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To understand the pathogenesis and develop an animal model of severe acute respiratory syndrome (SARS)-
associated coronavirus (SARS-CoV), the Frankfurt 1 SARS-CoV isolate was passaged serially in young F344
rats. Young rats were susceptible to SARS-CoV but cleared the virus rapidly within 3 to 5 days of intranasal
inoculation. After 10 serial passages, replication and virulence of SARS-CoV were increased in the respiratory
tract of young rats without clinical signs. By contrast, adult rats infected with the passaged virus showed
respiratory symptoms and severe pathological lesions in the lung. Levels of inflammatory cytokines in sera and
lung tissues were significantly higher in adult F344 rats than in young rats. During in vive passage of
SARS-CoV, a single amino acid substitution was introduced within the binding domain of the viral spike
protein recognizing angiotensin-converting enzyme 2 (ACE2), which is known as a SARS-CoV receptor. The
rat-passaged virus more efficiently infected CHO cells expressing rat ACE2 than did the original isolate. These
results strongly indicate that host and virus factors such as advanced age and virus adaptation are critical for

the development of SARS in rats.

The epidemic of severe acule respiratory syndrome (SARS)
spread rapidly worldwide during the winter of 2003 to 2004
(16 http://www.who.int/esr/sars/country/en/). SARS-associated
coronavirus (SARS-CoV) has been identified as the etiological
agent of SARS (4, 5, 12, 14, 28). SARS-CoV has caused pro-
gressive respiratory failure and death of approximately 800
individuals. approximately 10% of over 8,000 patients (http:
fwww.who.int/csr/sars/country/en/). Commaon  symploms  of
SARS are fever, nonproductive cough, myalgia, and dyspnea.
An age of 60 years or older, comorbid disease, male sex. high
neutrophil counts, and several biochemical abnormalities are
associated with poor outcomes (1. 3, 16, 27, 38). Advanced age
in particular is recognized as an independent correlate of ad-
verse outcomes and a predictor of mortality.

Experimental animals, particularly monkeys, have been in-
feeted with SARS-CoV to analyze various pathogenic aspects
of SARS according to Koch's postulates and to develop animal
models to evaluate potential vaccines and antiviral agents (2, 5,
6,7, 14,17, 24, 30, 31, 34). Cats. terrets, mice, pigs, guinea pigs.,
hamsters, chickens. and rats have also been investigated for
SARS-CoV susceptibility (22, 23, 32, 33, 39). All these animals
are susceptible to SARS-CoV alter intrarespiratory inocula-
tion and cxhibit virus excretion in pharyngeal or nasal swabs,
histopathological pulmonary lesions, and scroconversion, In
monkeys, aged mice, and Syrian hamsters, infection is not
lethal but results in consolidative pneumonitis that resolves
within | week (7, 24, 30, 32, 33, 34). Thus. cxisting animal
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models are useful o analyze the pathology associated with
carly phases of SARS-CoV infection and to provide insights
into early events in SARS-CoV infection.

The SARS-CoV spike (S) protein mediates the infection of
receptor-bearing cells, Tn the case of several avian and mam-
malian coronaviruses, the S protein is cleaved by furin or o
related protease into §1 and 82 proteins. The S1 protein bears
the receptor attachment site, and the S2 protein mediates
fusion activity (15). Angiotensin-converting enzyme 2 (ACL2)
is & functional receptor for SARS-CoV that binds SARS-CoV
S protein with a high affinity (18 19, 20). Several reports
suggest that ACE2 is a physiologically relevant receptor during
infection, Tts protein expression pattern corresponds 1o the
localization of virus infection in humans and animals (10, 35).
Also, the efficiency of infection in humans and other species
correlates with the ability of ACEZ2 in that species 1o support
viral replication (18, 21). Structural analysis of the peptidase
domain ol human, palm civet, mouse, and ral ACE2 with the
SARS-CoV receptor-binding domain of S1 has dentilicd as-
pects of that interface that enable efficient cross-species infee-
tion and human-to-human transmission (18). Interestingly, rat
ACE2 does not support infection by SARS-CoV.

The objectives of this study were to understand the patho-
genesis of and develop an animal model for SARS. We Tound
that the Frankfurt 1 isolate of SARS-CoV replicated in the
respiratory tracts of F344 rats without associated clinical symp-
toms. We passaged the Frankfurt 1 isolate serially in young
F344 rats and found that by the 10th passage. the virus was
altered such that it replicated more efficiently in rals than did
the original virus. Furthermore, adult rats showed more severe
acute lung injury than did young rats after infection with the
passaged virus, Higher levels of eytokines were seen in adult
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rats than in young rats after infection. Analysis of the nucleo-
tide sequence of passaged virus encoding relevant ST domains
identificd @ missense mutation in the receptor binding domain.
We found that this mutation is responsible for more efficient
viral replication in rats. Comparative analysis of immune re-
sponses including an elevation in cytokine levels and his-
topathological findings in young and adult animals is crucial for
understanding SARS pathogenesis.

