleotides were used for reverse
transcription when compared with the data oblained by
using a random primer.

Detection of BPI3 and SARS-CoV sequences
from infected cell RNA

To amplify virus sequence from infected cells, we subtracted
amplicons derived from uninfected cells from those derived
from virus-infected cells. Amplicons with linkers derived from
the infected cells were mixed with amplicons without linkers

]
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Figure 4. Agarose gel electrophoresis of RDA products from RNA
extracted from bovine parainfluenza virus 3-infected cells. Double-stranded
cDNA was synthesized from RNA of bovine paraintluenza vitus 3-infected
MDBK cells and subjected to RDA. Mock-infected cells were used for the
synthesis of driver amplicons for RDA. One-twentieth of the volwme of the
amplified products was separated on 3% agarose gel and stained with ethidium
bramide. RDA producl from the uninfected control cells was used as a negative
comrol.
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Figure 5. Agarose gel electrophoresis of RDA products with PCR products used for probes for hybridization (A) and a hybridized fluorogram (B). RN A was extracted
from SARS-CoV-infected cells and subjected to RDA according to the method deseribed in Materials and Methods. Mock-infected cells were used for the synthesis of
driver amplicons for RDA. One-twentieth of the volume of the amplified products was separated on 3% agarose gels and blotted on a Nylon membrane. The
membrane was then cut into slits that contained the lane showing the presence of DNA. On the other hand, the PCR fragments predicted to be amplified in the RDA
reaction were amplified and subsequently ascertained by agarose gel electrophoresis (A). The wnplitied genomic fragments of SARS-CoV were Dig-labelled and
used a8 probes tor hybridization to each slit of the Nylon membrane containing the RDA product. Hybridization was performed in separate hybridization bags. After
washing with 1x SSC and 0.1% SDS solution. the hybridized probes were detected on a fluorogram (B). Positions and sizes (bp) of markers are present on the lefl.

derived from uninfected cells at the ratio of 1:100 before a
hybridization step of cDNA RDA. At the end of the first round
of ¢cDNA RDA, the ladders of amplified fragments werce
generated lrom BPI3-infected cells when non-ribosomal hexa-
nucleotides were used (Figure 4). No ¢cDNA RDA-derived
bands were obvious when a random primer was used for
reverse transcription (data not shown). Amplified fragments
from ¢cDNA RDA of BPI3-infected cells were cloned into
pSPORTI plasmid, and the sequences were determined.
The sequences of all the cloned fragments from ¢DNA
RDA were identical to the sequence of the BPI3 genome.
These data suggest that cDNA RDA with non-ribosomal hexa-
nucleotides enables the identification of the BPI3 genome
scquence from infected cells.

Similar to BPI3, ¢cDNA fragments derived from SARS-CoV
were also amplified trom SARS-CoV-infected cells (Figure 5).
Viral origin of the amplified fragments was confirmed by
hybridization (Figure 5B) and PCR amplification by SARS-
CoV-specific primers (Figure 5A). These results indicate that
genomic fragments of SARS-CoV can also be isolated by this
method.

DISCUSSION

Reduction of influence of ribosomal RNA on ¢DNA
synthesis by non-ribosomal hexanucleotides

It is well known that 3-5% and 30% of cellular RNA are
estimated to be messenger and ribosomal RNA, respectively.
The frequency of ribosomal RNA has been estimated by

competitive PCR and real-time PCR to be 10 000 copics
per cell (18). The amount of ribosomal RNA has been reported
to be 1000-fold greater than that of frequently transcribed
mRNA, such as beta actin and G6PDH. Thus, the repertoire
of cDNA would be strongly affected by ribosomal RNA, This
influence of ribosomal RNA has been avoided by oligo(dT)
selection. Alternative strategy lor the elimination of ribosomal
RNA from total RNA, however, has not been developed.
Therefore, there have been only a few applications of
¢DNA RDA for non-poly(A) RNA, such as those in viral
genomes. In this study, we developed a new strategy for
the elimination of ribosomal RNA in ¢cDNA RDA through
the construction of a hexanucleotide mixture and demon-
strated its efficiency in cDNA RDA.

The main purpose of PCR is specific amplification of a genc.
However, miethods using multiple primers {or simultancous
gene amplification have been recently employed for DNA chip
methods. In order to simultaneously detect multiple genes by
using a DNA chip, mixed oligonucleotides have been used as a
primer for reverse transeription. This usage of mixed primers
was based on the assumption that the specificity of primers was
equal to the summation of the specificity of each primer. Thus,
we searched for primers that do not prime ribosomal RNAs by
frequency analysis of hexanucleotides. The frequency and
distribution of oligonucleotides in mammalian and viral gen-
omes have been studied to search for common motifs that
might be used tor controlling cellular functions (19-23).
Volinia er al. (22) found sets of common decamers that can be
used lor the control of transcription control signals or for the
common amplification of viruses. Programs for frequency
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analysis have been useful for searching common oligonuc-
leotides in many subsets of sequences. On the other hand,
database programming is uscful not only for searching com-
mon oligonucleotides but also for searching oligonucleotides
that do not exist in a subset of sequences. In this study, we found
that there were hexanucleotide patterns that were rare or that
did notexist in ribosomal RNA sequences. We also showed that
scquences of 96 selected non-ribosomal hexanucleotides are
normally present in known viral sequences (Table 5).

Improvement of detection efficiency of
extracellular RNA on ¢cDNA RDA

In the experiment for the determination of the effect of non-
ribosomal hexanucleotides, we used a mixture of artificially
synthesized and total cellular RNAs. The probabilitics of hexa-
nucleotide patterns in the sequence of pClneo was different
from ribosomal RNA (18.4x 107%,22.4x 10" and 23.0x 1077
for non-ribosomal, non-VO0[25 and random hexamers,
respectively). The artificially synthesized RNA included
30 priming sites for non-ribosomul hexanucleotides and was
efficiently reverse transcribed (Figure 2). In the model experi-
ments, cDNA RDA with non-ribosomal hexanucleotides effi-
ciently reverse transcribed and specifically amplified the
extracellular test RNA in the mixed RNA (Figure 3). ¢cDNA
RDA-derived detection of the artificial RNA was 30-fold more
sensitive when non-ribosomal hexanucleotides were used than
when random hexamers were used. These results suggest that
non-ribosomal hexanucleotides dramatically improve the
detection efficiency of ¢cDNA RDA.

