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Fig. 5. Phosphorylation of p9ORSK in SARS-CoV-infected Vero E6 cells. (A) 1 x 10° cells in 6-well plates were prepared (100% confluency). The
cells were infected with SARS-CoV at 50 m.o.i. Western blotting analysis was performed using proteins obtained at 16 and 24 h.p.i. (B) One hour
after viral inoculation, cells were treated with SB203580 (20 uM). Proteins were obtained at 24 h.p.i. for Western blotting analysis. Mock-infected

cells were treated with DMSQO as a control.

important as activation of p90RSK is involved in control of
apoptosis.

Thr573 of p90RSK in mock infected cells was phosphory-
lated by EGF stimulation (Fig. 4A). The Thr573 was slightly
phosphorylated in subconfluent mock infected cells compared
with confluent mock infected cells (Fig. 4B). However, the
phosphorylation was decreased by SARS-CoV-infection and
was abolished by the MEKI/2-specific inhibitor, PD98059
(data not shown). Therefore, the ERK signaling pathway is in-
volved in phosphorylation of Thr573 in Vero E6 cells. These
observations raise a question regarding the role of ERK in
SARS-CoV-infected cells. PD98059-treated SARS-CoV-in-
fected Vero E6 cells showed no significant changes in activated
caspase-3 or -7 at 18 h.p.i. (data not shown). This result sug-
gested that phosphorylation of ERK was not sufficient to pre-
vent apoptosis by SARS-CoV infection, as discussed
previously regarding the lack of an inhibitory effect on apopto-
sis due to low activation of Akt in virus-infected celis [27]. Fur-
thermore, we found different phosphorylation kinetics between
ERK1 and ERK2 in EGF-treated and SARS-CoV-infected
cells. Interestingly, the phosphorylation level of ERK1 is sim-
ilar to that of ERK2 in SARS-CoV-infected Vero E6 cells
(Fig. I1B). Among several experiments, the phosphorylation le-
vel of ERK1 was sometimes higher than that of ERK2, as in
the case of virus-infected Vero cells at 27 and 44 h.p.i.
(Fig. 1B). The total amounts of ERKI were lower than those
of total ERK2 in both mock- and SARS-CoV-infected cells.
To confirm that factors contained in seed virus do not upreg-
ulate phosphorylation of ERK 1, SARS-CoV in seed virus was
completely neutralized by anti-SARS-CoV antibody, and then
added to cells, resulting in no upregulation of the phosphory-
lation of ERK1/2 (data not shown). Thus, the strong phos-

phorylation of ERK1 occurred specifically in SARS-CoV-
infected cells. In the case of EGF stimulation, the phosphory-
lation level of ERK1 was lower than that of ERK2 (Fig. 4A).
Eblen et al. showed that ERK2 phosphorylates p9ORSK [34].
Angenstein et al. identified p90RSK, ERK2, and GSK-3p as
poly-associated proteins, suggesting that polyribosome-bound
ERK2 activates p90RSK, and then inhibits GSK-3p [36].
Thus, ERK?2 activation is important for phosphorylation of
p90RSK in the absence of viral infection. On the other hand,
the strong phoshorylation of ERKI in SARS-CoV-infected
cells may affect on phosphorylation status of p90RSK as dis-
cussed below.

pY0RSK is phosphorylated at Thr573 in the activation loop
of the C-terminal kinase domain, and then autophosphoryla-
tion at Ser380 in the linker region is thought to be led by this
C-terminal kinase domain [11,40]. The phosphorylation level
of Ser380 in confluent Vero E6 cells was very low, and
SARS-CoV infection induced phosphorylation of Ser380
(Fig. 5). However, as described above, upregulation of
Thr573 was not observed in virus-infected cells. There may
be differences in regulation of Ser380 in SARS-CoV-infected
cells from other stimuli. In the present study, we showed that
p38 MAPK can induce phosphorylation of Ser380. Several re-
ports have suggested that p9ORSK activation results in phos-
phorylation of CREB [2,41]. Our previous study showed that
SARS-CoV infection of Vero E6 cells induces phosphorylation
of CREB, and treatment with SB203580 can inhibit this phos-
phorylation [24]. Thus, phosphorylation of CREB is regulated
by p38 MAPK in SARS-CoV-infected cells. In addition, phos-
phorylation of ERKs was partially downregulated by treat-
ment with SB203580 in virus-infected cells in viral infected
cells (data not shown). Although there is a possibility of
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nonspecific reaction by SB203580, cross-talk between ERK
and p38 has been reported [37-39]. On the other hand, EGF
stimulation induces phosphorylation of ERK without phos-
phorylation of p38 MAPK (Fig. 4A). Several signaling path-
ways of p38 MAPK and ERKs including cross-talk may
exist in Vero E6 cells. These results may indicate a signaling
cascade, p38 MAPK > (ERK >) p90RSK > CREB, in virus-
infected cells. Further investigations are necessary to clarify
the roles of p90RSK in virus-infected cells.

Based on these results, we conclude that phosphorylation of
pI0RSK Ser380 is regulated by p38 MAPK, in the absence of
upregulation of Thr573 phosphorylation in SARS-CoV-in-
fected cells. These new observations provide valuable insights
into the biological effects of p90RSK in SARS-CoV infection.
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SUMMARY: In order to establish immunological detection methods for severe acute respiratory syndrome
coronavirus (SARS-CoV), we established monoclonal antibodies directed against structural components of the
virus. B cell hybridomas were generated from mice that were hyper-immunized with inactivated SARS-CoV
virion. By screening 2,880 generated hybridomas, we established three hybridoma clones that secreted anti-
bodies specific for nucleocapsid protein (N) and 27 clones that secreted antibodies specific for spike protein (S).
Among these, four S-protein specific antibodies had in vitro neutralization activity against SARS-CoV infection.
These monoclonal antibodies enabled the immunological detection of SARS-CoV by immunofluorescence
staining, Western blot or immunohistology. Furthermore, a combination of monoclonal antibodies with different
specificities allowed the establishment of a highly sensitive antigen-capture sandwich ELISA system. These
monoclonal antibodies would be a useful tool for rapid and specific diagnosis of SARS and also for possible

antibody-based treatment of the disease.

INTRODUCTION

The outbreak of severe acute respiratory syndrome {SARS)
in 2003, caused by SARS coronavirus (SARS-CoV)(1.2),
ultimately led to 8,000 people becoming infected, 916 of whom
died (3; htp://who.int/cst/sars/country/en/country2003
08 15.pdf). Even though the WHO announced an end to the
epidemic (4; http://www.who.int/entity/csr/sars/resources/
en/SARSReferenceLabl.pdf), the threat of re-emergence
persists due to the absence of a vaccine, and inability of health
services to rapidly detect and specifically diagnose the disease.
One of the critical issues in the management of clinical patients
and control of the pandemic is a system of carly diagnosis
that distinguishes SARS from other types of pulmonary
infections. As an epidemiological history of contact with
SARS patients is not always provable and there are no clinical
signs unique to SARS patients (5), confirmatory diagnosis
relics primarily on laboratory tests.

To date, viral shedding of SARS-CoV has been extensively
studied to improve diagnosis and infectious control (6-8).
Maximum virus shedding takes place between day 12 and
day 14 of discase onset. For most acute respiratory viral
infections, viral shedding occurs within the first few days
{from the nasopharyngeal tissue and soon after at the upper
respiratory tract, but seldom lasts for more than 10 days (6-
8). The peak of shedding in stools occurs a few days after
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logy, National Institute of Infectious Diseases, Toyama 1-23-1,
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respiratory shedding and remains high even after 3 weeks
(7, 8). SARS-CoV was detected in patients’ plasma samples
within several days of the onset of fever, sometimes at levels
equivalent 1o those recorded for nasopharyngeal aspirates (6,
9).

Previously, during the outbreak in Hong Kong (8). laboratory
diagnosis for SARS virus infection was based on a combina-
tion of scrologic tests, reverse transcription-polymerase chain
reaction (RT-PCR), and virus isolation. 1gG seroconversion
among those infected was 93% by day 28 (5), suggesting that
while antibody seroconversion provides reliable proof of
infection (5,10); it is, however, not suitable for early diagno-
sis (11). Among patients in whom the serological evidence
could be retrospectively examined, RT-PCR provided about
60% of the diagnostic yield using tracheal aspirates and stools
for the first 2 weeks after the onset of iliness (8). Although
the availability of data that compares the diagnostic yield of
various specimen types is still limited, it has been suggested
that a combination of stool samples and pooled throat and
nasal swab specimens provides reagents for safe and high-
yield SARS-CoV detection (8). Furthermore, in addition to
RT-PCR on respiratory and fecal samples, serology is needed
to confirm the diagnosis of SARS-CoV infection in most cases.

Based on clinical experience, several options have been
considered in the quest to develop the capacity to accurately
diagnose SARS-CoV infection, including molecular biology
techniques and serological tests such as antigen-captured
ELISA assay and immunofluorescence assay to detect virus-
infected cells in respiratory swabs (5-12). The preparation of
monoclonal antibodies (mAbs) is considered to be valuable
especially for serological testing.
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In this paper we report the successful establishment and
the characterization of mAbs against SARS-CoV structural
components. These mAbs enabled the general immunological
detection of SARS-CoV, by the methods such as immuno-
fluorescent staining, Western blotting, and immunohistology,
in addition to the construction of highly sensitive antigen-
capture sandwich ELISA.

MATERIALS AND METHODS

Virus and cell culture: SARS-CoV (HKU-39849) was
kindly supplied by Dr. J. S. M. Peiris, Department of Micro-
biology, the University of Hong Kong. The live virus was
manipulated under the physical containment level P3. For
the purification of the virion, the day-2 culture supernatant
of Vero E6, which had been infected with SARS-CoV at moi
= 1.0, was centrifuged at 8,000 X g for 30 min to remove cell
debris. The virion in the supernatant was precipitated with
8% polycthylene glycol/ 0.5 M NaCl, and further purified by
20%/60%-~discontinuous sucrose density gradient centrifuga-
tion. This fraction was inactivated by UV-irradiation (260 nm,
4.75 Jem®), and used as UV-inactivated SARS-CoV fraction.
We and others confirmed that this condition completely
mactivates SARS-CoV (13,14).