MATERIALS AND METHODS

Viruses and cells, Ihe SARS-CoV Franklurt | isolate used here was kindly
supplicd by John Zicbuhr, Institute of Virology and Immunology, University ol
Wurzburg. Wurzburg. Germany. Virus was propagated twice in Vero Eo6 cells
purchased from the American Type Culture Collection (Manassas, VA). Vero
6 cells were cultured in Eagle's minimal essential medium (MEM) contuining
57 Tetal bovine serum, 501U of penicillin G, and 50 pg of streptomycin per ml.
Titers ol this stuck were expressed as 507 of the rissue culture infectious dose
(TCID,). which was calculated according o the Behrens-Kiirber method using
Vero E6 cells. Work wath infectious SARS-CoV was performed under biosatety
Jevel 3 conditions,

Eaperimental infection of rats with SARS-CoV, F344 ruts (dweek-old lemales
purchased from Japan SLC, In¢.) were inoculated intranasally with SARS-CoV
in a volume of 100 pl into the left nostril under anesthesia using an intraperi-
toneal ijection of (L1 ml 10 g body weight of 10O mg of ketamine (Ketalar) plus
0.02 mg of svlaane. Fach animal was bled under ether ancsthesia and sacrificed
on days 3.5, 7, and 21 postinoculation (p.i.). Animals were housed in biosafety
Tevel 3 animal facilities, Protocols tor animal experiments were approved by the
Animal Care and Use Committee of the National Institute of Infectious Dis-
cases, Tokyo, Japan.

Serial in vive passage of SARS-CoV in rats. The Frankfurt 1 isolate was
serially passaged 10 times in 4-week-old female F334 rats. After intranasal
mocalation. three rats were sacriliced on day 3 p.i. o collect bronchoalveolar
wash fluids. Lungs were removed under sterile conditions, washed three times,
and homogenized in 2 ml phosphate buffer containing 0.1% bovine serum albu-
min, 20 1U of penicillin G, 20 pl of stre ptomyein, and 1 pe of amphotericin B per
ml. The wash flund was then senially inoculated into F344 rats 10 times. At the Sth
and 10th passige, wash Qs (F-ratV and F-raiX. respectively) were checked for
virulence in rats. After 10 passages. lung homogenates were centrifuged at 2,000
rpm for 20 min, and the supernatant was used to infect Vero E6 cells. Cells were
infected with | ml of the homogenates in 100 ml of MEM containing 2% fetal
bovine serum. After | h of absorption, the inoculum was removed, and MEM
containing 2% fetal bovine serum was added. Infected cell cultures were con-
tinuously incubated at 37°C with 5% CQ,. Cells were harvested 2 days after
infection and treated once by freeze-thawing. After centrifugation at 2,000 rpm
tor 20 mun. the supeinatant was used as the virus inoculum (F-ratX-Veroko).

Frankfurt 1, F-ratV. F-ratX, and F-ratX-VeroE6 were intranasally inoculated
inlo d-week-old female F344 rats. While still under ether anesthesia. the rats
were bled and sacrificed by exsanguination on days 3. 5. 7. and 21 pa. respec-
tively, Three of the six rits were analyzed for virus replication and cvtokine
responses. and the other three were investigated histopathologically on cach day.
F-ratX-Verol:o was similarly inoculated into adult F344 rats (7- to B-month-old
males purchased from Charles River, Inc., Japan). After intranasal inoculation
with 100 gl of the virus. three adult rats were bled under ether anesthesia and
Killed by exsanguination on days 3, 5, and 7 p.i. to analyze virus replication and
evtokine responses. Adult rars were also used for pathological examination on
divs 3, 5, 7, 14, and 21 pui. Follow-up experiments were performed using 200 g1l
of strain F-ratX-Verok6 using adult rats for pathological examination on days 3,
5.7, and 14 pa.

Virus isolation and titrution. Tissue homogenates (207 [wuvol]) from lung or
maxilla including nasal cavity were prepared in MEM containing 27% fetal bovine
serum, 501U of penicillin G, 50 pg of streptomycin, and 2.5 pg of amphotericin
B per ml. Samples were clarified by centrifugation at 2.000 rpm for 20 min, and
supernatants were inoculated onto Verokb cell cultures for virus isolation and
titration.

Neutralizing antibody. Plasima sumples were diluted rwofold in a range from
110 to 1:320 with MEM containing 2% fetal bovine serum, 50U of pemeillin G,
30 pg of streptomycin, and 2.5 pg of amphotericin B per ml. Eich sample was
mued with the same volume of MEM containing SARS-CoV at an infectious
dose of 100 TCID,, per 10 wl. and the mixture was incubated for 1 h at 37°C for
neutralization. Atter incubation, 100 wl of each sample was inoculated onto
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monolavers of Vero E6 cells in 96-well culture plates, which were incubated at
37°C with 5% CO,. After 48 h, cells were examined for cytopathic effects (CPLs)
I'he neutralizing antibody was determined as a reciprocal of the highest dilution
at which a CPE was not observed.

Histopathology and i histock
perfused with 10 ml of 107 phosphate-buffered formalin. Fixed tissues of lung,
heart, kidney, liver, spleen, small and large intesting, brain, spinal cord, and
maxilla including nasal cavity were routinely embedded in paraftin, sectioned.
and stained with hematoxylin and cosin. Maxilla samples were deealefied in
phosphate-buffered saline (PBS) (pH 7.4) plus [0% FIYTA before embedding.
Immunohistochemical detection of the SARS-CoV and ACE2 antigens was
performed on parallin-embedded seetions. Rabbit antibodies agamst SARS-CoV
and recombinant human ACE2 (R&D Svstems, MN) were used as first anubod-
tes, Alter deparallinmg with xylene, sections were hydrated e ethanol and un-
mersed in PBS. Antigens were retrieved by hvdrolytic autoclaving for 20 min at
121°C in 10 mMTiter sodium citrate-sodiuvm chloride butter (pH 6.0). After
cooling. sections were immersed in PBS. Endogenous peroxidise was blocked by
1% hydrogen peroxide in methanol for 30 min. After washing in PBS, the
sections were treated with normal riabbit serum for 5 min and then incubated
with antibodies agamst SARS-CoV or ACE2 overnight at 4°C, After thice
washes in PRS, the sections were incubated with biotin-conjugated anti-rabbi
immunoglobulin G for 30 min at 37°C, followed by streptavidin: peroxidase for 30
min at room temperature. Peroxidase activity was developed in diaminohenz-
dine with hvdrogen peroxide. Nuclei were counterstained by hematoxylin,