Application of non-ribosomal hexanucleotides
for viral detection

The connnon existence of non-ribosomal hexanucleotides in
known viral genomes (Table 5) and the improved sensitivity
for the amplification of a non-ribosomal sequence in the mixed
RNAs (Figure 3) suggest that non-ribosomal hexanucleotides
could be used for nou-specific detection of a viral sequence in
infected cells. However, the sensitivity for sequence detection
may be low when compared with that of common PCR
using specific primers. Thus, the usage of this method
might be restricted to infected cells that contain many copies
of a virus.

The copy nuinber of RNA viruses is dependent on the virus
species, host cells and replicative and productive state of vir-
uses. In our experiment, we detected 3 ng of contaminated
RNAs in | pg of total RNA. Although this sensitivity is con-
siderably lower than that of normal PCR, our experiments on
SARS-CoV and BPI3 suggest that the sensitivity of cDNA
RDA with non-ribosomal hexanucleotides is sufficient to
detect these viruses in productively infected cells. Addition-
ally, this method can be applied (0 most productive viruses,
since sense and complementary sequences of non-ribosomal
hexanucleotides were found to exist in most of the known virus
sequences in GenBank (Table 5). In conclusion, this method
could be applied as an alternative method for the detection of
any emerging viruses.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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Abstract

The recombinant nucleocapsid protein (rNP) of severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) was expressed in
a baculovirus system. The purified SARS-CoV rNP was used as an antigen for detection of SARS-CoV antibodies in 1gG enzyme-linked
immunosorbent assay (ELISA). The ELISA was evaluated in comparison with neutralizing antibody assay and the authentic SARS-CoV
antigen-based 1gG ELISA. Two-hundred and seventy-six serum samples were collected from health care workers in a hospital in which a
nosocomial SARS outbreak took place and used for evaluation. The SARS-CoV rNP-based 1gG ELISA has 92% of sensitivity and specificity
compared with the neutralizing antibody assay and 94% sensitivity and specificity compared with the authentic SARS-CoV antigen-based
lgG ELISA. The results suggest that the newly developed SARS-CoV rNP-based IgG ELISA is a valuable tool for the diagnosis and
scrocpidemiological study of SARS. The SARS-CoV rNP-based [gG ELISA has an advantage over the conventional IgG ELISA in that the
antigen can be prepared by laboratory workers without the risk of infection.
€ 2005 Elsevier B.V. All rights reserved.

Keywords: Recombinant nucleocapsid protein; SARS; 1gG ELISA; Neutralizing antibody assay

1. Introduction

Severe acute respiratory syndrome (SARS), an emerging
virus infection of the respiratory organs with a high mortality
rate in humans, was first reported in Guangdong province,
in southern part of China, in November 2002 and spread
to Hong Kong, Vietnam, Singapore and other countries
worldwide through human-to-human transmission (CDC,
2003; Lee et al,, 2003; Poutanen et al., 2003; Tsang et al,,

* Corresponding author. Tel.: +81 42 561 0771; fax: +81 42 561 2039.
E-mail address: msaijo@nih.go.jp (M. Saijo).

0166-0934/S - scc front matter € 2005 Elscvier B.V. All rights reserved.,
doi:10.1016/} jviromet.2005.01.028

2003). Approximately 8000 patients were reported and
about 8§00 died in the last SARS outbreak from November
2002 to July 2003 (WHO).

The causative agent, SARS coronavirus (SARS-CoV),
was isolated from patients with SARS and was identified as
a novel coronavirus. SARS-CoV was transmitted from hu-
man to human, and the mortality rate is high. SARS-CoV is
regarded as a viral pathogen that must be handled in high
containment laboratories with a biosafety level (BSL)-3 and
BSL-4.

If a recombinant protein of SARS-CoV can be used as an
antigen for serological diagnosis of SARS-CoV infections,
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it offers an advantage in the preparation of a SARS-CoV
antigen because the recombinant protein of SARS-CoV can
be produced without a risk of SARS-CoV-infections among
laboratory workers. In the present study, we developed an
IgG enzyme-linked immunosorbent assay (ELISA) in which
a recombinant nucleocapsid protein (rNP) of SARS-CoV
(SARS-CoV rNP) was used as an antigen, and evaluated the
efficacy of the ELISA using serum samples collected from
the health care workers in a hospital that was hit by a SARS-
nosocomial outbreak.

2. Materials and methods
2.1. Virus

The SARS-CoV (HKU39849) used in this study was
kindly supplied by Prof. J.S. Malik Peiris, Department of
Microbiology, University of Hong Kong, Hong Kong Spe-
cial Administrative Region.

2.2. Cells

Vero E6 cells purchased from the American Type Cell Col-
lection (Manassas, VA) were grown in Eagle’s minimum es-
sential medium (MEM) supplemented with penicillin G and
streptomycin and with 5% fetal bovine serum. The FBS was
confirmed to have no inhibitory effect on the growth of SARS-
CoV in cell cultures in a preliminary study. SARS-CoV was
grown in Vero E6 cells cultured in MEM with penicillin G
and streptomycin and with 2% fetal bovine serum.

2.3. Human serum samples

Two hundred seventy-six serum samples collected from
156 health care workers in the Hanoi French Hospital, Ho Chi
Min city, Vietnam, were used (Vu et al., 2004). Serial serum
samples were collected from each of the 120 subjects on dif-
ferent occasions. The sera were used for serological analyses
after the heat-inactivation treatment at 56 °C for 30 min.

2.4. Manipulation of infectious SARS-CoV and clinical
samples

All procedures that required manipulation of infectious
SARS-CoV and/or non-inactivated clinical samples such as
neutralizing antibody assay and authentic SARS-CoV anti-
gen preparation were conducted in a BSL-3 laboratories in
the National Institute of Infectious Diseases, Tokyo, Japan.