Production of mAbs: BALB/c mice (9-week old females,
Japan SLC) were immunized subcutaneously with 20 1t g
of UV-inactivated SARS-CoV using Freund’s Complete Ad-
juvant (FCA. Sigma, St. Louis, Mo., USA). After 2 weeks,
the mice were boosted with a subcutanecous injection of 5 1t g
of UV-inactivated SARS-CoV using Freund’s Incomplete
Adjuvant (F1A, Sigma). On day-3 after the boost, sera from
the mice were tested by ELISA for the antibody titer against
SARS-CoV. The two mice showing highest antibody titer were
further boosted intravenously with 5 1t g of the inactivated
virus 14 days after the previous boost. This immunization
schedule was called protocol-1. In protocoi-2 the booster
injection was repeated two more times before the final boost.
Three days after the final boost, splecns from two mice were
excised and the splenocytes were fused with Sp2/0-Agl4d
myecloma by the polyethylene glycol method of Kozbor
and Roder (15). The fused cells {rom the two spleens were
cultured and HAT-selected on twenty 96-well plates. The
first screening was conducted by ELISA using SARS-CoV
infected Vero E6 cell lysate as the antigen. 1n this first screen-
ing, the ELISA with uninfected Vero E6 cell lysate was used
as the negative control. After the virus was inactivated by
UV-irradiation, cell lysates were prepared by NP-40 lysis
buffer (1% NP-40/ 150 mM NaCl/ 50 mM Tris, pH 7.5)
followed by centrifugation at 15,000 rpm for 20 min to
remove the cell debris. The supernatant was diluted 100-fold
using ELISA-coating buffer (50 mM sodium bicarbonate,
pH 9.6) and the ELISA plates (Dynatech, Chantily, Va., USA)
were coated at 4°C overnight. After blocking with 1%
ovalbumin in PBS-Tween (10 mM phosphate buffer, 140
mM NaCl, 0.05% Tween 20, pH 7.5) for 1 h, the culture
supernatants from HAT-selected hybridomas were added
and incubated for 1 h. After washing with PBS-Tween, the
bound antibodies were detected with alkaline phosphatase-
conjugated anti-mouse 1gG (1:2000, Zymed, South San
Francisco, Calif.,, USA) using p-nitrophenyl phosphate
(PNPP) as a substrate. The second screening was conducted
by ELISA using the cell lysates of chick embryonic fibroblast
(CEF) cell lines that were transfected by vaccinia virus
veetor containing the gene either of SARS-CoV spike (S) or
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nucleocapsid (N) proteins.

Recombinant virus proteins: Genomic RNA was extracted
from SARS-CoV strain HKU39849 and reverse transcribed
to ¢cDNA. The corresponding open reading frames (ORF)
to E, M, N and S were amplified by PCR and cloned
into the transfer vector, pDIsgptmHS5, which also harbored
Escherichia coli xantine-guanine phosphoribosyltransferase
under the control of vaccinia virus p7.5 promoter in the
cloning site of pUc/DIs (16). The recombinant clones of
aftenuated vaccinia virus, DIs, which harbored each ORF were
obtained by homologous recombination induced in Dls-
infected-, pDIsgptmHS5-transfected CEF cells. The detailed
protocol will be published elsewhere.

Neutralization assay: The known tissue culture infectious
dose (TCID) of SARS-CoV was incubated for I h in the
presence or absence of the purified mAbs serially diluted 10-
fold, and then added to Vero E6 cell culture grown to confluence
in a 96-well microtiter plate. As a control, mAbs against N
protein was added to the culture. After 48 hr, cells were fixed
with 10% formaldehyde and stained with crystal violet
to visualize the cytopathic effect induced by the virus (17).
Neutralization antibody titers were expressed as the mini-
mum concentration of purified immunoglobulin that inhibits
cytopathic effect.

Western blot: UV-inactivated purified SARS-CoV virion
(0.5 feg/lane)(13) was loaded on SDS-PAGE under reduced
conditions. Proteins were transferred to the PVDF membrane
(Genetics, Tokyo, Japan). After blocking with BlockAce
(Snow Brand Milk Products Co., Ltd., Tokyo, Japan) reagent,
the membranes were reacted with the mAbs or the diluted
sera (1:1000) that had been obtained {from mice inoculated
with UV-irradiated SARS-CoV. After washing, the membrane
was reacted with peroxidase-conjugated F(ab’), fragment anti-
mouse 1gG (H+L) (1:20,000 Jackson Immuno Research, West
Grove, Pa., USA), and the bands were visualized using chemi-
luminescent reagents (Amasham Biosciences, Piscataway,
N.J., USA) on the X-ray {ilm (Kodak, Rochester, N.Y., USA).

Purification and biotinylation of mAbs: Hybridomas
were grown in Hybridoma-SFM medium (lavitrogen, Carlsbad,
Calif., USA) supplemented with recombinant 1L-6 (18) and
penicitlin (100 U/mL)/streptomycin (100 7eg/mL). The culture
supernatants were harvested, added with 1/100 volume of
1 M Tris-HCI (pH 7.4) and /500 volume of 10% NaN,,
and directly loaded on the Protein G-Sepharose 6B column
(Amersham Biosciences). The column was washed with PBS
and eluted with Gly¢ine/HCI (pH 2.8). After measuring the
OD.y, of the fractions, protein containing fractions were
pooled and added with an equal volume of saturated
(NH,),S0,. Precipitated proteins were dissolved in PBS,
dialysed against PBS and stored at —20°C. The purified
antibodies were biotinylated using sulfo-NHS-LC-biotin
(Picree, Rockford, HL., USA) according to the manufacturer’s
protocol.

Antigen-capture ELISA: The purified mAb for the antigen-
capture was immobilized on the microplate (Immulon 2,
Dynatech) by incubating 4 £t ¢/mL antibody in 50 mM sodium
bicarbonate buffer (pH 8.6) at 4°C overnight. The microplate
was blocked with 1% BSA, washed with PBS-Tween, and
reacted with serial dijution of UV-inactivated purified SARS-
CoV for 1 h at room temperature. After washing with PBS-
Tween, wells were reacted with biotinylated probing mAb
0.1 1£g/mL) for 1 h at room temperature. After washing, wells
were reacted with 3-D-galactosidase-labeled streptavidine
(Zymed) for | h at room temperature. After washing,
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fluorescent substrate 4-methylumberyferyl-3-D-galactoside
(Sigma-Aldrich, St. Louis, Mo., USA) was added and the
substrate was incubated for 2 h at 37°C. The reaction was
stopped by adding 0.1M Glycine-NaOH (pH 10.2) and
the fluorescence (FU) of the reaction product, 4-methyl-
umberiferron, was measured using FluoroScan (Flow Labo-
ratories Inc., Inglewood, Calif., USA).

Histology: Formaldehyde-fixed human lung tissue that was
RT-PCR positive for SARS-CoV (19) and lung from a SARS-
CoV infected macaque were embedded in paraffin and
sectioned using the standard method. After de-paraffinization
by standard method, the sections were soaked with 0.1 M
citrate-buffer (pH 6.0) and autoclaved for 10 min at 121°C
to inactivate viruses. Endogenous peroxidase was inactivated
by 0.3% hydrogen peroxide for 30 min at room temperature.
After blocking with 5% normal goat serum for 10 min,
sections were incubated with the mAb at 4°C overnight. The
bound antibody was detected by biotinylated anti-mouse IgG
followed by peroxidase-labeled streptavidin (LSAB2 kit,
DakoCytomation, Kyoto, Japan) and visualized with 0.2 mg/
mL 3,3 -diaminobenzidine in 0.015% hydrogen peroxide/
0.05M Tris-HC1 (pH 7.6). The sections were counterstained
with hematoxylin.

RESULTS

In order to establish the hybridomas that secrete specific
mAbs to SARS-CoV, we immunized BALB/c mice with
purified SARS-CoV whole virion fraction. The virus was
inactivated by UV-irradiation to avoid a change in antigenicity
presumably caused by aldehyde-fixation or detergent-
solubilization. The immunization protocols used were those
of the standard method in which the boost administrations
were repeated twice (protocol-1) or four times (protocol-2)
with 2-week intervals using FCA/FIA as an adjuvant (see
Materials and Methods). Three days after the final boost,
a single cell suspension was prepared from two spleens
of immunized mice and fused with SP-2/0 myeloma by a
polyethylene-glycol method, the fused cells were then HAT-
selected (15).

In the experiment with immunization protocol-1, we found
that the culture supernatants from 28 of the 1,920 wells were
strong-posifive in ELISA testing in which the cell-lysate
of SARS-CoV infected Vero E6 cells was used as a coated
antigen (Table 1). As a negative control, we used uninfected
Vero E6 cell-lysate as the antigen. Wells that showed a
positive reaction were omitted from the count. Among the 28
wells, 19 reacted to vaccinia vector-based recombinant-S-
protein and three reacted to recombinant-N-protein. These
hybridomas were successfully cloned by a repeated limiting
dilution method. The remaining six wells did not give rise
to a significant positive signal to recombinant-S, -N or -M
proteins. One anti-5 mADb cross-reacted to porcine trans-
missible gastroenteritis virus (TGEV) and this clone was also
omitted from further studies. None of these mAbs cross-
reacted to mouse hepatitis virus (MHV).

The avidities of these cloned mADbs were tested by avidity-
ELISA in the presence of urea. Although in the presence of 6
M urea some anti-S mAbs retained 18-35% of the original
reactivity, less than 10% of the original reactivity remained
in the presence of 8 M urea (Table 2). Three anti-N mAbs
showed a very low avidity index in this assay system.