RNA extraction, RT-PCR, and sequencing. One hundred microliters of wash
fluids and lung homogenates was treated with TR1zol (Invitrogen, Gaithersburg,
MD) according to the manufacturer’s instructions and then teated with DNase
1 (Promega, Madison, WI). RNA was dissolved in 20 pl RNase-free water, RNA
extracted from the wash fluids and lung homaogenates was used 1o generate
¢DNA. One microgram of eluted RNA samples was reverse transcribed using the
ImProm-11 reverse transeription (RT) system (Promega, Madison, W) in a 20-pl
reaction mixture containing 0.5 pg of random primers. (L5 mM of deoxynucleo-
side triphosphates, 30 units of rRNasin RNase inhibitor, and 4 mM of MgCl..
Mixtures were annealed at 25°C for 5 min and then incubated at 42°C for 60 min
for extension, followed by heat inactivation at 70°C for 15 min, Reverse-tran-
seribed products were stored at —20°C, A primer pair targeting the ORF7b
region of SARS-CoV sequences (27415P |3 -CTCTTGCTGACAATAANT-3'|
and 2779UN [5'-GAGAAGTTTCATGTTCGT-3']) was used lo detect deletion
mutants. For PCR, 2.0 pl of cDNA was amphfied in a 30-pl reaction mixture
containing 0.2 uM cach of forward and reverse primers and a high-fidelty PCR
Master kit (Roche Diagnostics, Indianapolis. IN). PCR was performed as fol-
lows: (i) 4 min at 94°C and then (i1) 35 cveles, with 1 cvele consisting of 1 min at
94°C, 90 s at 55°C. and 2 min at 72°C. Products were analyzed by agarose gel
clectrophoresis. Water controls were meluded in each assay, and no false posi-
tives were observed in negative-control reactions.

In subsequent experiments, four pairs of primers targeted to spike coding
region sequences (nucleotides 20731 to 26610) were used to analyze the virus
genome from lung homogenates. Regions and primers were as follows: PCRLS-2
(5 -AATACACCTACTTTAGCTGTACCCTACAAC-Y) and Sr10 (3°-ATCAC
CGACTGTGACTTG-3) for region 1, SeqS1 (S-TTGICCGTGGTTGGGT
TITGG-3') and PCRIGR (5 -GTAATAAAGAAACTGTATGGTAACTAGO

rv. Animals were anesthetized and

C-3") and Srd (3-CCATTGAACTTCTGCGCA-3") for region 3, and 87 (5-C
CTOGACCCTCTAAAGCCA-3") and PCRIBR (5-TCTGTAGACAACAGCAA
GCACAAAACAAGC-3') for region 4. For PCR. 1.0 pl of cDNA was amplified
in a 50-ul reaction mixture containing (.15 pM each of forward and reverse
primers using the Expand Long PCR system (Roche Diagnostics, Indianapolis,
IN). PCR was performed as follows: (i) 2 min at 94°C and (i1) 40 cycles, with 1
cyele consisting of 10 s at 94°C, 30 s at 35°C, and § min at 68°C. Correctly sized
products were purilied by using a QIAquick gel extraction kit (QIAGEN GmbH
Germany) and sequenced using a BigDye Terminator v3.1 Cycle Sequencing kit
(Applied Biosystems. Foster City. CA). Sequencing products were analvzed by
using an ABI PRISM 3700 DNA analvzer (Applicd Biosystems. Foster City,
CA). Both sense and antisense sequences of PCR products were sequenced at
least onee.