2.5. Recombinant baculovirus

The RNAs were extracted from SARS-CoV (HKU-
39849)-infected Vero E6 cells and reverse transcribed using a
random hexamer. The N gene of SARS-CoV was then ampli-
fied from the random hexamer-primed 1st strand DNAs using

a forward primer (N-Bamf: 5-GGA TCC AAT TAA AAT
GTC TGA TAA TGG ACC C-3', BamHI restriction site is
underlined) and a reverse primer (N-Bamr2: 5-GGA TCC
TGC CTG AGT TGA ATC AGC AG-3', BamHI restric-
tion site is underlined). The PCR product was purified by
agarose—gel electrophoresis, cloned into a pGEM-Teasy vee-
tor (Promega, Madison, USA) to gencrate pGEM-Teasy-N,
and its sequence was confirmed to be identical to the orig-
inal sequence (GenBank accession no. AY278491). The N
gene insert was excised with BamHI from pGEM-Teasy-N
and ligated into the unique BamHI site of a modified pA-
c¢YMI1 baculovirus-transfer plasmid, pAc-cHis, carrying the
8His-tag at the 3’-extremity of the unique BamHI site. The
recombinant baculovirus, Ac-SARS-N-His, was then gener-
ated using the method described by Kitts et al. (1990).

2.6. Antigens

Vero E6 cells were infected with SARS-CoV for specific
antigen production and also mock-infected for control anti-
gen. Extracts of both were made similarly as follows. The
authentic SARS-CoV antigen and the corresponding mock-
antigen were produced as follows. Vero E6 cell were infected
with SARS-CoV or the mock virus at a multiplicity of in-
fection (moi) of 2, respectively. After incubation for 24 h,
both the authentic SARS-CoV- and mock-infected Vero E6
cells were collected. The cells were washed twice with cold
phosphate-buffered saline (PBS) solution and then suspended
in a phosphate-buffered saline solution supplemented with
1% Nonidet-P40 (NP40). Each of the cell-suspended solu-
tions was incubated on ice for 10 min and the cell lysates
were centrifuged at 12,000 rpm for 10 min at 4°C. The su-
pernatant fractions prepared from the SARS-CoV-and mock-
infected Vero L6 cells were inactivated by ultraviolet irradia-
tion and were used as positive and negative antigens for IgG
LELISA, respectively. The 7nJ insect cells infected with 4¢-
SARS N-His or with Ac-AP, a baculovirus not expressing
polyhedrin, were incubated for 72 h at 26 °C, respectively.
Then both group of cells were washed twice with cold PBS
and lysed in cold PBS containing 1% NP40 and 8 M urea.
The cell lysates were centrifuged at 12,000 rpm at 4 °C for
10 min. The supernatant fractions were collected as a source
of SARS-CoV NP and negative control antigen for purifica-
tion. The SARS-CoV rNP and the ncgative control antigen
were purified using a Ni*“-resin purification system (QIA-
GEN GmbH, Hilden, Germany), according to the manufac-
turer’s instructions.

2.7. IgG ELISA

Authentic SARS-CoV Ag-based and the SARS-CoV rNP-
based IgG ELISA were performed as described previously
except for the antigen preparation (Saijo et al., 2001, 2002).
The antigens were diluted with 50 mM carbonate buffer (pH
9.6) and used to coat the wells of 96-wells ELISA plates in
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the present study.
2.8. Neutralizing antibody detection

The serum samples were heat-inactivated and diluted two-
fold with MEM-2FBS from 1:10 to 1:320. Each test sample
(60 ul by volume) was then mixed with the same volume of
MEM containing SARS-CoV at an infectious dose of 100
plaque forming units per 100 pl and the mixture was incu-
bated for 1 hat 37 °C for neutralization. After incubation, the
mixtures were tested for neutralization by cytopathic effect
(CPL) inhibition assay using Vero E6 cells. The neutraliz-
ing antibody titer was defined as a reciprocal of the highest
dilution at which no CPE was observed.

2.9. SARS-CoV RNA amplification by a loop-mediated
isothermal amplification (LAMP) method for detection of
SARS-CoV

The SARS-CoV RNA genome was amplified us-
ing Loopamp SARS CoV-detection kit (Eiken Chemical,
Ohtawara, Japan) as reported previously with some modifica-
tions (Hong et al., 2004). RNA was isolated from the serum
samples using QlAamp viral RNA mini kit (Qiagen, Ger-
many). Primers used in the Loopamp SARS CoV-detection
kit for SARS-CoV RNA amplification were designed accord-
ing to the nucleotide sequence of Replicase 1b region (Gen-
Bank accession number NC_004718). Reverse transcription-
LAMP reaction was conducted in 25 pl of the reaction mix-
ture at 62.5°C for 45 min using the rcal-time turbidimeter
LA200 (TERAMECS, Japan).

2.10. Statistical analysis

Scnsitivity, specificity, positive predictive value (PPV)
and ncgative predictive value (NPV) of the SARS-CoV
rNP-based IgG ELISA were calculated in comparison
with ncutralizing antibody assay or with naive SARS-CoV
antigen-based IgG ELISA (Qing et al., 2003).

Receiver operating characteristics (ROC) and two-graph-
ROC (TG-ROC) curves were analyzed using Stat Flex Ver-
sion 5 software (Artech Co. Ltd., Osaka, Japan) (Greiner et
al., 1995; Qing et al., 2003). The relationship of the ODygss
in the SARS-CoV rNP-based IgG ELISA with those of
the authentic viral antigen-based IgG ELISA and with the
neutralizing antibody titers were evaluated by Spearman’s
correlation coefficient by rank using Statview software
Version 5 (SAS Institute Inc., Cary, NC).

3. Results

3.1. Expression of SARS-CoV rNP

The SARS-CoV rNP was efficiently expressed in the Tn5
insect cells infected with the recombinant 4c-SARS-N-His,
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CoV rNP-based 1gG ELISA and ncutralizing antibody titers.

and the purified SARS-CoV NP was visually detected by
SDS-PAGE analysis (data not shown).

3.2. Relationship of results between the 1gG ELISA and
neutralizing antibody assay

Of276 serum samples, 87 showed a positive reaction in the
neutralizing antibody assay. The relationship of the neutral-
izing antibody titers with the ODg4gs values in the SARS-CoV
INP-based IgG ELISA at a dilution level of 1:100 was evalu-
ated using 87 neutralizing antibody-positive samples. There
were significant positive correlations between the neutraliz-
ing antibody titers and the ODg4gs values in the SARS-CoV
rNP-based IgG ELISA (Fig. 1, R?=0.668, p<0.001).