In a previous report that studied human IgG avidity matura-
tion after rubella vaccination, high-avidity antibodies were
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Table {. Summary of the first hybridoma screening by ELISA

Immobilized antigen Experiment-1"  Experiment-2¥  Total

(Total wells assayed) 1,920 960 2,880

SARS-CoV infected

Vero cell-lysate 28 14 42

Recombinant - S 19 7 26
-N 3 0 3

": Tmmunization protocol- |
3 Immunization protocol-2

Table 2. Avidity ELISA

Avidity Index (%)

Clone Epitope 4M urca 6M urca &M urca

Experiment-1

SKOT-7 N 1.6 1.2 1.5
SKOT-8 N 23 32 3.7
SKOT-9 N

SKOT-3 S 45.5 18.7 1.2
SKOT-10 S 73.4 299 2.6
SKOT-20 S 63.8 354 8.8
Experiment-2

SOAT-5 S 513 48.0 433
SOAT-13 S 77.0 62.0 48.0

defined as those that retain more than 50% of reactivity in
the presence of 8 M urea (20). Although it would not be
possible to directly apply this definition of polyclonal
antibodies to our mAD case, the avidities of mADbs we obtained
did not seem particularly high. This prompted us to attempt
to obtain better mAbs with higher avidity by repeating booster
immunization in anticipation of affinity maturation. After an
additional two boosts, hybridomas were established by the
same procedure as the first experiment. We screened 960 wells
and obtained 14 wells positive for ELISA with SARS-CoV
infecled Vero E6 cell lysate (Table 1). Among the 14 wells,
seven reacted with recombinant-S protein and none of them
reacted with recombinant-N or -M proteins. These anti-S
antibodies showed significantly higher avidity in the avidity
ELISA (two representative clones are shown in Table 2). From
the results of this avidity test, we selected five anti-S mAbs
that showed the highest avidity index. None of these mAbs
cross-reacted to human coronavirus, 229E (data not shown).
These five anti-S and three anti-N mAbs were purified, and
characterized further.

All selected mAbs worked successfully in the immuno-
fluorescent staining assay (Fig. 1). Anti-S mAbs such as
SKOT-3, -10, -20, SOAT-5 and -13 stained the Golgi body
and surface membrane of virus-infected cells but not of
uninfected-cells. In contrast, the staining patterns of anti-N
mADbs such as SKOT-7, -8 and -9 were mainly confined to
the Golgi body.

All anti-N mAbs worked in immunohistochemistry of
formalin-fixed, paraffin-embedded sections of both human
lung from SARS patients and SARS-CoV infected macaque
lung (Fig. 2). The specificity of these stainings was confirmed
by the negative results for normal lungs and several speci-
mens from pneumonia patients including cases complicated
by measles, influenza type A, herpes-simplex and herpes
zoster.

The mAbs that worked for immunohistochemistry, i.e.,
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SKOT-3 (anti-S)

SKOT-8 (antl NP)

Fig. 1. Fluorcscent immunostaining of SARS-CoV infected Vero E6
cells with monoclonal antibodics (mAbs). Parformaldchyde-fixed,
SARS-CoV infected Vero E6 colls were permeabilized with TBS-
tween and incubated with mAbs from hybridoma cloncs and the
antibodics were detected with FITC-conjugated anti-mousce 1gG.
Shown arc representative staining patterns with anti-S mAb, SKOT-
3 (A), and anti-N mAb, SKOT-8 (B).

Human

SKOT-8

SKOT-9

Fig. 2. Immuno-histochemistry of SARS-CoV infected human lung and
macaque Jung tissucs with mAbs. Paraformaldchyde-fixed, paraffin-
cmbedded scctions were incubated with mAbs, and then with
biotinylated anti-mousc IgG/peroxidasc-labeled streptavidin complex
before being visualized using DAB as a peroxidase substrate. Counter-
staining with hematoxilin. Shown arc human paticnt lung tissuc (left
pancls) and SARS-infected macaque lung tissucs (right pancls),
staincd with anti-N mAbs (SKOT-8, SKOT-9).

SKOT-7, -8 and -9 also worked for Western-blot detection of
the viral proteins (Fig. 3). Anti-N mAbs detected a band of 50
kDa that corresponds to the calculated molecular weight of
SARS-CoV N-protein. In some experiments with longer
exposure, a band with an apparent molecular weight of
120 kDa was also detected. None of the anti-S mAbs worked
in the Western blot, suggesting that the major antigenic
determinants of the S-protein are ‘conformational’ epitopes.

We tested the in vitro neutralizing activities of anti-S mAbs.
As shown in Fig. 4, SKOT-20 neutralized in vitro SARS-
CoV infection to Vero E6 cells at an antibody concentration
of 1 g/mL. Another anti-S mAb, SKOT-19, which had a
low avidity value, also showed similar neutralizing activity.
SKOT-10 and -3 also had neutralization activity but required
higher antibody concentrations.

Lastly, we tried to construct an antigen-capture detection
system for SARS-CoV by sandwich ELISA. In preliminary
experiments, we tested all the combinations of two mAbs
from the selected eight mAbs to obtain the highest detection
sensitivity for purified SARS-CoV virion, and found that the
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A B C D
(Serum) (SKOT-8) (SKOT-9) (SOAT-13)
(kDa)
250 = g - = -
150 = - - =
100 = ki - - -
75 = - - -
50 - w - et D -
37 - . -
25 = - -

Fig. 3. Detection of virus proteins with Western blot. Purificd SARS-
CoV proteins (0.5 i1 g/lanc) were clectrophoresed with SDS-PAGE
under reducing conditions. After blotting on the PVDF membranc,
proteins were detected by incubation with mAbs, followed by incuba-
tion with peroxidasc labeled-F(ab’), fragment of Donkey anti-mousc
IgG. They were then visualized by chemiluminescent reaction. Al
mousc scrum from SARS-CoV immunized mouse; B: anti-N mAb,
SKOT-8; C: anti-N mAb, SKOT-9; D: anti-S mAb, SOAT-13. The
positions of molccular weight markers arc shown on the left.

mAD (pg/mL)

0.1

0.01

f . P
SKOT-20 : g @ . ey
Fig. 4. In vitro ncutralization assay of SARS-CoV infection with mAbs.

Purificd SARS-CoV fraction was diluted to 1 X 10° PFU/mL and
incubated with serially-titrated purificd mAbs for [ hat 37°C. After
the reaction, samples were poured into wells of a 96-well platc on
which Vero E6 cells were grown to 90% conflucnt. After 48 h,
cytotoxicities were visualized by staining the cells with crystalviolet.
The results of purified anti-S antibodics (SKOT-3, -10, -19 and -20)

with concentrations ranging from 100 ftg/mL to 107 jtg/mL are
shown,

immobilization of SKOT-8 on the ELISA plate followed
by the detection with biotinylated SKOT-9 gave the best
result (data not shown; see Materials and Methods). In this
sandwich ELISA, SARS-CoV protein was successfully
detected in a concentration as low as 40 pg/mL (Fig. 5). Since
the mAbs were originally raised against SARS-CoV strain
HKU39849, we tested the validity of this system for other
straing of SARS-CoV. As shown in Fig. 6, it was confirmed
that the strains HK14T1WL, CDC00592 and Frankfurt] were
as detectable as HKU39849 using this system.

DISCUSSION
We established mAbs against SARS-CoV, which enable
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Virus protein {(pg/ml)

Fig. 5. Antigen-capturc ELISA of SARS-CoV with mAbs. Anti-N mAb,
SKOT-8, was immobilized on the surface of a 96 well plate. Scrially-
titrated purificd SARS-CoV fractions were reacted for 1 h at room
temperature and the bound virus proteins were detected by
biotinylated SKOT-9 (anti-N) antibody followed by peroxydasc-
labeled streptavidin. They were then quantitated by chemiluminescent
reaction using 4-methylumberiferril as a substrate, Abscissa: concentra-
tion of purificd SARS-CoV proteins; ordinate: fluorescent unit.
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Fig. 6. Comparison of SARS-CoV strains for reactivity to the anti-
gen capture sandwich ELISA. SARS-CoV strains, HKU39849,
HK 4TI WL, CDC00592 and Frankfurt | were tested for the reactivity
1o the antigen-capture ELISA system as described in Fig, 5. Abscissa:
sample dilution; ordinate: fluorescent units.

the detection of virus S- and N-proteins by means of immuno-
{luorcscence assay, immunohistochemistry, Western blot and
antigen-capture ELISA. A summary of selected mAbs is
shown in Table 3.

Among the originally selected 42 mAbs that were positive
in ELISA for SARS-CoV infected Vero E6 cell lysate, 26
reacted to recombinant-S-protein and only three reacted to
N-protein. We could not find hybridoma secreting mAb to
M-protein or other protein components of SARS-CoV. These
results suggest that S protein is the dominant target in the
antibody response. We observed that none of the anti-S mAbs
established worked in Western blot, suggesting that these
mAbs may recognize ‘conformational’ epitopes. In contrast,
all three anti-N mAbs worked in Western blot and immuno-
histochemistry, suggesting that these mAbs recognize ‘lincar’
epitopes.

We examined whether our mAbs were applicable for
immunofluorescence detection of virus-infected cells. In
immunofluorescent staining of Vero E6 cells infected with
SARS-CoV, anti-N mAbs stained the Golgi body and anti-
S mAbs stained the Golgi body and surface membrane.
This difference in localization of N- and S-proteins may
reflect the common assembly process of coronaviruses (21).
Further analysis is needed to clarify sensitivity and specificity
in infected cells for clinical use.

During the course of outbreak of SARS-CoV in Hong Kong,
it was reported that more than half the patients were not posi-
tively diagnosed by RT-PCR (8). Theretore, the diagnosis was
finally confirmed by serum specimens in a convalescent-phase
at a late stage of illness (). To overcome this problem, virus
shedding patterns have been extensively analyzed, with
results showing that respiratory shedding of the virus increases
over the first week and viral shedding in stools begins a few
days after respiratory shedding (7,8). From this analysis, it is
considered that a combination of stool sampling and pooled
throat and nasal swab specimens could be good specimens
for safe and highly sensitive SARS-CoV detection.

In general, a single diagnostic test is not conclusively
reliable, because of the serious potential for false positives
and negatives. Considering the limited sensitivity of RT-PCR,
serological screening systems other than antibody detection
are currently being examined (22,23). ELISA-based antigen
captured assays are known to offer high specificity and
reproducibility. Antigen-captured assays have been used in the
diagnosis and monitoring of diseasc in cases of infection with
dengue virus (24), human immunodeficient virus p24 (25)
and Ebola hemorragic fever (26) and examined in hepatitis
B virus and hepatitis C virus (22,23). In this context, extensive
analysis in Ebola hemorragic fever suggests that the RT-
PCR assay is extremely useful, but should always be utilized
in combination with antigen-captured ELISA, which makes
the diagnosis more reliable (26).