Cytokine multiplex analysis. Samples of sera and supernatants of 20% ho-
moagenates of lungs were analyzed for 10 cytokines (interleukin-la |1L-la}.
1L-1, 102, 1L-4, 1L-6. IL-10, IL-12, wmor necrosis factor alpha [TNF-a].
gammir interferon [[FN-y], and granulocvie-macrophage colony-sumulating ac-
tor) with Luminex 200 (Luminex Ca. Austin, TX) usmg a Rat Cvtokine 10-plex
antibody bead kit (BioSource International, Inc.. Camarillo, CA) according to
the manufacturer’s instructions. Both samples were subjected to UV irradiation
for 10 min and stored at —80°C. Homogenized lung tissue samples were diluted
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1:1 in cell extraction bufler (10 mM Tris, pH 7.4, 100 mM NaCL 1 mM EDTA,
| mM EGTA. | mM NaF. 20 mM Na,P,0, 2 mM Na,VO,, 1% Triton X-100,
10% glycerol, 0.1% sodium dodecyl sulfate, and 0.5% deoxycholate; BioSource
International. Inc., Camarillo. CA) for 30 min on ice with vortexing at 10-min
intervals and centrifuged at 13,000 rpm for 10 min at 4°C. Supernatants were
diluted 135 in assay diluent and assayed, Multiplex beads were vortexed and
sonicated for 30 s, and 25 wl was added to each well of a 96-well filter plate and
washed twice with wash buffer. Samples were diluted 1.2 with assay diluent
and loaded onto a Millipore Multiscreen BV G6-well flter plate 1o which 50 pl
of incubation bufter had been added to cach well. Serial dilutions of cytokine
standards were prepared in parallel and added to the plate. Samples were
incubated on a plate shaker in the dirk at room temperature for 2 h. The plate
was applied to a Millipore Multiscreen vacuum manifold and washed twice with
200 pl wash buffer, and 100 pl of biotinylated anti-rat multcytokine detector
antibody was added to each well. The plate was shaken again as described above
for 1 h. applied to a Millipore Multiscreen vacuum manifold, and washed twice
with 200 ! wash bulfer. One hundred microliters of streptaviding R-phyeo-
erythrin was added directly to each well, and the plate was shaken again as
described above for 30 min, applied to the vacuum manifold, and washed rwice,
One hundred microliters of wash buffer was added to each well, and the plate was
shaken for 3 min. The assay plate was analyzed using the Bio-Plex Luminex 100
XYP instrument. Cytokine concentrations were calculated using Bio-Plex Man-
ager 3.0 soltware with a flive-parameter curve-fitting algorithm applicd for stan-
dard curve caleulations.

Infection of rat ACE2-expressing CHO cells with in vive-passaged SARS-CoV.
Rat ACE2 cDNA was amplified by PCR trom reverse-transcribed rat kidney
RNA using primers mACE2f2 (5-TTGCTCAGTGGATG ATCTTGGC-3')
and ratACE2rl (5-GCATACAGTAAAATGACGACGAGTG-3) and cloned
into a pcDNA 3.1(+) vector (Invitrogen, Grand Island. NY). A variant rat ACE2
gene with amino acid residues 82 1o 84 (NYS) altered to residues corresponding
to human ACE2 (MYP) was generated as described previously by Li et al. (20)
and cloned into pcDNA 3.1(=). CHO cells were transfected with plasmids
encoding either form. Cells were infected with the Frankturt Lisolate or F-ratX-
VeroE6 at a multiplicity of infection of 0,002, and culture supernatants were
harvested 72 h p.i. for virus titration.

Molecular modeling of a complex of rat-passaged SARS-CoV spike protein
and rat ACE2, To predict the three-dimensional (3-13) structure of the receptor
binding domain of rat-passaged SARS-CoV spike protein complexed with rat

ACEZ2, we used the crystal structure of the receptor binding domam of SARS
CoV spike proteinfhuman ACE2 complex at a 2.9 A resolution (Protein Data
Bank accession number 2A0F) (18) as a template for homology modeling, 3-1
muodels were constructed independently by a homology modeling technigue using
MOE-Align and MOE-Homaology in the Molecular Operating Lnvironment
(MOI:) (Chemical Computing Group Inc.. Canada) as deseribed previously (11)
3-D structures were thermodynamically optimized by energy minimization using
MOE and an AMBERY9 force ficld (29). Physically unacceptable local structures
of optimized 3-D models were further refined using the Ramachandran plot
program packaged in MOE.
Statistical analysis. All data were analyzed by Student's ¢ test.

RESULTS

Enhanced virulence of SARS-CoV after serial in vivo pas-
sage in rats. Three days after intranasal inoculation with the
Frankfurt 1 isolate of SARS-CoV, histopathological lesions in
lungs of young F344 rats (4-weck-old [emales, three rats per
group) were mild, and virus antigen-positive cells were rarely
seen (Fig. 1A). During 10 serial passages of the Frankfurt |
isolate, the virus was consistently identified in the maxllar
tissue. including the nasal cavily, lung tissue, and lung fluids
(Fig. 1B). In nasal wash fluids, infectious virus was not detect-
able alter the fourth passage.

It has been reported that a variant of the Franklurt | isolate
emerged in which 45 nucleotides (nucleotides 27670 to 27714)
are deleted within ORF7b upon replication in cell culture (36).
Thus, the Frankfurt 1 isolate used in the present study was a
mixture of the original virus without the deletion and a variant
carrying the deletion (Fig. 1C). A variant with the deletion in
the ORF7b region was detected in nasal and lung washes of
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FIG. 1. Experimental infection and serial in vivo passages of
SARS-CoV in young F344 rats (4-week-old females; n = 3). (A} Tle-
matoxylin- and eosin-stained tissue section of lung. After intrunasal
inoculation with the Frankfurt 1 isolate, no inflammatory reaction in
bronchi was abserved. A few virus-positive cells in bronchi were seen
by immunohistochemistry using SARS-CoV-specific antibody (inset,
arrowheads). Br, bronchi; Al, alveoh: BV, blood vessel (magnification,
% 20, inset magnification, x40). (B) Virus titers were detected in the
maxilla including nasal cavity and lung tissue homogenates and lung
wash fluids following 10 serial passages. The detection hmit was 10"
TCIDgyg of tissue. (C) DNA of serially passaged virus was amplified
by RT-PCR of lung wash flutds using primers specific for ORF7b-
encoding cDNA. No ORF7b deletion mutant was replicated during the
serial passage. Positive indicates that the Frankfurt | isolate wus am-
plified by RT-PCR; negative indicates that distilled water was used as
a negative control. (1) Viral DNA was amplified by RT-PCR ol nasal
and lung wash fluids on day 3 pa. using ORF7b primers. A 45-nucle-
otide in-frame deletion in ORF7b was detected in nasal and lung wash
fluid from one animal (animal 3) and two animals (animals 1 and 2)
after infection with the Frankfurt 1 isolate, respectively. F-ratV and
F-ratX virus were passaged 5 and 10 times serially. respectively. The
same positive and negative controls were used in C.