3.3. Efficacies of the SARS-CoV rNP-based IgG ELISA
in comparison with the neutralizing antibody assay and
authentic SARS-CoV-based IgG ELISA

The sensitivity, specificity, PPV and NPV, and ROC area
of SARS-CoV rNP-based IgG ELISA were calculated using
samples determined to be either positive or negative by ncu-
tralizing antibody assay or authentic SARS-CoV-based IgG
ELISA. The relative sensitivity and specificity curves of the
SARS-CoV rNP-based IgG ELISA using TG-ROC analy-
sis are shown in Fig. 2. The sensitivity, specificity, PPV and
NPV of the SARS-CoV rNP-based IgG ELISA were 92%,
92%, 83%, and 96%, respectively, when the cut-off value
was sct at 0.128 (the ODgps value at an intersectional point
in Fig. 2b). The ROC arca of the SARS-CoV rNP-based IgG
ELISA was 0.966 when compared with either the neutral-
izing antibody assay. The respective values of the SARS-
CoV rNP-based IgG ELISA was 94%, 94%, 87%, and 97%,
respectively, compared with the naive SARS-CoV antigen-
based IgG ELISA, when the cut-off value was set at 0.156
(the ODg4ps value determined in the same way as mentioned
above).

3.4. Antibody responses determined by SARS-CoV
rNP-based ELISA and neutralizing antibody assay in
subjects with sero-conversion

Sero-conversion by neutralizing antibody assay was
demonstrated in 19 of the 120 subjects, from whom serial
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serum samples were collected on different occasions. The
sequential changes of ODags in SARS-CoV rNP-based IgG
ELISA at dilution of 1:100 and neutralizing antibody titers
among the 49 serum samples collected from these 19 sero-
conversion-positive subjects was evaluated (Fig. 3). Each of
the serum samples collected first from 17 of the 19 sub-
jects showed a negative neutralizing antibody titer (less than
20)(black, blue or red lines in Fig. 3), while serum samples
collected from the other two subjects showed a positive neu-
tralizing antibody titers (green lines in Fig. 3). Four of the
17 neutralizing antibody-negative samples showed a positive
reaction in the SARS-CoV rNP-based IgG ELISA (red lines
in Fig. 3), while the other 15 showed a negative reaction in
neutralizing antibody assay (black or blue lines). Only one
sample that showed a positive reaction at a titer of 20 in neu-
tralizing antibody assay showed a negative reaction in the
SARS-CoV rNP-based IgG ELISA (blue line in Fig. 3).

3.5. SARS-CoV RNA amplification and antibodies to
SARS-CoV

SARS-CoV RNA was amplified by a LAMP method in
20 serum samples collected from nine subjects. The status
of antibody to SARS-CoV in these 20 serum samples was
evaluated. Seven ofthe 20 samples showed a negative reaction
in both methods of neutralizing antibody assay and SARS-
CoV rNP-based IgG ELISA, two showed a negative reaction
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in neutralizing antibody assay but a positive reaction in the
ELISA, while the other 11 samples showed a positive reaction
in both assays (Fig. 4).

4, Discussion

SARS-CoV was revealed to have a 30kb long viral
genome, containing 14 potential open reading frames (ORFs)
(8). The sequence of SARS-CoV reveals the presence of
ORFs for four structural proteins; i.e., the spike, membrane,
envelope and nucleocapsid protein. Among these structura!
proteins, we selected the nucleocapsid protein, SARS-CoV
rNP, as an antigen. Tan et al. recently reported that antibod-
ies to the nucleocapsid and spike proteins of SARS-CoV
were demonstrated in 100% of convalescent-phase patients,
while antibodies to U274, a protein unique to SASR-CoV,
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was demonstrated in 73% of the patients (Tan et al., 2004),
indicating that SARS-CoV NP was the best choice as an
antigen among the SARS-CoV structural proteins. Similar
results were reported by Woo et al. (2004).

This study was performed using a relatively large panel
of serum samples collected from health care workers from
a Vietnamese hospital. We developed a recombinant SARS-
CoV nucleocapsid protein-based 1gG ELISA and confirmed
that the ELISA had a higher than 90% sensitivity and speci-
ficity in detecting [gG antibodies to SARS-CoV compared
with neutralizing antibody assay, the gold standard method,
and with the authentic SARS-CoV Ag-based IgG ELISA
(Fig. 2). There was a positive correlation between the ODugs
values in the SARS-CoV rNP-based IgG ELISA and the
neutralizing antibody titers (Fig. 1). Furthermore, sequential
change in ODgyps in the SARS-CoV rNP-based IgG ELISA
and neutralizing antibody titers in 19 subjects, in whom sero-
conversion was demonstrated, was evaluated (Fig. 3). Four
of the 19 had already had antibody to SARS-CoV NP de-
tectable by SARS-CoV rNP-based IgG ELISA, although at
this stage they had not yet had a neutralizing antibody equal
to or over 20. On the other hand, only one serum sample that
showed a positive reaction in neutralizing antibody assay at
a titer of 20 showed a negative reaction in the SARS-CoV
rNP-based IgG ELISA (Fig. 3). These results suggest that
this SARS-CoV rNP-based IgG ELISA is as sensitive as the
neutralizing antibody assay. Therefore, it can be concluded
that the newly developed SARS-CoV rNP-based IgG ELISA
is useful for the serological diagnosis of and seroepidemio-
logical study on SARS-CoV infections.

The SARS-CoV rNP-based IgG ELISA was evaluated for
efficacy in detection of specific antibody to SARS-CoV in
comparison with neutralizing antibody assay in the present
study. There have been several reports on the SARS-CoV
rNP-based scrological diagnostic system (Chan et al., 2005;
Guan et al.,, 2004; Lin et al., 2003; Shi et al., 2003; Woo
et al., 2004). Lin et al. (2003) first reported that SARS-
CoV rNP would be one of the candidates for the antigen
to detect SARS-CoV antibodies. They confirmed that three
of the nine serum samples collected from the patients clini-
cally diagnosed as having SARS showed a positive reaction
in SARS-CoV rNP-based Western blotting. The SARS-CoV
rNP was then expressed in an £. coli system and used as anti-
gen in an antigen-capturing ELISA. It was reported that the
antigen-capturing ELISA had high specificity of about 98%,
though the sensitivity was not evaluated in the study (Shi et
al., 2003). Recently, Guan et al. also reported the efficacy of
the recombinant protein of SARS-CoV-based I1gG ELISA in
diagnosis of SARS (Guan et al., 2004). The SARS-CoV NP
was also expressed in £. coli transformed with an expression
vector. However, these systems were not compared with the
neutralizing antibody assay that is considered to be a gold
standard.