Table 3. Summary of sclected hybridoma clones

Clone Epitope Class IFA Neutralization”  Western-blot  Histology  Avidity (%)
SKOT-7 N [5G Golgi - 50kDa - 1.2
SKOT-8 N IgG Golgi - 50kDa Usable 32
SKOT-9 N IgG Golgi - 120, 50kDa Usable 38
SKOT-3 S 1¢G Golgi / cell membrane 100 - - 18.7
SKOT-10 S 1eG Golgi / cell membrane 10 - - 299
SKOT-19 S IeG Golgi 7 cell membranc 1 ND ND ND
SKOT-20 S 1gG Golgi / cell membrane 1 - - 354
SOAT-5 S IgG Golgi / ccll membrane ND - - 48.0
SOAT-13 S 1eG Golgi / cell membrane ND - - 62.0

" Numbers represent minimum concentration (££g/mL) that exerts neutralization, -, no neutralization activity; ND, not determined.

2 Avidity index at 6M urca (sce Materials and Mcthods).
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In the case of SARS-CoV, the assay has been recently
evaluated by using mAbs and polyclonal antibodies directed
against recombinant SARS-CoV nucleocapsid protein (22,23).
A soluble N-protein was observed to be released from infected
cells in culture, which led to the opportunity to evaluate the
level in serum specimens from infected patients. N-antigen
ELISA employing mAbs reproducibly detected 50% of
patients on days 3 and 5 after the onset of illness, with a
limitation of the detection of the recombinant protein at 50
pg/ml (22). N-antigen ELISA with use of polyclonal anti-
bodies detected 60-50% of nasopharyngeal aspirate and
fecal specimens from patients at day 3 to day 24 after the
onsct of illness, although the signal was relatively weak in
fecal samples (22). These results suggest that antigen-
captured assay could be useful for the early diagnosis of
SARS-CoV infection.

We developed an antigen-capture ELISA system that
detects purified SARS-CoV virion at levels as [ow as 40 pg/
ml.. The sensitivity of the system, which comprised two anti-
N mAbs, seems high enough to detect virus protein in patient
sera when compared to a recently reported antigen-capture
ELISA system, which detects 100 pg/mL of purified recom-
binant N protein, successfully determined the virus protein
in patient sera (22). We are now improving the sensitivity of
the system and checking its applicability in the diagnosis and
monitoring of SARS-CoV infection. Although none of our
mADbs cross-reacted to human or other animal coronaviruses
(229E, TGEV and MHV) by ELISA, it is also important (o
delinc the specificity of these mAbs by other techniques such
as Western blot and immunofluorescent staining. This issuc
is currently under investigation.

Two anti-S mAbs, SKOT-19 and -20 demonstrated
significant virus neutralizing activity. It would be interesting
to address whether these mAbs interfere with the binding of
the virion to its recently reported receptor, ACE2 (27). if this
were the case, the humanization of these mAbs by means of
cither CDR-grafting or mouse-human chimeric antibody would
be of interest as a possible application for the therapeutic use
of these mAbs.
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Concerns have arisen recently about the possible use of smallpox for a bioterrorism attack. Routine smallpox
vaccination was discontinued in Japan in 1976; however, it is uncertain exactly how long vaccination-induced
immunity lasts. We sought to evaluate the seroprevalence and intensity of anti-smallpox immunity among
representatives of the present Japanese population. The subjects included 876 individuals who were born
between 1937 and 1982. Vaccinia virus-specific immunoglobulin G (IgG) levels were measured by enzyme-
linked immunosorbent assay (ELISA), and 152 of 8§76 samples were also tested for the presence of neutralizing
antibodies. Of the subjects who were born before 1962, between 1962 and 1968, and between 1969 and 1975,
98.6, 98.6, and 66.0%, respectively, still retained the vaccinia virus-specific IgG with ELISA values for optical
density at 405 nm (OD,,;s) of =0.10. The corresponding figures for retained 1gGs with OD, s values of =0.30
were 91.0, 90.3, and 58.2%, respectively. Neutralizing antibodies were also maintained. The sera with OD 5
values of =0.30 showed 89% sensitivity and a 93% positive predictive value for detection of neutralizing
antibodies (=4). Thus, approximately 80% of persons born before 1969 and 50% of those born between 1969
and 1975 were also found to have maintained neutralizing antibodies against smallpox. A considerable
proportion of the previous vaccinated individuals still retain significant levels of antiviral immunity. This
long-lasting immunity may provide some protective benefits in the case of reemergence of smallpox, and the

disease may not spread as widely and fatally as generally expected.

Smallpox was officially declared eradicated by the World
Health Organization in 1980 after a worldwide mass vaccina-
tion campaign (22). Routine smallpox vaccination was discon-
tinued in Japan in 1976, prior to the declaration. However,
concerns have arisen recently about the possible use of variola
virus, the causative agent of smallpox, as a bioweapon (14). A
total of 37 million Japanese, accounting for approximately 305
of the total population, who were born after the discontinua-
tion of the routine vaccination program are considered to be
completely susceptible to smallpox (1), but the immune status
of those who were vaccinated decades ago is uncertain. It had
been believed that the full protective immunity conferred by
smallpox vaccination lasts only 3 to 5 years and that even
partial immunity fades substantially after 10 to 20 years (5, 14,
21). Recently, however, it has been suggested that the immu-
nity may last much longer. Several epidemiological studies
have shown that immunity to smallpox may still be present
many years after the vaccination (8, 13, 15). The degree of
residual protection in vaccinated cases was estimated (8) by
analyzing data on the outbreak that occurred in Liverpool, in
the United Kingdom, during 1902 to 1903 (13) and on smallpox
epidemics that occurred following reintroduction to Europe
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between 1950 and 1971 (15). The authors concluded that pro-
tection against fatal smallpox disease was lost at the rate of
0.363%: per year and, thus, that 77.6% of vaccinees were still
protected even 70 years after vaccination (8). Furthermore,
El-Ad et al. reported that the levels of virus-specific neutral-
izing antibody remain stable for at least 30 years after revac-
cination (9), and T-cell immunity in response to smallpox vac-
cination was also reported to remain constant for decades (7,
1). '

1t has rceently been shown that B-cell and T-cell-deficient
mice immunized with modified vaccinia virus Ankara, an at-
tenuated vaccinia virus, are both protected against challenge
with a pathogenic vaceinia virus, although depletion of a single
component of the immune response can reduce the extent of
protection (17, 24). In contrast, double-knockout mice defi-
cient in major histocompatibility complex class I and Il were
not protected (24). These findings indicate that both humoral
and cellular immunities make significant contributions to pro-
tection against smallpox. With respect to humoral immunities,
neutralizing antibodies are believed to play a crucial role in the
protection against smallpox (14, 16, 19). Several studies have
shown that certain levels of neutralizing antibodies might be
involved in preventing the disease or attenuating disease se-
verity (4, 16, 19), although the actual neutralizing antibody
titers considered sufficient to protect against smallpox remain
to be determined. These data endorse the idea that adequate
serum antibody levels might be one of the benchmarks of
protective immunity.
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If people who were vaccinated some decades ago still main-
tain some immunity against smallpox, the morbidity, mortality,
and transmission rates associated with the discase might be
reduced significantly compared with present expectations (3,
18, 20). This might also affect future vaccination poticy. There-
fore, it is important to clarify whether individuals who were
vaccinated decades ago maintain any immunity to smallpox,
and if so, what fraction of the population possesses the immu-
nity and how strong the immunity is. We have used enzyme-
linked immunosorbent assays (ELISA) and neutralization as-
says to study the actual prevalence of virus-specific antibodies
among representatives of the present Japanese population.

MATERIALS AND METHODS

Study population. We used stored anonymous scrum samples that had been
obtained from healtheare workers at the University of Tokyo Hospital in 2002 for
scrological sereening of measles, rubella, mumps, and varicella-zoster virus. The
sera were stored at 4°C until use. The present study was conducted with the
approval of the Institutional Review Board of the University of Tokyo. It was
impossible to identify the actual vaccination histories of cach individual, because
we used anonymous specimens. The ages of the 876 participants (257 males and
619 females) ranged from 20 to 65 yei s of 2002 (mean * standard deviation,
34.4 = [L3 years). Routine smallpox vaccination was discontinued in Japan in
1976, and the Immunization Law at that time recommended that individuals
should receive three vaceinations against smallpox: the first vaccination was
conducted in infancy, and subscquent vaccinations were given at the ages of 6
and 12 years, In this study, thercfore, participants were divided into four birth
cohorts according to the expected number of smallpox vaccinations they had
received: those born after 1975 (younger than 26 years, as of 2002; the never-
vieeinated group); those horn hetween 1969 and 1975 (aged 27 to 33 years, as of
2002; the probable once-vaccinated group); those born between 1962 and 1968
(aged 34 to 40 years, as of 2002: the probable wwice-vaccinuted group): and those
born hefore 1962 (older than 41 years, as of 2002; the probable thrice-vaccinated
group). Before 1970, the most widely used strain of smallpox vaceine in Japan
was the Tkeda strain, whereas the Lister strain was used during the 1970s.