Frankfurt 1-infected rats; however. during serial passage in
vivo, that variant was not detected (Fig. 1C and D). Replica-
tion and pathogenicity of the 5th and 10th serially passaged
viruses (referred to as F-ratV and F-ratX, respectively) in the
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FIG. 2. Histopathologies of lung (A to E) and nasal cavity (F to H) in young F344 rats (4-week-old females; n = 3) after intranusal inoculation
with serially passaged virus. Br, bronchi; Al, alveoli; NC, nasal cavity. (A) No inflammatory infiltrates in lung after inoculation with the Frankfurt
| isolate were observed on day 3 p.i. (hematoxylin and eosin staining) (magnification, x 10). (B and C) Slight inflammatory reactions around
bronchioles were observed in F344 rats after intranasal inoculation with five-times-serially-passaged Frankfurt 1 strain F-ratV on day 3 p.i.
(C) Extensive cellular debris in bronchioles comprised of necratic epithelia and inflammatory cells (magmification, x50). Immunohistochemical
staining using SARS-CoV-specific antibody detected virus antigen-positive eells in bronchioles and epithelial cells (C, mset) (immunohistochem-
istry) (magnification. % 100). (D and E) Expanded inflammatory reactions around bronchioles and the alveolar area were abserved in F344 rats
after inoculation with 10-times-serially-passaged Frankfurt 1 strain F-ratX on day 5 (magnifications, x 10 [D]. x50 [E]. and %100 [inset]) p.i. Small
hemorrhages (*) and infiltration of lymphocytes were obsewved in peribranchiolar alveoli (E, inset). (F) No inflammatory reactions or virus
antigen-positive cells were observed in the nasal cavity after inoculation with the Frankfurt 1 isolate on day 3 p.i. (G) Degenerated virus
anligen-positive epithelial cells were observed in the nasal cavity after moculation with F-ratV on day 3 p.i. (H) Massive inflammatory reactions
and virus antigen-positive cells were observed in the nasal cavity alter inoculation with F-ratX on day 3 p.i. (magnification, <25 [F to H]).

respiratory tract of young F344 rats were higher than that seen E.and H). Inflammatory reactions, including neutrophils, mac-
with the original Frankfurt 1 isolate (Fig. 2 and Table 1). rophages, and lymphocytes. as well as microhemorrhage, were
Young F344 rats inoculated with the original Frankfurt 1 iso- scen on day 5 p.i. (Fig. 2D and E). Thus, serial in vivo passage

late showed neither inflammatory lesions in lung nor virus of virus in young rats increased SARS-CoV virulence. None of
antigen-positive cells in the nasal cavity on day 3 p.i. (Fig. 2A young F344 rats inoculated with the Frankfurt 1 isolate, F-
and F). After intranasal inoculation with F-ratV, virus antigens ratV, or F-ratX showed any obvious clinical signs, and they

were observed immunohistochemically in the respiratory epi- survived until the observation period.

thelia of the trachea, bronchi, and nasal cavity, which was Increased pathogenicity of serially passaged SARS-CoV in
accompanied by slight inflammatory reactions on day 3 p.i. adult rats. In humans, advanced age is associated with greater
(Fig. 2B, C, and G). More virus antigen-positive cells were seen mortality in SARS patients. Thus, we analyzed potential dif-
in respiratory epithelia including the alveolar arca of strain ferences in clinical and pathological features following infec-
F-ratX-inoculated rats than in Frankfurt 1- or F-ratV-inocu- tion of young (4-week-old females) and adult (7- to 8-month-
lated rats along with severe inflammatory reactions (Fig. 2D, old males) rats with F-ratX. Since quantities of the F-ratX

TABLE 1. Experimental infection with SARS-CoV in F344 rats

No. of animals with inflammarory reaction/total no. of ammals (no. of

virus-positive animals/total no. of animals)” No. of neutralization
o] Virus stram antibody-positive animals
Animal age (1K)l inoeulum) 3 days pii 7 day pa 21 days p.i. total no. of ammals (titers
- - of antibody to Frankfurt)
Nasal cavity Lung Nasal cavity Lung Nasal cavity Lung
4 wk Frankfurt 0/3(1/3) 0/3 (0/3) 0/3(0/3) 0/3 (0/3) /3 (0/3) 073 (0/3) 3325 2020
4 wk F-ratX-VeroE6 3/3(373) 3/3 (3/3) 33.(313) 3/3(3/3) 0/5 (0/5) 4/5 (0/5) (2L 2, LB
7-8 mo F-ratX-VeroEo6 33 (33) 33(3/3) NE 3/3 (2/3) NE 22(072) 22727, «2%

“ NE, not examined.
" Sera were collected on day 14 p.i.