The indices of sensitivity, specificity, PPV and NPV of
our ELISA were relatively lower than those of the previous
reports (Guan et al., 2004; Shi et al., 2003). These differences

might be due to differences in the nature of the sera used in
the study or due to the methods for the evaluation, or due to
the both factors.

The status of antibody to SARS-CoV in the SARS-CoV
genome-positive serum samples was evaluated. It was re-
vealed that SARS-CoV genome is still present at a stage of
IgG responses in some cases of SARS (Fig. 4). The results
indicate that handling of blood collected from patients with
SARS must be handled very carefully even if the patients
were in a recovery phase with IgG responses. Furthermore,
SARS-CoV amplification by a sensitive assay such as LAMP
method should be carried out as a diagnostic tool, even when
patients with SARS were in a stage of IgG responses.

In summary, a SARS-CoV rNP-based IgG ELISA with
high sensitivity and specificity was developed. The advantage
of the SARS-CoV rNP-based IgG ELISA is that the antigen
can be prepared without the risk of infection.
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After the first documented outbreak of Marburg
hemorrhagic fever identified in Europe in 1967,
several sporadic cases and an outbreak of Mar-
burg hemorrhagic fever have been reported in
Africa. In order to establish a diagnostic system
for Marburg hemorrhagic fever by the detection
of Marburg virus nucleoprotein, monoclonal
antibodies to the recombinant nucleoprotein
were produced. Two clones of monoclonal anti-
bodies, MAb2A7 and MADb2H®6, were efficacious
in the antigen-capture enzyme-linked immuno-
sorbent assay (ELISA). At least 40 ng/m! of the
recombinant nucleoprotein of Marburg virus
was detected by the antigen-capture ELISA for-
mat. The epitope of the monoclonal antibody
(MADb2A7) was located in the carboxy-terminus of
nucleoprotein from amino acid position 634 to
647, while that of the MAb2H6 was located on the
extreme region of the carboxy-terminus of the
Marburg virus nucleoprotein {(amino acid posi-
tion 643-695). These monocional antibodies
strongly interacted with the conformational epi-
topes on the carboxy-terminus of the nucleo-
protein. Furthermore, these two monoclonal
antibodies were reacted with the authentic Mar-
burg virus antigens by indirect immunofluor-
escence assay. These data suggest that the
Marburg virus nucleoprotein-capture ELISA sys-
tem using the monoclonal antibodies is a pro-
mising technique for rapid diagnosis of Marburg
hemorrhagic fever. J. Med. Virol. 76:111-118,
2005. «© 2005 Wiley-Liss, Inc.

KEY WORDS: Marburg virus; antigen-capture
ELISA; monoclonal antibody;
diagnosis

@ 2005 WILEY-LISS, INC.

INTRODUCTION

Marburg virus (MBGV) infections cause one of the
most severe forms of hemorrhagic fevers with a high
mortality rate |Feldmann et al., 1996, Anonymous,
1999; Bausch et al., 2003]. MBGV belongs to the genus
Marburg-like virus, family Filoviridae. Ebola viruses
(EBOVs), which belong to genus Ebola-like virus, family
Filoviridae, also cause Ebola hemorrhagic fever with a
high mortality rate [Peters and LeDuc, 1999]. The first
documented outbreak of Marburg hemorrhagic fever
occurred in the former West Germany and the former
Yugoslavia in 1967 [Martini et al., 1968]. The outbreak
oceurred among scientists and technicians who had
handled monkeys, or their tissues, imported from
Uganda [Martini et al., 1968]. Thirty-two patients were
affected and seven died in the outbreak. After the first
documented outbreak, three sporadic cases of Marburg
hemorrhagic fever were reported in Zimbabwe (1975)
and Kenya (1980 and 1987), resulting in'the diagnosis of
six patients with Marburg hemorrhagic fever [Smith
et al., 1982; Conrad et al., 1987; Feldmann et al., 1996;
Johnson et al., 1996]. Human to human transmission of
Marburg hemorrhagic fever was documented in an
outbreak in South Africa after patients with Marburg
hemorrhagic fever had been transferred there from
Zimbabwe | Gear et al., 1975]. Three of the six patientsin
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these sporadic outbreaks died. From 1998 to 1999, there
was a large outbreak of Marburg hemorrhagic fever in
the Democratic Republic of Congo, former Zaire [ Bausch
et al., 2003]. More than 100 patients with Marburg
hemorrhagic fever were reported in that outbreak and
the mortality rate was more than 50%.

Marburg hemorrhagic fever should be confirmed by
virus isolation, detection of virus antigen and/or virus
genome, or by detection of specific immunoglobulin M
(IgM) and immunoglobulin G (IgG) using samples from
patients. Virus isolation, electron microscopic examina-
tion, and reverse-transcription polymerase chain reac-
tion (RT-PCR) are used for the diagnosis of Marburg
virus infection [Ksiazek et al., 1999; Sanchez et al.,
1999]. Although antigen-capture ELISA systems have
heen used for the diagnosis of Ebola hemorrhagic fever
[Ksiazek et al., 1999], no antigen-capture ELISA for
Marburg virus has yet been used for confirmation of
infection.

In the present study, monoclonal antibodies to the
recombinant nucleoprotein (rNP) of MBGV were gener-
ated and an antigen-capture ELISA using these mono-
clonal antibodies was developed. These monoclonal
antibodies efficacious were characterized.

MATERIALS AND METHODS
Cell Culture

Hybridomas and their parental cell line, P3/Ag568,
were maintained in PRMI 1640 (Invitrogen life tech-
nologies, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS), nonessential amino acids (Invitro-
gen), and antibiotics (streptomycin and penicillin
G, Invitrogen). Hypoxanthine-aminopterin-thymidine
supplement (Invitrogen) was added to the medium for
selection of hybridomas, as recommended by the sup-
plier. High five (Tnb) insect cells were maintained in
TC100 (Invitrogen) supplemented with 10% FBS, 2%
tryptose phosphate broth (Difco, Detroit, MI), and
kanamycin (Invitrogen).

Saijo et al.