Detection of vaccinia virns-specific IgG antibodies hy ELISA. Levels of spe-
cific antibodics against the vaceinia virus, which was used for sniallpox vaceines,
were measured by ELISA, Hela cells were infected with the vaccinia virus,
Lister strain, at o multiplicity of infection of | and cultured for 48 k. They were
then lysed in 1wt of phosphate-hbultered saline (PBS) containing 14 NP-40). The
Jvsates were clurified by centrifugation at 10.000 Xg for 5 min, and the superni-
tant fraction was used as a positive viwecinia virus antigen. The mock-infected
Hela cells were also treated in the same way as those being used to prepare the

viaeeinia virus antigen to produce a negative-control antigen. Half of the wells of
a flat-bottomed 96-well ELISA plate (Iwaki. Asahi Techno Glass, Chiba, Jupan)
were coated with the vaceinia virus-positive antigen, and the other half were
coated with the negative-control antigen, followed by incubation at 4°C over-
night. Both of the antigens were diluted 1EO00 with PBS before coating, a
dilution level that was determined by preliminary evaluations with hox titration
using the paositive-control serum sample. After being washed three times with
PBS containing 0.05% Tween 20 (T-PBS). the wells were blocked with 200 pt of
PBS containing 5%¢ skimmed mitk and 0.05% Tween 20 (M-T-PBS) for 1 h and
then washed three times with T-PBS, Samples of sera (100 ul per well), which
were diluted 1:400 with M-T-PBS, were added, and the plates were incubated at
37°C for 1 h. The plates were washed three times with T-PBS and then incubated
with )0 pd of M-T-PBS containing horscradish-peroxidasc-conjugated goat anti-
human IgG antibodics (ZYMED Laboratories, San Francisco, Calif.) (1:1,000
dilution) at 37°C for | . After an additional washing step, 100 pf of the substrate
reagent, ABTS |2,2-uzunobis (3-cthylbenzthiazoline sulfonic acid)] solution
(Rache Diagnostics, Mannheim, Germany), was added to cach well. The plates
were incuhited at room temperature for 30 min, and the optical density (OD)
was measured at a wavelength of 405 nm (ODy,,s) with reference to that at 490
nm. The adjusted OD values (OD43) were caleulated by subtracting the OD
values of the negative-control-antigen-coated wells from those of the corre-
sponding wells. The negative- and positive-control scra were included for veri-
fication in cach run,

Vaccinia virus neatralization assay. We conducted the neutralizution assay on
132 serum samples, which were randomly selected from cach of the birth cohorts
(the pre-1962 cohort {nr = 49], the 1962-t0-1968 cohort |# = 22], the 1969-t0-1975
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cohort [ = 47|, and the post-1975 cohort [ = 34]). Vaccinia virus, Lister strain,
and the RK13 cell line grown in Dulbecco's modified Eagle's medium (DMEM)
containing 109 fetal calf serum (FCS), penicillin, and streptomycin were used.
After heat inuctivation at 56°C for 30 min, 100 pl of cach of the scra scrially
diluted fourfold (heginning at [:4) with DMEM containing 2% FCS and an cqual
volume of virus suspension containing 100 PFU per 100 1l were mixed and then
incubited at 37°C for 2 h. RKI13 cell monolayers in 24-well tissue culture plates
were inoculated with 100 pl of the mixture in duplicate, and the cells were then
incubated at 37°C for | h with frequent shaking. Thereafter, the inoculum was
removed and the cells were washed once with PBS. They were then cultured in
I mlof the overlay medium (DMEM containing 24 FCS, penicillin, streptomy-
cin, and 0.5 methyleellulose) at 37°C in @ humidificd atmosphere of 5% €O,
in air for 3 days. The cells were fixed with 10% formalin in PBS and stained with
0.1% crystal violet, and the number of plaques was counted. Tn cach assay, the
negative- and positive-control sera were included for verification. The newtral-
izing antibody titer (NTs,) was defined as a reciprocal of the highest dilution
level of the serum demonstrating u >50% reduction in plague count compared
with the negative control results.

Statistical analysis. The sensitivity, specificity, positive predictive vadue (PPV),
and negative predictive value (NPV) were caleulated by standard methods (10).
The differences in ODy,s values and the proportion comparison between the
birth cohorts were evaluated by an unpaired Student’s ¢ test and chi-square test,
respectively, using Stat Flex version 5.0 software (Artech, Osaka, Japan). The
level of statistical significance was set at P < .05, Receiver operating charac-
teristies (ROC) and two-graph ROC (TG-ROC) curves were analyzed using the
Stat Flex software. Vaccinia virus-specific NTg, values were analyzed by log
transformation to lincarize the relationship between variables. The refationship
between antibody titers determined by neutralization assay and OD s valucs
determined by ELISA was evaluated by lincar regression analysis.

RESULTS

Detection of vaccinia virus-specific antibodies by ELISA.
We determined the cutoff values in the ELISA for the detec-
tion of specific antibodies against vaccinia virus by ROC and
TG-ROC curves. The OD,s values of sera among subjects
who were born in 1977 or after were treated as negative ex-
amples, because the routine smallpox vaccination program had
already been discontinued. On the other hand, the serum sam-
ples of subjects who were born in or before 1968 were treated
as positive examples with the vaccination history, because the
vaccination program was being strictly enforced at that time,
and so the majority of these subjects were considered to have
been vaccinated. Logistic regression analysis ROC and TG-
ROC curves under the atorementioned conditions are shown
in Fig. 1. The cutoff value was set at (.10, at which level the
ELISA system exhibited optimal sensitivity (98.3%) and spec-
ificity (99.1¢) for detecting the vaccinia virus-specific IgGs
elicited by past smallpox vaccination. The area under the ROC
curve was (.988, which corresponds to “excellent probability”
(12), allowing us to use this test to distinguish between vacci-
nated and unvaccinated individuals.

The OD,y5 values that were determined by subjecting serum
samples (diluted 1:400) to ELISA are plotted for cach birth
cohort in Fig. 2A. Of the subjects born before 1962, those born
between 1962 and 1968, and those born between 1969 and
1975, 98.6, 98.6, and 606.0%, respectively, retained vaccinia
virus-specific IgGs (Table 1). There were significant differences
(P < 0.0001) in the seropositivity rate between the 1969-to-
1975 cohort and the older birth cohorts, but the difference
between the 1962-10-1968 cohort and the pre-1962 cohort was
not statistically significant (P = (.984). The geometric mean
for the OD 5 values was 1.46 in the pre-1962 cohort, 1.36 in
the 1962-t0-1968 cohort, and 0.88 in the 1969-t0-1975 cohort.
Although there was no significant difference in these means
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FIG. 1. Receiver operating characteristics (ROC) curve (A) and two-graph-ROC curve (B) for the detection of vaccinia virus-specific IgG.
These graphs show the relationship between the sensitivity and specificity of the vaeciniu virus-specific ELISA system for cach cutoll ODyqs value.
The maost optimal sensitivity (98.3%) and specificity (99.1%) are obtained when the cutolf ODys value is set at 0.10. The area under the ROC curve
is 0.988, which indicates the test has a good probability of distinguishing between vaccinated and unvaccinated individuals.

between the pre-1962 and 1962-to-1968 cohorts (P = (.371),
the mean OD,5 value for the 1969-t0-1975 cohort was signif-
icantly (P < 0.0001) lower than that for the pre-1969 cohorts
(i.c., the pre-1962 and 1962-to-1968 cohorts). The year-on-year
seropositivity rate for vaccinia virus-specific 1gG among the
1969-t0-1975 cohort was 90.0% for 1969 (n = 29), 93.3% for
1970 (n = 30), 76.2% for 1971 (n = 42), 88.6% for 1972 (n =
44y, 79.3% for 1973 (n = 58), 45.8% for 1974 (n = 48), and

0D, values

e -

before 1962

1962-1968 1969-1975
Year of Birth

after 1975

OD,s values

6.5% for 1975 (n = 46). The smallpox vaccination rate in Japan
was reported to have already declined sharply in the final few
years before the cessation of routine vaccination (information
from the Ministry of Health, Labor and Welfare of Japan),
which corresponds to the lower seropositivity rate in the 1974
and 1975 birth cohorts of this study. If we took into account the
OD,,s values of the seropositive subjects alone among the
1969-t0-1975 cohort (i.e., excluding the scronegative subjects;

B
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4 ] 3
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FIG. 2. Vaccinia virus-specific [gG determined by ELISA (the ODyq values). Panel A shows the ELISA OD,ys values in each birth cohort. The
bar indicates the geometric mean value, and the actual mean values are 1.46, 1.36, (.88, and 0.02 for the pre-1962, 1962-t0-1968, 1969-10-1975, and
post-1975 birth cohorts, respectively. An asterisk indicates that the difference between the mean ODy,s values is statistically significant. The
pre-1962 and 1962-10-19638 cohorts exhibit significantly higher (unpaired Student’s ¢ test, P < 0.0001) mean ODyy; values than the other two
cohorts, but the difference between those of the pre-1962 and the 1962-10-1968 cohorts is not significant (P = 0.371). Each circle corresponds to
one subject, and each square represents 20 subjects. Panel B shows the OD s values in the pre-1962, 1962-10-1968, and 1969-10-1975 cohorts. Note,
however, that only seropositive samples (OD s values = 0.10) are included for the 1969-t0-1975 cohort. The mean values, between which there
is no significant dilference, are 1,40, 1.36, and 1.39, respectively. 1gG. immunoglobulin G; ELISA, enzyme-linked immunosorbent assay: OD s,

adjusted optical density.
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TABLE 1. Scroprevalence of vaccinia-virus-specific 1gG. as
determined by ELISA, in four different birth cohorts that cover the
period from before 1962 to after the cessation of routine smallpox

vaccination in Japan in 1976

No. (49} of seropositive subjects

Birth yr No. of subjects

ODs = 0.10 OD s = 030

Before 1962 212 209 (98.6) 193 (91.0)
19621968 144 142 (98.6) 130 (90.3)
19691975 297 196 (66.0) 173 (58.2)
After 1975 223 2(0.9) 0 (V)
Total 876 548 495

OD,,s values < 0.10), who were unlikely to have been vacei-
nated, the mean OD,,¢ value was 1.32, which was not signifi-
cantly different from those of the pre-1969 birth cohorts (Fig.
2B).

Relationship between the ELISA and the neutralization as-
say, Neutralizing antibodies were also maintained, and a sig-
nificant linear correlation was observed between the neutral-
izing antibody titers (NTy,) and the OD,5 values determined
by the ELISA (R* = 0.450; P < 0.0001) (Fig. 3). The sensitivity,
specilicity, PPV, and NPV of the ELISA testing for the pres-
ence of neutralizing antibodies (NTg,..4) were 88.9, 8§6.8, 92.6,
and 80.7%, respectively, when the reference ODg5 value in
the ELISA was set at 0.30. The corresponding figures for a
reference OD 5 value of 0.10 were 97.0, 67.9, 85.0, and 92.3%,
respectively (Table 2). Neutralizing antibodies were negative
(NTs, << 4) in all of the 34 samples from the post-1975 birth
cohort, On the basis of these analyses. the ELISA OD,
values of =0.10 provide good sensitivity and specificity (98.6
and 99.1%, respectively) for the prediction of smallpox vacei-
nation history, and OD,5 values of =0.30 provide a high PPV
{92.6%) for detecting the retention of neutralizing antibodics.
The OD s values of =0.30 were demonstrated in 91.0%: of
subjects in the pre-1962 cohort, 90.3% of those in the 1962-to-
1968 cohort, and 58.2% of those in the 1969-t0-1975 cohort
(Table 1). The OD,s values were below .30 in all samples

° © f );/
g ' ¢
300 Ly g
8 s
=
S 2.00 1
o 1.00
€
0
1 2 3
log,NTs,

[1G. 3. Relationship between neutralizing antibody titers to vac-
cinia virus and ELISA ODy,s values. The regression analysis yields a
significant linear relationship (R = 0.450: £ < 0.0001).
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TABLE 2. Sensitivity, specificity, PPV, and NPV of ELISA with the
designated reference value for neutralization assay for vaccinia virus
within a subsample of 152 sera

No. of

ELISA N Scnsitivity Specilicity PPV NPV
O results (49) (%) () (%)

=4 4

=010 96 17
97.0 67.9 85.0) 92.3

<010 3 36

=().3() 88 7
88.9 86.8 92.6 80.7

<{).30 11 40

from the post-1975 birth cohort. These results indicate that
approximately 8052 of subjects in the pre-1969 birth cohorts,
and approximately 505z of those in the 1969-to-1975 cohort,
also retained neutralizing antibodics against smallpox.