—J36—



1852 NAGATA ET AL.

Young rats

J. VIROL.

FIG. 3. Histopathological ﬁndmgs in Eungs of young and ﬁdulr F344 rats af[u intranasal mh:ctmn \mth 10-times- sunll\ p'mswud SARS-CoV

strain F- rat‘( VeroE6 on days 3. 5, and 7 p.i. (n = 3). Br. bronchs; Al, alveoli: AD, alveolar duct. (A to C) Inflammatory reactions were ohserved
around the branchi with leukocytes and lymphocytes (B) and alveolar ducts and alveoli (C) of young F344 rats on day 3 p.i. Immunohistochemical
staining with SARS-CoV-specific antibody detected virus antigen-positive cells in those epithelial cells (B and €, nsets). (D w0 F) Massive
inflammatory reactions with pulmonary edema and neutrophil and activated macrophage infiltrations were ubserved in lungs of adult F344 rats on
day 3 p.i. Bronchi and alveoh were filled with extensive cellular debris comprised of necrotic epithelia and inflammatory cells (E and F).
Immunohistochemical staining by SARS-CoV-specific antibody detected virus antigen-positive cells in necrotic cells and alveolar macrophages
(arrow) (E and F. insets). (G) SARS-CoV antigen-positive cells in the alveolar macrophages of adult F344 rats on day 5 p.i. (H and 1) Various
stages of the inflammatory response and regeneration reaction in the alveali of adult F344 rats on day 7 p.i. Necrotic macrophages (H, arrow) and
cllusion substances in alveoli (H, inset) are shown, Mononuclear cell infiltrations and regencrated type I alveolar cells (Larrow) in alveoli (1, inset)

are shown. Magnifications, =5 (A and D), %25 (E and G to 1), x50 (B, C.

preparation were limited, the virus was propagated once in
Vero E6 cells (referred to as F-rat-X-VeroE6) before inocu-
lation.

Histopathological features of the lung tissue 3 days afler
infection with the F-ratX-VeroE6 strain (100 ul of 10
TCIDs,) differed between young and adult rats (Fig. 3 and
Table 1). In young rats without clinical symptoms, inflamma-
wory inliltrates were seen around bronchi, bronchioles, and
alveoli (Fig. 3A to C). Virus antigen-positive cells were located
at epithelia of the bronchi, bronchioles. and alveoli at day 3 p.i.
(Fig. 3B and C, inset). Inflammatory cells such as neutrophils,
macrophages, and lymphocytes infiltrated around the affected

and F), and <100} (E to 1. insets).

respiratory tracts (Fig. 3B and ). Mild edema was seen
around blood vessels (Fig. 3B). By contrast, after infection.
adult rats became lethargic and showed ruffled fur and abdom-
inal breathing. Grossly, a few lobes of the lungs showed con-
gestion, edema, and consolidation at days 3 and 5 p.i. Further-
more, the inflammatory reaction, especially pulmonary edema,
was more severe in adult than in young rats (Fig. 3D). His-
topathological features of lung tissue on days 3 (Fig. 3E and F),
5 (Fig. 3G), and 7 (Fig. 3H and T) p.i. showed bronchiolitis
obliterans organizing pneumonia and diftuse alveolar damage,
which are observed in early phases of human SARS. The major
inflammatory cells in alveoli were neulrophils and activated

i
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FIG. 4. Induction of inflammatory cytokines at the protein level in sera and lungs tollowing SARS-CoV infection. (A) Cyvtokine levels in sera
of F344 rats after infection. In F-ratX-VeroE6-inoculated adult rats (1 = 3). serum levels of all eytokines were significantly higher than those seen

in young l.m (n

(:) L\luknm lL\Ll‘s n! JL|LI|l F 7\44 ruts bqun. mfu.[mn (n = h) were as h)ilnwa I[—N Y, "Ii b Pé— ml TNF-«, 1\1 77 pyml 1L —lu\

.1} mur |n|ullun. IFN-y IL\LI'\ n I -f 1l‘\ \mrn'rb-mncul lll.(l voung dnd adull rats were \I}:ﬂlfil..lnﬂ)’ higher 1h.|rl those seen in rats lllumi.md \\llll
the Frankfurt 1 isolate, 1L-6 and IL-10 levels of F-ratX-VeroEb-inoculated adult rats were signilic;lnll_\' hugher and lower. respectively. than those
seen in voung rats. # <2 0,05 compared with medium-inoculated yvoung F344 rats. (C) Virus titers of nasal and lung wash fluids and homogenates

ot maxilly including nasal cavity and lung of rats (& = 3) after infection, The detection limit was 10/

macrophages. Fibrin deposition and hyaline membrane forma-
tion in alveolar ducts and alveoli were observed (Fig. 3F). By
immunohistochemical  staining. virus antigen-positive cells
were alveolar macrophages and necrotic cells in the lesion (Fig.
3E to G, inset). There were no histopathological changes in the
extrapulmonary tissues (brain, spinal cord. heart. liver. kidney.
spleen, thymus, and gastrointestinal tract) of any of the animals
examined. All the animals survived until the observation pe-
riod.