Authentic MBGV Antigen

Radiation-inactivated and acetone-fixed authentic
MBGV (the Musoke strain)-infected Vero E6 cells
spotted on slides for immunofluorescence testing were
kindly supplied to T.K. in 1987 by Dr. J.B. McCormick,
former chief of the Special Pathogens Branch, Division
of Viral and Rickettsial Diseases, Centers for Disease
Control and Prevention, Atlanta, GA.

rNP of MBGV

Afull-length rNP of MBGV tagged with a 6 x histidine
at the amino-terminus was expressed using a baculo-
virus system [Saijo et al., 2001]. The DNA corresponding
to each truncated NP fragment was amplified with the
primers from a ¢cDNA clone of NP of MBG provided by
H.-D. Klenk, Philipps-University, Marburg, Germany.
The full-length rNP of MBGV consisted of 695 amino
acid residues. The truncated rNP fragments of the
carboxy-terminal region of MBGV (MBG-NP/C-half,
amino acid positions 341-695) was also expressed in
an Escherichia colt (E. coli) system as a fusion protein
with glutathione S-transferase (GST) as desecribed
previously [Saijo et al., 2001]. Smaller fragments of
the rNP in the extreme carboxy-terminus (MBG-NPS,
amino acid pesition 595—695) were also expressed as a
form of GST-fusion protein at the amino-terminal portion
in the E. coli system transformed with the respective
pGEX-2T vector (Amersham Biosciences Corp., Piscat-
away, NdJ) inserted with the corresponding DNA of the
MBGYV nucleoprotein. The data on the primers used for
making the corresponding DNA regions are shown in
Table I. The nucleotide sequence of the inserted DNAs
was determined to exclude PCR errors.

The full-length rNP of MBGV was purified with the
N**.resin purification system (Qiangen GmbH, Hilden,
Germany). The GST-MBG-NP/C-half was also purified
with glutathione Sephalose 4B (Amersham Biosciences
Corp.). The protein concentration of the purified rNP of
MBGV was measured by the Bradford method using

TABLE I. Primers Used in the Present Study

Nucleotide
Sequence” Name position” Direction
GGTGATTGATCAGAACCTATAAGATC MBG-NP 8F 1771-1796  Forward
CAGGAATGATCAAGGATGAGGGAAGCC MNS§/2F 1819-1845 Forward
CTCTGGAATTCATGTTTGCAGAAGATCA MN8/2R 1944-1971 Reverse
TTCACATGATCAGAGGATAATCAGCAG MNS8/3F 18641890 Forward
CAGGAATTCAGTATTCCTCAACGAGGGC MN8/3R 1984-2011 Reverse
AAGAAGTGATCAACTTTCCTTTATC MN8/4F 1915-1939  Forward
TTCATGAATTCACATGTCGGGCCAATC MNS8/4R 2035-2061 Reverse
GCTGAATTCTCTGGACTACAAGTTC MBG-NP 8R 2079-2103 Reverse
CAGGGATCCTGGCCACAAAGAGTG M8/2F-6 1885-1908  Forward
AATGGATCCCAAAGAGTGGTGAC M8/2F-8 1891-1913 Forward
CCAGGATCCGTGGTGACAAAGAAG N8/2F-10 1897-1920 Forward
GCAGAAGAATTCAAGGATAAAGGAAAG M8/3R—6 1928-1954  Reverse
GATCATGAATTCAAAGGAAAGTTCTAC M8/3R~-8 1922-1948  Reverse
TAGGAGAATTCAAAGTTCTACCCTTC M8/3R~10 1917-1942 Reverse

“Restriction sites are underlined.

"Nucleotide position is counted from the initiation ATG codon of the nucleotide gene of Marburg virus

(GemDBack Accession No. X68495).
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Protein Assay™ (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instructions.

rNP of EBOV

The full-length rNP of Zaire Ebola virus was expres-
sed by the baculovirus system and purified as described
previously [Saijo et al., 2001].

Establishment of Monoclonal Antibodies

BALB/c mice were immunized three times with the
purified GST-MBG-NP/C-half. Spleen cells were ob-
tained 3 days after the last immunization and fused with
P3/Agh68 cells using polyethylene glycol (Invitrogen).
The culture supernatants of the hybridoma cells were
screened by ELISA with purified GST-MBG-NP/C-half
as an antigen. Monoclonal antibodies were purified from
the culture supernatant with an MAb Trap GII antibody
purification kit (Amersham Biosciences Corp.) accord-
ing to the manufacturer’s instructions. The isotypes of
the monoclonal antibodies were determined with a
Mouse Monoclonal Antibody Isotyping Kit (Invitrogen).
The concentration of each purified monoclonal antibody
was also determined by the Bradford method using
Protein Assay (Bio-Rad Laboratories) according to the
manufacturer’s instructions.

Polyclonal and Monoclonal Antibodies

The polyclonal antibody was induced in rabbits by
immunization with the purified rNP of MBGV expressed
in the baculovirus system [Saijo et al., 2001]. Rabbit and
mouse sera collected before immunization were used as
controls.

A monoclonal antibody to rNP of EBOV (3-3D),
which is efficacious in the EBOV nucleoprotein-capture
ELISA, was used [Niikura et al., 2001].

Antigen-Capture ELISA

Purified monoclonal antibody was coated on microwell
immunoplates (IFalcon, Becton Dickinson Labware,
Franklin Lakes, NJ) at >100 ng/well in 100 pul of PBS
at 4°C overnight, followed by blocking with PBS con-
taining 5% nonfat milk and 0.05% Tween-20 (PBST-M)
for 1 hr at room temperature (RT). After the plates were
washed with phosphate-buffered saline solution (PBS)
containing 0.05% Tween-20 (PBST), 100 ul of samples
containing serially diluted rNP of MBGV were added
and the plates were incubated for 1 hr at 37°C. The
plates were then washed with PBST, and 100 pl of rabbit
polyclonal antibody raised against INP of MBGV diluted
1:500 with PBST-M was added to each well. After 1 hr
inecubation at 37°C, the plates were washed with PBST
and horseradish peroxidase (HRPO)-conjugated goat
anti-rabbit IgG (Zymed Laboratories, Inc., South San
Francisco, CA) was added. The plates were incubated for
1 hr at RT. After another extensive wash with PBST,
100 pl of ABTS substrate solution [4 mM 2,2-azino-di|3-
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ethylbenzthiazolinesulfate(6)] solution; 2.5 mM hydro-
gen superoxygenphosphate (pH 4.2)] (Roche Diagnos-
tics, Mannheim, Germany) was added and the optical
density (OD) was measured at a wavelength of 405 nm
with a reference wavelength 490 nm after 30 min of
incubation at 37°C. As a negative control, mock antigen-
inoculated wells were tested. The adjusted OD values
(ODyg5) were calculated by subtracting the OD of
the negative control well from the corresponding OD
values.