DISCUSSION

Neutralizing antibodies have been thought to constitute an
important correlate of protective immunity against smallpox
(4, 14, 16, 19). To perform a test on a large number of samples,
we developed a vaccinia virus-specific ELISA technique with
high processing ability, because neutralizing assays are time
and labor intensive and are not adequate for handling a large
number of samples. Therefore, we evaluated the correlation
between antibodies detected by the neutralization assay and
those detected by ELISA, because the antibodies detected by
ELISA do not always reflect the presence of neutralizing an-
tibodies.

It has been shown that the majority of the Japanese popu-
lation who were vaccinated against smallpox prior to the ces-
sation of the routine vaccination program in 1976 still maintain
certain fevels of ELISA-detectable virus-specific antibodies.
More than 98% of subjects in the pre-1969 birth cohorts and
66%: of those in the 1969-10-1975 cohort still maintained de-
tectable levels of IgG antibodies (OD 5 values = 0.10). One of
the reasons why the subjects in the 1969-t0-1975 cohort have a
lower seropositivity rate than those in the older cohort is that
the vaccination rate per se would have been lower, because
they were given only one opportunity to receive a smallpox
vaccination, In fact, the smallpox vaccination rate at cach stage
was reported to be around the 80% level, except in 1974 uand
1975, when the rate declined markedly (information from the
Ministry of Health, Labor, and Welfare of Japan). The mean
OD,ys value calculated only from the seropositive subjects
among the 1969-t0-1975 cohort was 1.32, and this value was
not significantly different to that of the pre-1962 cohort or the
1962-t0-1968 cohort. Although we do not have precise infor-
mation on how many vaccinations each individual actually re-
ceived, this result suggests that the additional vaccinations had
little influence on the period or degree of IgG retention, as
long as the first vaccination had “taken™ successfully. There-
fore, further investigations are required to determine whether
or not multiple smallpox vaccinations are necessary for acquir-
ing significant protection, although it is generally believed that
additional vaccinations are likely to confer a stronger and
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longer-lasting immune response (2, 9, 23). Hammarlund et al.
reported that the mean antibody titer induced by double vac-
cinations was very slightly but significantly higher than that
induced by a single vaccination but that additional (between 3
and 14) vaccinations did not result in any further increase in
long-term antibody production (11).

In the present study, most of the individuals whose serum
samples exhibited OD,,s values of =0.30 ulso retained the
neutralizing antibodies. Thus, it was demonstrated that a con-
siderable proportion of the previously vaccinated individuals
still retained neutralizing antibodies. Although lower ELISA
OD,s values tend to associate with lower neutralizing anti-
body titers and higher ODy,s values tend to associate with
higher neutralizing antibody titers, the correlation between
them was only moderately positive (R = (1.450; P < 0.0001). It
may be duc to a number of epitopes on the viral proteins other
than neutralizing epitopes on vaccinia virus.

This study has revealed that many individuals who were
vaccinated 27 to 53 years ago retain a significant degree of
antiviral humoral immunity. Although this remaining immu-
nity may no longer provide full protection, it is highly likely to
afford at least partial protection. Hammarlund et al. showed
that virus-specific T-cell immunity could persist for a long time
after smallpox vaccination, perhaps as long as 75 years, declin-
ing only slowly, with a half-life of 8 to 15 years (11). Further-
more. it was shown that virus-specific memory B-cells were
maintained for more than 50 years after vaccination and cor-
related positively with circulating antibody levels (6). In addi-
tion. some epidemiological analyses have also indicated that
the immunity achieved after smallpox vaccination may remain
for several decades (1, 8, 13, 15). Taking these data together, it
appears that the immunity conferred by smallpox vaccination
persists for longer than had previously been expected.

In the present study, we found that more than 98% of the
Japanese population in the pre-1969 birth cohorts and 66% of
those in the 1969-t0-1975 cohort still maintain the vaccinia
virus-specific 1gG. whereas approximately 80 and 50¢%, respec-
tively. also retain detectable levels of neutralizing antibodies.
These long-term persisting immunities may provide some pro-
tective benefits in the case of intentional smallpox reemer-
gence. In addition, the present results may also contribute in
making policy of vaccination priority, especially if vaccine sup-
plies become limited in the event of a widespread outbreak.
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ABSTRACT

A method for the isolation of genomic fragments of
RNA virus based on cDNA representational difference
analysis (cDNA RDA) was developed. cDNA RDA has
been applied for the subtraction of poly(A)* RNAs
but not for poly(A) " RNAs, such as RNA virus gen-
omes, owing to the vast quantity of ribosomal RNAs.
We constructed primers for inefficient reverse tran-
scription of ribosomal sequences based on the dis-
tribution analysis of hexanucleotide patterns in
ribosomal RNA. The analysis revealed that distribu-
tions of hexanucleotide patterns in ribosomal RNA
and virus genome were different. We constructed 96
hexanucleotides (non-ribosomal hexanucleotides)
and used them as mixed primers for reverse transcrip-
tion of cDNA RDA. A synchronous analysis of hexa-
nucleotide patterns in known viral sequences showed
that all the known genomic-size viral sequences
include non-ribosomal hexanucleotides. In a model
experiment, when non-ribosomal hexanucleotides
were used as primers, in vitro transcribed plasmid
RNA was efficiently reverse transcribed when com-
pared with ribosomal RNA of rat cells. Using non-
ribosomal primers, the cDNA fragments of severe
acute respiratory syndrome coronavirus and bovine
parainfluenza virus 3 were efficiently amplified
by subtracting the cDNA amplicons derived from
uninfected cells from those that were derived from

virus-infected cells. The results suggest that cDNA
RDA with non-ribosomal primers can be used for
species-independent detection of viruses, including
new viruses.

INTRODUCTION

Identifying the causative agent of an infectious disease is the
cornerstone for its eventual control. For example, the outbreak
ol severe acute respiratory syndrome (SARS) was controlled
after the identification of the causative agent coronavirus
(SARS-CoV) (1). Developments in molecular biological
approaches in recent years have led to the identification of
many unknown pathogens. Once a fragment from the agent’s
genome has been isolated and sequenced, standard genomic
walking techniques are used to extend the known sequence.
and computer homology scarches can then be used (o identily
the likely phylogenetic relationship of the agent with other
known organisms (2). Additionally, sequences of some vir-
uses, such as SARS-CoV, have altered during transmission,
and this may prevent the detection of the virus by a PCR
method (3.4). Thus, a detection method that is not based on
the known sequence is essentially required as an alternative
method to the normal PCR method.

Representational difference analysis (RDA) is one of the
most reliable methods for identifying new agents since it does
not require prior knowledge of the agent’s class (5). The tech-
nique is based on PCR enrichment of DNA fragments that
are present in agent-infected cells but absent in normal cells.
Using RDA, Chang er «l. (6) isolated two DNA fragments
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from a Kaposi's sarcoma (KS) fesion in an AIDS patient. The
determination of scquences of these fragments resulted in
the discovery of the KS-associated herpes virus (7). Despite
the fact that RDA has been developed for detecting agents with
a DNA-based genome, it can be used to detect the presence or
absence of RNA in a sample by generating a ¢cDNA interme-
diate (¢cDNA RDA) to amplify the RNA (8). Since a large
quantity of ribosomal RNAs interfere with cDNA RDA, the
¢DNA intermediate should be synthesized from poly(A)
RNA. Therelore, it is difficult to detect RNA viruses from
virus-infected cells by ¢cDNA RDA because many viruses
have no poly(A) at the end of the genome. If cDNA RDA
can be applied to total RNA without interference with ribo-
somal RNAs, the virus genome can be amplified {rom total
RNA of virus-infected cells by cDNA RDA.

The selection of poly(A)" RNA by using an oligo(dT) col-
umn followed by oligo(dT) priming can eliminate the influ-
ence of ribosomal RNAs on ¢cDNA synthesis. Primers that are
specilic to a viral genome also efficiently eliminate the influ-
ence of ribosomal RNAs. However, prior knowledge of the
virus genome is required for the construction of specific pri-
mers. In this study, based on the fact that cDNA can be primed
with a mixture of oligomers, we constructed a set of oligomers
that was inefficient for priming ribosomal RNAs but that
normally primed most of the genome of an RNA virus
(9,10). Based on the frequency distribution of hexanucleotides
in ribosomal RNAs and viral sequences in current public data-
bases, we determined a mixture of 96 hexanucleotides that
rarcly prime ribosomal RNAs but can prime all the known
mammalian viruses listed in public databases. The results of
this study show that species-independent detection of viral
RNA from infected cells is possible.