Induction of cytokines in SARS-CoV-infected young and
adult rats. To analyze the differences in pathogenicity seen in
voung and adult rats after infection with F-ratX-VeroE6, we
examined cytokine levels in sera and lung homogenates (Fig.
4). Young F344 rats inoculated with medium containing 2%
fetal bovine serum (100 pl) or the Frankfurt 1 isolate (100 pl
of 107 TCID.,,) served as controls. F-ratX-VeroE6 strain-in-
fected adult rats showed significantly elevated levels of all 10
cytokines examined (P < 0.05) compared with mock-infected
voung rats (Fig. 4A). Levels of all 10 cytokines were also
significantly different (2 < 0.03) between young and adult rats
infected with F-ratX-VeroE6, Adult rats showed elevated lev-
els of IFN=y (P < 0.01), IL-1a (P = 0.01), IL-6 (P < 0.01).
IL-10 (P < 0.01), IL-12 (P < 0.01), granulocyte-macrophage
colony-stimulating factor (P = 0.02), IL-4 (P < 0.01), and
-1 (P < 0.01) after inoculation (P value between prein-
fected adult rats and F-ratX-VeroE6-infected adult rats on day
3 p.i).

In lung homogenates, F-ratX-VeroE6-infected young and
adult rats showed elevated levels of IFN-y (P = 0.012 on day

S TCID4yg of tissue.

3and P = 0.029 on day 5 for young rats; P = 0.031 on day 3.
P < 001 on day 5, and P = (.032 on day 7 for adult rats)
compared with mock-infected young rats (Fig. 4B). Elevated
levels of IL-6 were observed carly in infection in adult rats
infected with F-ratX-VeroE6 compared with mock-infected
rats (P = 0.028). Intcrestingly, 1L-10 levels. which were signil-
icantly clevated in sera. deceased significantly in lung homog-
cnates from adult rats infected with F-ratX-VeroE6 (P = (0.046
on day 5 and P < 0.01 on day 7 between mock-infected voung
rats; P << (.01 on day 3, P = (.055 on day 5, and P = 0.009 on
day 7 between strain F-ratX-VeroE6-infected young rats).
Virus titers increased significantly (7 < 0.05) in nasal and
lung washes and in maxillar and lung homogenates of strain
F-ratX-VeroE6-infected young rats on days 3 and 5 p.i. com-
pared with strain Frankfurt 1-infected young rats (Fig. 4C). In
contrast. in adult rats infected with the F-ratX-VeroEb strain,
virus titers increased significantly (P <2 (L.03) only in maxilla on
day 3 p.i. and in lung washes on day 5 p.i. At day 7 p.i., the virus
could not be isolated from the lungs of young and adult rats.
Introduction of a missense mutation within the ACE2 bind-
ing domain of the S protein of SARS-CoV during serial in vivo
passage in rats. Immunohistochemical analyses revealed that
ACE2 antigen-positive cells were found in respiratory epithelia
of the trachea. bronchi, bronchioles, and alveolar cells of F344
rats (Fig. 5A). The ACE2 protein was most abundantly ex-
pressed on cilia of the trachea and intrapulmonary bronchus
(Fig. 3A). ACE2 expression was also seen on the apical surface
of bronchiolar cells and alveolar pneumocytes. During serial in
vivo passage of SARS-CoV in F344 rats. virus replication sites
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FIG. 5. Correlation of ACE2 expression and infection of serially passaged SARS-CoV in F344 rats. (A) ACE2 antigen-positive cells were
Llct{;;_'[;d on respiratory epithelia of the intrapulmonary bronchus (IB), bronchi (Br), and alveolar cells (Al) using immunohistochemical stm’nin;k
with anti-human ACE2 polyclonal antibody (magnification, *50: inset magnification, x100). (B) Binding of rat ACE2 to SARS-CoV i
ACEZ-expressing CHO cells. The F-ratX strain was detected at a higher fiter than the Frankfurt 1 isolate in rat ACEZ-expressing C HO LL”"
(ratACE2) at 72 h p.i. Both Frankfurt 1 and F-ratX strains replicated in cells expressing variant forms of rat ACE2 in which residues 82 to 84 (NYS)
were altered to human ACE2 (MYP) (ralACE2ZMUT2). The figure represents three experiments with similar results, (C) Molecular modeling ol
the rut-passaged SARS-CoV spike receptor binding domain complexed with rat ACE2. Green, rut ACE2; blue. Frankfurt | isolate; red. F-ratX
strain. (D) Localization of ACE2 antigen-positive cells after infection with SARS-CoV on day 3 p.i. by staining with anti-human ACE2 polyclonal
antibody. Br, bronchi; Al alveoli. ACE2 antigen localized to alveolar cells and hronchial epithelial cells in lung of adult rats after mock infection
(top, adult F344 rat after intranasal inoculation with MEM). ACE2 antigen-positive cells disappeared in affected bronchi of both young and adult
rats (middle, young rat; bottom, adult F344 rat [both after intranasal inoculation with F-ratX-VeroE6]). High expression of ACE2 was found 1n
the apical side of regenerated tvpe 1T alveolar cells in lesion areas of voung rats. Reduced ACE2 expression was observed in inflammatory areas
of adult rats (magnification, ®30; inset magnification, x 100).