Western Blotting

The monoclonal antibodies were tested for reactivity
to the recombinant rNP fragments by Western blotting.
Briefly, the expressed rNP fragment series were sepa-
rated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) and the separated pro-
teins were transblotted to the nitrocellulose membrane
(Millipore, Bedford, MA). The monoclonal antibodies
that reacted with the blots were detected with HRPO-
conjugated gout anti-mouse IgG (Zymed) and peroxi-
dase substrate (POD substrate, Wako Pure Chimeieal,
Tokyo, Japan). The monoclonal antibody to GST pro-
duced in our laboratory was also used. The SDS—-PAGE
gels were prepared in the same way as those for Western
blotting and were stained by Coomassie staining solu-
tion for visualization.

Indirect Immunofluorescence Assay (IFA)

The authentic MBGV for IFA were reacted with each
of the monoclonal antibodies or control mouse serum at
37 Cfor 1 hr in humidified conditions. Slides were then
washed with PBS and the antigens were reacted with
fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG antibody (Zymed). As a control, the antigens
were simultaneously reacted with either the polyclonal
antibody to the rNP of MBGYV or a control rabbit serum
at 37°C for 1 hr in a humidified condition. The slides
were washed with PBS and the antigens were reacted
with FITC-conjugated goat anti-rabbit IgG antibody
(Zymed). After washing with PBS; the fluorescein-signal
was observed under an immunofluorescent microscope
(Carl Zeiss, Oberkochen, Germany).

RESULTS
Generation of Monoclonal Antibodies

Five hybridoma clones secreting IgG antibodies to
GST-MBG-rNP/C-half were produced. The secreted
monoclonal antibodies were purified and tested for
reactivity to the rNP of MBGV in IgG-ELISA. Four
monoclonal antibodies reacted with the rNP of MBGV in
IgG-ELISA. Two of these four monoclonal antibodies
secreted from the hybridoma clones, 2A7 and 2H86, could
be used in the antigen-capture ELISA format. These two
monoclonal antibodies were designated as MAb2A7 and
MADbZHS, respectively. The isotype of MAb2A7 and

" MAb2HS6 was IgG1.
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Antigen-Capture ELISA Using
the Monoclonal Antibodies

The antigen-capture ELISA with MADb2A7 or
MADb2HE detected at least 40 ng/m! of the purified rNP
of Marburg virus, while the ELISA with mock-antibody
(PBS) showed a negativereaction (Fig. 1). Furthermore,
the ELISA did not react with negative control samples
that did not contain rNP of MBGV.

Definition of Epitopes Recognized
by the Monoclonal Antibodies

The MADb2A7 and MAb2HG6 reacted with both GST-
MBG-NP/C-half and GST-MBG-NP8 in Western blot-
ting. Smaller fragments of the MBG-NP8 region were
expressed and the reactivity of these monoclonal anti-
bodies to these fragments was analyzed (Fig. 2).

The MADb2AT reacted with all the fragments that
contained the polypeptide of amino acid residues from
amino acid position 626 to 653 (Fig. 2). Truncated poly-
peptides of this region were further designed and
expressed as shown in Fig. 3. Reactivity of the mono-
clonal MADb2A7 to these fragments was evaluated
(Fig. 3). The MAb2A7 reacted with the polypeptide,
“WPQRVVTKKGRTFL (amino acid positions 632—
645)” (Fig. 3). Although the epitope of the MAb2A7 was
located in this region, MAb2A7 reacted with the MBG-
NP8/1-5 (amino acid positions 595-695) more strongly
than with the smaller fragments (Fig. 2), indicating that
the reactivity of MAb2A7 with the nucleoprotein of
MBGYV was influenced by conformational and structural
properties.

The MAb2HS6 strongly reacted with the truncated
polypeptides containing the extreme carboxy-terminal
region and which were larger than the polypeptides
mentioned above (Fig. 4). The smallest polypeptide to
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0.4
0.2+
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-0.2-
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\.\
————

300/2 300/4 300/8 300/16 300/32
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e ey

©

300/1

Fig. 1. Reactivity of each monoclonal antibody in the antigen-
capture enzyme-linked immunosorhent assay (ELISA) format. Purified
monoclonal antibodies (B, MAL2A7;, @, MAb2HG6; &, mock) were
coated onto the microplates as described in the text, and their ability to
capture the r¥NP of Marburg virus (MBGV) was examined at various
concentrations of MBGV rNP in the antigen-capture format.
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react with MAb2H6 was that consisting of amino acid
residues (amino acid positions 643—695). MAb2HS$ did
not reacted with any of the polypeptides lacking the
extreme carboxy-terminal region (amino acid positions
584-695) (Fig. 4). These results indicate that MAb2H6
reacted with the conformational epitope composed of the
extreme carboxy-terminal region.

Reactivity of the Monoclonal Antibodies to
Authentic MBGV Antigen in IFA

MADb2A7 and MAb2HS6 both reacted with the authen-
tic MBGV antigens by the IFA test as well as the rabbit
serum raised to rNP of MBGV. Negative control mouse
andrabbit sera did not react with the authentic antigens
(Fig. 5).

Reactivity of the Monoclonal
Antibodies to rNP of EBOV

Neither of MADb2A7 and MAb2HS6 reacted with the
rNP of EBOV by both Western blotting and the antigen-
detection ELISA, while MAb3-3D reacted with rNP of
EBOV (Fig. 6). Both MAb2A7 and MAb2H®6 reacted with
rNP of MBGV by both the Western blotting and the
antigen-detection ELISA, but MAb3-3D did not (Fig. 6).