MATERIALS AND METHODS
Design and synthesis of a primer mixture

A rat primary transeript, including 18S, 5.8S and 28S ribo-
somal RNA (VO1270.1), was selected for hexanucleotide fre-
quency analysis of ribosomal RNAs. Genomic sequences of
SARS-CoV (AY291315) and bovine parainfluenza virus 3
(BPI3, NC_002161) were also sclected as representatives of
RNA virus (11). We created three programs, GREG, GAS and
0SC (produced by C’s Labs, Sapporo, Japan and licensed
by Sigma-Aldrich Co. Ltd, St Louis, MO), connected to a
MySQL database server (version 4.0.20). The program
GREG transformed FASTA-formatted sequence 1o a text-
formatied sequence and inserted it into a table in the
MySQL database (GREG table). Using these programs, we
designed a mixture of hexanucleotide primers. First, sequences
were divided into hexamers, and each hexamer was classified
into a patiern of hexanucleotide sequence in which 4° = 4096
patterns were included. The program GAS: generated fre-
quency distributions of hexanucleotides in the sequences in
the GREG table, extracted the progeny with their probabilitics
of hexanucleotide patterns and inserted them into a table (GAS
table) of the database. We made four sets of GREG and GAS
tables for rat ribosomal RNAs, a satellite repeat, BPI3 and
SARS-CoV (Table 1). The prograni OSC listed the differences
between the two GAS tables, i.e. the program sclected oligo-
mer patterns that exist in BP13 but not in ribosomal RNAs.

Pace 2 oF I

Table 1. Probubilities of hexanucleotide patterns in ribosomal RNAs
(V0i270). a satellite-repeat (VOO125), SARS coronavitus (SARS-CoV,
AY291315) and bovine parainfluenza virus 3 (BPI3, NC_002161)

Paltern Probability (x10 7')

Ribosomal RNA Satellite repeat BPI3 SARS-CoV
TCIreTe 13.54 1.28 0.25 0.1
AGAGAG 7.53 0.04 0.63 0.16
GAGAGA 7.11 1.92 0.25 0.1
CTrCTeT 6.85 0.64 0.33 0.1
TCTGTC 5.67 0.00 0.28 0.25
CTTTCT 4.68 0.32 0.43 0.67
TCTTTC 4.55 0.00 0.46 .52
TCTCTG 3.55 0.00 0.48 0.21
GTereT 343 0.64 0.28 0.21
TGTTAA 0.01 (.00 0.43 0.96

0.01 0.32 0.15 0.16

0.00 0.00 0.96 0.13

0.00 0.00 0.00 0.27
TAGTAT (.00 0.00 0.38 0.16
GATATC 0.00 0.00 0.25 0.13
ATACTA 0.00 0.00 (.30 0.28
TATAGT 0.00 0.00 0.35 0.17
TATATA 0.00 0.00 0.81 0.05
ACTATA 0.00 0.00 .61 0.31

The hexanucleotide patterns are aligned according to the probabilities in ribo-
somal RNAs. The 10 highest and lowest frequent patterns aré listed in the table,
A full version of the table, including all patterns, is supplemented online.

The frequency of hexamer patterns in each RNA sequence was
transferred into a table of Microsoft Access. A total of 96
hexamer patterns, including those having very low [requencies
or those that did not appear in ribosomal RNAs, were
synthesized and mixed for use as an RT primer (Table 2,
non-ribosomal hexanucleotides).

Database for mammalian viral genomic data

To estimate the frequencies of priming sites with the selected
hexanucleotides. we prepared a MySQL table that included
sequence data of reported viral genomes as follows. First, we
downioaded all viral sequences [rom the FTP site of EMBL
database (relcase date 30 June 2004) and entered them into
tables (EMBL data table) of the MySQL database. The table
included EMBL 1D, title, annotation and sequence as fields.
The annotation field included taxonomic classification of the
origin of the data. We separated the words included in the
annotation field into taxonomic words, such as family names,
and inserted them into a new table (taxonomic table), in which
EMBL IDs and taxonomic words were included. We then
selected EMBL IDs of mammalian viruses with any of the
viral family names listed in Table 5 from the taxonomic table.
Next, sequences of mammalian viruses were divided into
groups according to their species presented in the taxonomic
table. To determine the targets for hexanucleotide analysis,
EMBL IDs having the longest sequence in the species were
selected as the estimated genomic sequence of the virus, and
then, a new table named ‘Sequences of viral species’ was
preparcd. Although the longest sequence [rom each species
was selected, some of these sequences were very short. There-
fore, we eliminated sequences that were shorter than half of
the common genomic size of each viral family. The resultant
1791 viral sequences were inserled into a table titled *Genomic
sequence of viral species’. The frequency of the non-ribosomal
hexanucleotides was determined in sense and complementary
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Table 2, Hexanucleotide patterns of non-ribosomal hexanucieotides
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Motif Molf Motif Motifl Motil’ Motif Motif Motif

GATATC GATACT CGATAT ACTACT ATAGTC CTTAGT ACTAAG AACTTA
TAGTAT CGTATA GTATAC TAACGA CTAGTA CTTYACA GCATAC ATAACG
TATAGT GTATAG AATCCA CGACTA GTACTA TTATGC CAATAT ATGTTA
TATATA CGGTTA TAGCAC TACTAG TAAGTT ATACGC ACCGTA TGGTAT
ATACTA AATAGT ATATCG AGTAGY ATATCC CGCTTA GTGCTA TGCGTA
ATATAT CGCATA AATATT GTTAAC TCGATA TAACGC ACGCTA GGATAT
GTGCAC ATTACG TATAGC GTCYAC GTACCA GGTCAT ATGICG CATAGC
ACTATA TTAACA CTTGTA TACAAG GTATCA CTCATA AGCTTA CATACT
CGTAAT AGTATC TAGTCG TACCAG ATACTC AATTTG CGACAT CGGATA
CTATAC TGTTAA GTAGAC TGGATT ACATTA CTGGTA GCTATA TTACTA
TATACG ACTATT CTATAG TCGTTA ATATTG TTCATG GCTATG ACTCGT
TATGCG TAACCG TAGCTA ATAGTA CGTCTA GCGATA TGTAAG TAAGGT

strands of the sequences included in the table titled *Genomic
sequence of viral species’.

Culture of virus-infected cells and RNA extraction

The strains SARS-CoV and BPI3 were Frankfurtl and
BN-1, respectively (12-14). SARS-CoV and BPI3 were
propagated by serial infection of Vero E6 and MDBK cells,
respectively (15).

Vero E6 cells were routinely subcultured in 75 em? flasks
in DMEM (Sigma-Aldrich) supplemented with 0.2 mM/ml
c-glutamine, 100 U/ml penicillin, 10 pg/ml streptomycin
and 5% (v/v) fetal bovine serum (FBS) and maintained at
37°C in an atmosphere of 5% CO,. For experimental use,
the cells were split once in 25 em? Hasks and cultured until
they reached 100% confluence. Prior to the virus infection, the
culture medium was replaced with 2% FBS containing
DMEM. SARS-CoV, which was isolated as Frankfurt! and
kindly provided by Dr J. Ziebuhr (106), was used in the present
study. The viral infection was established in the cells with a
multiplicity of infection (m.o.i) of 10. The infection of celis
with SARS-CoV virus and the subscquent treatment of SARS-
CoV RNA were restricted in the P4 area in the National
Institate of Infectious Discase, and the work with SARS-
CoV was performed in accordance with the rules for infectious
pathogens that have been notified by the National Institute of
Infectious Discase.

MDBK cells were maintained in Eagle's minimum essential
medium (Sigma-Aldrich) supplemented with 5% FBS i a
humidified atmosphere of 5% CO, at 37°C. The cells were
infected with BPI3 at an m.o.i of 0.1. The work on infection of
BPI3 was performed in accordance with the rules for patho-
gens that have been notified by Rakuno Gakuen University.

Extraction and in vitro synthesis of RNA

Total RNA was isolated using Trizol (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Prior to
¢DNA synthesis, contaminated genomic DNA in the extracted
RNA was digested with RNase-free DNase | (Promega,
Madison, WI) at 37°C for 1 h. RNA was extracted serially
with phenol and chloroform, precipitated with ethanol accord-
ing to the standard protocol and subsequently used as a control
RNA.

For the synthesis of a model RNA, the entire molecule of
pClaco plasmid was transcribed in vitro from a T7 promoter.

The synthesized 5.4 kb RNA was treated with RNasc-
free DNase [ (Promega), extracted with phenol/chlorolorm.
precipitated with ethanol and subsequently used as a test
RNA. After quantitation, the test and control RNAs were
mixed to cstimate the sensitivity of ¢DNA RDA in various
conditions.

c¢DNA RDA

First-strand ¢cDNA was synthesized from the mixed RNA with
non-ribosomal hexanucleotides by using a double-stranded
c¢DNA synthesis kit (Invitrogen) according to the manulac-
turer’s protocol, i.e. the total RNA was diluted to 1 pig per pl
and mixed with dNTPs, the non-ribosomal hexanucleotides.
S5x reaction buffer, 0.1 M DTT and an RNase inhibitor.
Reverse transcriptase  (Superscript I, Invitrogen) was
added, and the mixture was incubated at 50°C for 60 min.
Second-strand ¢DNA was synthesized with Escherichia coli
DNA polymerase (Invitrogen), E.coli DNA ligase (Invitrogen)
and RNaseH (Invitrogen) at 16°C for 2 h. Double-stranded
¢DNA was digested with Dpn I, and the resultant fragments
were extracted from the digest by using a silicon-membranc-
based purification kit (Gene Elute Purification Kit; Sigma-—
Aldrich).

Linker-derived amplification of DNA fragments and sclect-
ive amplification steps of ¢cDNA RDA were performed accord-
ing to the method described by Hubank and Schatz (17).
Briefly. 0.1 pg of Dpn i-digested double-stranded ¢DNA
was ligated with RBam?24 and RBam 12 linkers (5). An aliquot
of 1 pl of the ligation solution was diluted with Tug mixture
(10 Ll of 10x Tag buffer, including 15 mM MgCls, and 0.2 mM
cach of ANTPs). The mixture was preheated to 72°C, and then,
Tag polymerase (Promega) was added and the mixture was
incubated at 72°C for 5 min to synthesize a complementary
strand against the overhanging region of RBam24. This was
immediately followed by a denaturation step (94°C for 2 min)
and 20 cycles of PCR (94-C for | min and 72°C for 8 min)
to non-specifically amplify 200-800 bp Dpn H-digested cDNA
fragments with linkers (amplicons). After amplification,
amplicons were redigested with Dpn II and purified with a
silicon-membrane-based purification kit to eliminate the
spliced linkers. Some amplicons, including the test RNA,
were religated with JBam24 and JBam 12 linkers. Amplicons
with the second linkers were mixed with a large quantity of
amplicons without the test RNA sequences.
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The mixture was precipitated with ethanol and 3 M sodium
acetate, dissolved in 4 pl of 3x EE buffer {30 mM EPPS [N-(2-
hydroxyethyl)piperazine-N'-3-propanesulfonic acid], 3 mM
EDTA, pH 8.0} and covered with mineral oil. After the
mixture was heated to 99°C for 4 min, 1 pl of 5 M NaCl was
added, and the solution was incubated at 67°C for 21 h. During
this incubation period, amplicons from normal cellular RNA
withalinkerincluded in the test amplicons were hybridized with
those {rom uninfected cells without a linker. After hybridiza-
tion, the reaction mixture was dituted to [00 pl with reaction
buffer of Tag DNA polymerase (Promega) as described above.
Amplicons having the linker sequence at both ends were
amplified by a denaturation step (94 'C for 2 min) and 20 cycles
of PCR (94-C for 1 min and 72°C for 3 min).

RNAs extracted from virus-infected cells were subjected to
cDNA RDA as described above, by using amplicons synthes-
ized from RNA obtained from uninfected cells.

Southern blot hybridization

¢DNA RDA-derived fragments in quantities ranging {rom
100 ng to 2 pg were separated on agarose gels, blotted onto
a Biodyne nylon membrane (Pall Co. Ltd, Port Washington,
NY) by capillary transfer in 20x SSC (3 M sodium chloride
and 0.3 M sodium citrate) for 16 h and fixed to the membrane
by baking in an oven at 80-C for 30 min. pClneo was used as
a probe for the in vitro synthesized RNA. A random primer
fabelling kit (BeaBest Labeling kit, Takara Shuzo Co. Ltd,
Kyoto, Jupan) was used for fabelling with P and hybridized
in SuperHybPlus hybridization solution (Sigma-Aldrich)
according to the manufacturers’ protocol.

Although amplicons are cloned into a vector to identify its
sequence, according to *Cartagena Protocol on Biosafety Text
of the Protocol’, amplicons trom SARS-CoV-infected cells
should not be cloned into any plasmid. Therefore, by perform-
ing hybridization, we identified that the sequences of amplic-
ons derived [rom SARS-CoV-infected cells were identical to
SARS-CoV. To determine probes for SARS-CoV, the PCR

products predicted from the genomic sequence and sizes of

¢DNA RDA products were amplified from the SARS-CoV
genome. These PCR products were purified, labelled with
DIG and independently hybridized using a slit of the nylon
membrane blotted with amplicons derived from SARS-CoV-
infected cells. DIG labelling and hybridization were carried
out according to the manufacturer’s instructions provided
with the DIG-hybridization kit (F. Hoffmann-La Roche Ltd,
Diagnostics Division, Basel, Switzerland). Hybridization was
carried out with DIG-labelled DNA probes at 65°C for 16 h
in DIG-hybridization solution.

Cloning and sequence analysis

The ¢DNA RDA-derived fragments were respliced with
Dpn 11, separated on agarose gels, extracted with a silicon-
membrane-based purification kit and cloned into pSPORTI
(Invitrogen). Plasmids that included ¢DNA RDA-derived
fragments were selected by colony PCR and purified with a
silicon-membrane-based purification kit. Three clones of the
plasmid were sequenced along with the fragment to detect
PCR errors. Sequences of the cDNA RDA-derived fragments
were determined using a DYEnamic ET-terminator kit
(Amersham Biosciences Corp., Piscataway, NJ) and an ABI
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Prism 310 sequencer (PerkinElmer Life and 'Anulylical
Sciences, Inc., Boston, MA) with M13 forward and reverse
primers (Takara Shuzo). We used the BLAST program on
NCBI to determine sequences that were homologous to the
isolated fragments.

RESULTS

Frequency distribution of hexanucleotides within the
ribosomal sequences

To predict the major RNA molecule in cellular RNA, we
synthesized cDNA from RNA extracted from normal bovine
cells, synthesized amplicons by using random primers, spliced
them with Dpn I and finally subcloned them into pSPORTI.
Among the sequences of 30 selected clones, the sequences of
25 clones and 5 clones were highly homologous 1o those of
ribosomal RNA and a 1399 bp satellite repeat (GenBank
accession no. VOO125). respectively. Based on this result,
ribosomal and satellite sequences were determined for analys-
ing hexanucleotide frequency. Since the reported ribosomal
sequences of mammals are highly homologous to each other,
we sclected rat premature 18S, 585 and 28S ribosomal
sequences as ribosomal sequences for hexanucleotide fre-
quency analysis. Genome sequences of SARS-CoV and
BPI3 were selected as representatives of RNA viral sequence.
Table 1 shows the probabilities [number of the patterns/(length
of sequence x 2)] of hexanucleotides in the human ribosomal
RNA, V00125 satellite repeat, BPI3 and SARS-CoV. If a
random sequence is assumed, frequencies would be distributed
according to the Poisson’s distribution, and the average of
frequency would be the same as the variance of frequency.
Although the average/variance ratios of all the four sequences
were <I, the ratio of ribosomal RNA was smallest in these
sequences (Table 3). This value suggests that the probabilities
of hexamer patterns of ribosomal RNA were strongly biased
from random sequence. Based on histograms of probabilities,
the distribution of the probabilitics of hexamer patterns in
ribosomal RNA differed greatly from those of VOO1235 satellite
repeat or BP13 (Figure 1). It should be noted that 8 hexanuc-
leotides did not exist and over 90 hexanucleotides were rare in
the ribosomal scquence. To determine primer sequences that
do not prime ribosomal RNA but prime viral RNA, the prob-
abilitics of hexamer patterns in ribosomal RNA and satellite
repeat were calculated. The hexamer patterns were then
realigned in an ascending order according to the sum of
probabilities, and the Ist to 96th patterns were selected as
non-ribosomal hexanucleotides, i.e. we sclected 96 rarest
hexanucleotide patterns (Table 2, non-ribosomal hexanuc-
leotides) in major transcripts in normal mammalian cells on
the assumption that ribosomal RNA and transcripts from satel-
lites are the most frequent transcripts in normal cells.

Table 3. Average and variances of frequencies of hexanucleotide patierns in
ribosomal RNAs, a satellite repeat (V00125), bovine parainfluenza virus 3
(BPI3) and SARS coronavirus (SARS-CoV)

Ribosomal RNAs  Satellite repeat BPI3 SARS-CoV

Average 26.8 1.9 10,6 186
Variance 2156.5 25 96.0  188.1
Average/variance (L0112 0.76 0.1 0.099
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Figure 1. Histogram of probabilities of hexanucleotide patterns in ribosomal
RNAs {A) a satellite repeat (BY. BPI3 and SARS-CoV (C). From cach
sequence, the frequency was determined for each hexanucleotide pattern by
using programs described in Materials and Methods. Probability was caleulated
as (frequency of a motif/total fength of sequence). For simple comparison,
the probabilities of ribosome RNAs and satellite repeat or SARS-CoV and
BPI3 were added {or each hexanucleotide pattern. Hexanucleotide patterns
were aligned according to their probubility in the ribosomal RNAs. When
the probubilities of hexanucleotide patterns were farger than 0.005, the data
were omitted.
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The rarity of non-ribosomal hexanucleotides in comparison
with  non-V00125-satellite and random hexamers was
confirmed in reported sequences of mammalian ribosomal
RNAs (Table 4). The probabilities were relatively low in
all the mammalian ribosomal sequences reported in GenBank.
It is considered that non-ribosomal hexanucleotides ineffi-
ciently primed ribosomal RNAs in reverse transcription. On
the other hand, the probabilitics ol non-ribosomal, non-
V00125-satellite or random hexamers were different among
the satelfite scquences.

Frequencies of non-ribosomal hexanucleotides
in viral genomic sequences

In addition to the inefficiency to prime ribosomal RNAs.
efficient priming of V00125-satellite-repeat and BPI3 with
non-ribosomal hexanucleotides is shown in Figure 1. To pred-
ict priming efficiency in many viruses, the probability of
non-ribosomal hexanucleotides in known viral genomes was
estimated. In 1791 viral sequences in ‘Genomic sequences of
viral species’, the median probabilitics of non-ribosomal hexa-
nucleotides of all known viral sequences is 13.2-37.6 x 10 °
(Table 5). When the average probabilities were calculated in
viral families, the minimum probability was 3.7 x 107 in
Herpesviridae and the maximum probability was 44.8 x 10 °
in Poxviridae (Table 5). These median values of probabilitics
in viral genomes were greater than those of ribosomal
RNAs (Tuable 4) and comparable with those of non-V0(0125
and random hexamers (Table 5). These data suggest that
non-ribosomal hexanucleotides prime ¢DNA synthesis in
most viruses.

Model experiment for differentiated amplification
of viral RNA by ¢cDNA RDA

The database analysis suggests that viral RNAs were effi-
ciently primed by non-ribosomal hexanucleotides in compar-
ison with ribosomal RNAs. We investigated the effect of
non-ribosomal hexanucleotides on ¢cDNA synthesis by using
in vitro synthesized plasmid RNA (artificial RNA)Y and total
cehiular RNA, including ribosomal RNAs. An autoradiogram
of **P-labelled double-stranded ¢DNAs that were synthesized
using non-ribosomal hexanucleotides or a random primer and
subscquently separated by agarose gel electrophoresis is
shown in Figure 2. When test and total cellular RNAs were
reverse transcribed individually, the efficiencies of ¢cDNA syn-
thesis from artificial RNA using random and non-ribosomal
hexanucleotides were almost similar; however, the elficiency
ol ¢cDNA synthesis of cellular RNA was markedly lower in
a non-ribosomal hexanucleotide-primed ¢cDNA sample than in
a random primer-primed ¢DNA sample (Figure 2A). In the
mixed samples of test and total cellular RNAs, ribosomal
RNAs were inefficiently reverse transcribed with non-
ribosomal hexanucleotides. The total incorporated counts in
non-ribosomal hexanucleotides-primed ¢DNAs  decreased
with a decrease in the proportion of the test RNA in the
mixed RNA samples (Figure 2A). It is considered that the
efficiency of reverse transcription depends on the proportions
of the test RNA in the mixed RNAs. When approximately the
same counts of ¢DNAs were loaded on the gel, synthesis
of ribosomal RNA-derived ¢DNA (ribosomal ¢cDNA) was
obvious in random primer-primed c¢DNAs (Figure 2B).
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