DISCUSSION

Detection of MBGYV antigen and amplification of viral
genome of MBGV is necessary for rapid diagnosis of
Marburg hemorrhagic fever, The application of RT-PCR
and TagMan PCR to MBGV genome amplification has
been suggested [Sanchez et al., 1999; Drosten et al.,
2002). Although, serological diagnosis is also useful for
the diagnosis of Marburg hemorrhagic fever, serum
samples collected at both acute and convalescent phases
are required, suggesting that serological diagnosis may
not be suitable in certain areas and that it may not be
applied in fatal cases without antibody responses.
Therefore, a novel antigen-capture ELISA has been
developed in the present study.

Two monoclonal antibodies (MAb2A7 and MAb2HE)
developed in the study reacted with the authentic
MBGV antigens by IFA (Fig. 5). At least 40 ng/ml of
rNP of MBGV was detected in the MBGV nucleoprotein-
capture ELISA using these monoclonal antibodies
(Fig. 1). Unfortunately, the efficacy of the developed
antigen-capture ELISA has not been validated using
clinical samples, because clinical samples from patients
with Marburg hemorrhagic fever at an acute phase were
not available. It is generally accepted that antigen-
capture ELISA is useful for the detection of viral anti-
gens in blood and/or other organ tissue specimens
collected not only from surviving patients but also from
patients in whom the infection was fatal. The present
study suggests that the antigen-capture ELISA using
the unique monoclonal antibodies is a useful tool for
diagnosis.

The nucleoprotein-detection ELISA systems for Zaire
Ebola and Reston Ebola viruses were developed by
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Polypeptides of the carboxy-terminal of MBG-NP
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Fig. 2. Schematic representation of the truncated polypeplides (left part), expression levels of these
polypeptides determined by sodium dodecyl sullate—polyacrylamide gel electrophoresis (SDS—PAGE)
analysis (right part, SDS-PAGE), and reactivity of MAb2A7 Lo these polypeptides in Western blotting
(WB) (right part, WB). The numbers shown for each schematic polypeptide indicate the amino acid

positions of the MBGV nucleoprotein.

previous studies [Niikura et al., 2001; Tkegami et al.,
2003]. Interestingly, the monoclonal antibodies, which
could be used as antigen-capture antibodies in the
antigen-capture ELISA systems, reacted with the
carboxy-terminal regions of Ebola virus nucleoproteins.
The monoclonal antibodies in the present study also
reacted with a similar region of the nucleoprotein of
MBGV. Although data are not shown here, none of
monoclonal antibodies to nucleoproteins of Ebola and
Marburg viruses, which reacted with regions other than
the approximately 100 amino acid residues at the
carboxy-terminal region, were found to be useful as

Polypeplides of the carboxy terminai of MBG-NP

antigen-capture antibodies in the antigen-capture
ELISA. Thus, it is likely that the monoclonal antibodies
to nucleoproteins of filoviruses useful in antigen-
capture ELISA systems react with the carboxy-terminal
region of the nucleoproteins.

The symptoms due to MBGV infections in humans
and non-human primates are indistinguishable from
those due to EBOV infections. Therefore, it was con-
sidered that reactivity of the monoclonal antibodies to
the nucleoprotein of EBOV should be examined. It was
confirmed that neither of monoclonal antibodies, 2A7
and 2H6, cross-reacted with nucleoprotein of EBOV

. wB
MAB2AY -GST

63? 685
NP8/3-5 (N-6) :
534 3
NP8/3-5 (N-8) 22
636 6495
NP8/3-5 (N-10) 2 ‘
505 643
NPE8/1-2 (C 6) ; ;
NP8/-2 (C-8) 593 ot j
595 617 .
NP8/1-2 (C-10) . @;
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632 45
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Fig. 3. Schematic representation of the truncated polypeptides (left part), and reactivity of MAh2AT
and anti-glutathione S-transferase (GST) monoclonal antibody to these poly peptides in WB. The numbers
shown for each schematic polypeptide indicate the amino acid positions of the MBGV nucleoprotein.
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Polypeptides of the carboxy-terminal of MBG-NP WB  SDS-PAGE
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Fig. 4. Schematic representation of the truncated polypeptides (left part), expression levels of these
polypeptides determined by SDS~PAGE analysis (right parl, SDS-PAGE), and reactivity of MAb2HS6
to these polypeptides in Western blotting (vight part, WB). The numbers shown for each schematic
polypeptide indicate the amino acid positions of the MBGYV nucleoprotein.

(Fig. 6), indicating that the newly developed MBGV
nucleoprotein-detection ELISA was specific for MBGV
infections.

The amino acid sequence of the polypeptide recog-
nized by MAb2A7 was conserved among Marburg virus

B

isolates so far deposited in the GenBank, and there is
no significant diversity in the amino acid sequences of
the carboxy-terminal regions among Marburg virus
isolates (http://www.ncbi.nlm.nih.gov/entrez/query.
fegi?db =Protein, Accession nos. AAR85460, AARB5453,

Fig. 5. Reactivity of MAb2A7 (A), MAh2HG (B), anti-MBGV NP rabbit serum (C), negative control
mouse serum (D), and rabbit serum (E) to authentic MBGV antigens in Vero E6 cells in the
immunofluorescence assay.
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Tig. 6. Reactivity of the monoclonal antibodies to t{NPs of MBGV and
EBOV. Reactivity of MAb2AT (A), MAb2HS6 (B), and MAb3-3D (C) to
MBGV rNP and EBOV rNP was examined in Western blotling. Lanes
“M,” “1,” “2,” and “8" indicate the lanes blotted with markers, GST-
tagged MBG-NP/C-half, negative control antigen prepared from Tnb

NP_042025, AAQbH5H255, 544049, VHIWMYV, P35263,
2110212A,P27588, CAAT8114, CAA82536, AAA46563).
Therefore, it is quite likely that the newly developed
antigen-capture ELISA system for MBGV is useful for
detecting most MBGYV isolates, although further study
is needed.

In conclusion, an MBGV nucleoprotein-detection
ELISA system using unique monoclonal antibodies
was developed, and the monoclonal antibodies useful
for detecting nucleoprotein of the MBGV in the system
were characterized. The combined use of the MBGV
nucleoprotein-capture ELISA in the present study with
the EBOV nucleoprotein-detection ELISA developed in
a previous study [Niikura et al., 2001; Ikegami et al.,
2003] may be useful for the diagnosis of viral hemor-
rhagic fevers due to Ailovirus infections.
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