in lung extended from the bronchus to the alveolar area where expressing CHO cells. F-ratX replicated more efliciently in
ACE2-positive cells were located (Fig. 2 and 5A). ACE2 ex- these cells than the Frankfurt | isolate, while both viruses
pression appeared to correlate with the extent and location of replicated at the same level in CHO cells expressing an ACE2
virus antigen-positive cells. To examine whether infection by variant in which amino acid residues 82 to 84 (NYS) were
rat-passaged virus is efficiently mediated by rat ACE2, F-ratX replaced by the corresponding MYP motif seen in human
and the Frankfurt 1 isolate were inoculated onto rat ACE2 ACE2 (Fig. 5B). Sequence analysis of the F-ratX strain re-
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vealed an A-10-C point mutation at nucleotide 1325 in the
region encoding the ACE2 binding site of S1. This mutation
resulted ina Y-to-S amino acid change at position 442 in the S
protein. The 3-D structure of a complex of the receptor bind-
ing domain of the S protein and rat ACE2 predicts that the
binding interface might be altered by such a mutation (Fig.
5C). ACE2 expression was examined by immunohistochemis-
try in young or adult rats after infection with F-ratX-VeroE6
(Fig. 5D). ACE2 antigen-positive cells disappeared in the af-
[ected bronchi of both young and adult rats. In young rats.
however, ACE2 expression was sceen in regenerated type 11
alveolar cells, By contrast, ACE2 antigen-positive cells were
rarely observed in lung lesion areas of adult rats. Thus. ACE2
expression is highly downregulated in the F-ratX-VeroE6-in-
fected adult rats.

DISCUSSION

Our goal was to understand the pathogenesis of SARS-CoV
and develop an animal model of SARS. We demonstrated that
scrial in vivo passage of & human isolate of SARS-CoV. Frank-
furt 1, in young F344 rats resulted in the increased virulence of
SARS-CoV. The increased infectivity of SARS-CoV after se-
rial passage in F344 rats was correlated with a single amino
acid change in the receptor binding domain of the S1 protein,
which mediates efficient SARS-CoV binding to ACE2 recep-
tor-expressed rat cells based on both in vitro and structural
studies. Adult F344 rats showed severe pathological changes
compared with voung F344 rats, and those changes were sim-
ilar to features of human pathology recognized in the SARS
cpidemic of 2003 to 2004, Here. we demonstrate that both
virus and host factors are crucial tor the pathogenesis of SARS
in vivo,

It has been reported that a virus variant in which 45 nucle-
otides (nucleotides 27670 10 27714) are deleted within ORF7b
emerged upon replication of the Frankfurt | isolate in cell
culture (37). Thus. for this study, we used a mixture of the
original virus and the variant carrying the deletion. The obscer-
vation that a variant with the deletion was detected in Frank-
furt 1-infected rat specimens but was not detected following
serial in vivo passaging suggests that the ORF7b may function
in viral replication in vivo.

In addition. a Y-to-S amino acid change at residue 442 of the
ACE2 binding domain of the S protein oceurred during serial
passage of the virus in F344 rats. As we have not vet completely
sequenced all of the virus genome. it is still possible that an-
other change enhanced virus replication in the rat. However.
Li et al. previously demonstrated that residues 479N and 487T
within the S-protein receptor binding domain are critical for
efficient interaction with human ACE2 and that these residues
might be introduced into the virus by mutations during the
adaptation of palm civet SARS-CoV. which has 479K and
4878, to humans (20). Tt seems likely that the Y-to-S mutation
al S-protein residue 442 s critical Lor cllicient infection with rat
ACE2, since F-ratX replicated more cfficiently than the Frank-
furt 1 isolate in rat ACE2-expressing CHO cells. Moreover, the
3-D structural prediction of a complex of the S-protein recep-
tor binding domain and rat ACE2 suggests that the binding
interface is altered by the Y-to-S mutation. Increased interac-
tions may also be responsible for efticient replication of the

RAT-ADAPTED SARS-CoV 1855

virus in rat, since during serial in vivo passage of the virus,
replication sites in the lung extended from the bronchus. where
ACE2 is most abundantly expressed. to the alveolar arca,
where it is expressed at a much lower level. Thus, the Y-to-$
mutation at residue 442 may partly mediate the increased
virulence seen in rats,

Based on immunohistochemical analysis of ACE2 expres-
sion in the lung of F344 rats, the ACE2 protein is most abun-
dantly expressed on the cilia of trachea and intrapulmonary
bronchi. ACE2 expression appears to correlate with the extent
of virus replication sites. Upon infection with F-ratX-VeroE®,
ACE2 antigen-positive cells disappeared in the affected bron-
chi of both young and adult rats. However. ACE2 was ex-
pressed in regenerated type 11 alveolar cells of young rats, but
that expression was significantly reduced in adult rats. The
downregulation of ACE2 expression by SARS-CoV infection
and the presence of the SARS-CoV spike protein in vivo and
in vitro have been previously reported (13). Since ACE2 neg-
atively regulates the rennin-angiotensin system by inactivating
angiotensin T1, which is generated from angiotensin I by ACE,
downregulation of ACE2 expression likely blocks the rennin-
angiotensin pathway, which has a crucial role in severe acule
lung injury (8, 13). Thus, the downregulation of ACE2 in the
lungs of adult rats likely contributes to severe lung injury.

In F-ratX-VeroEb-infected young rats, more virus antigen-
positive cells were found in the respiratory epithelia, including
the alveolar area, with severe inflammaltory reactions; however,
rats did not show clinical symptoms of illness. On the other
hand, adult rats showed clinical illness and severe pathological
changes following F-ratX-VeroE®6 infection. Such changes par-
alleled features scen in human pathologies following the SARS
epidemic of the winter of 2003 to 2004 and strongly indicate
that host as well as viral factors function in the pathogenesis of
SARS in rats. Epidemiological studies of the SARS outbreak
of 2003 to 2004 showed that advanced age was a risk factor for
an adverse outcome from SARS (1, 3, 16, 27, 38). Roberts ctal.
previously demonstrated the efficieney of SARS-CoV oreplica-
tion in aged BALB/c mice (33). Our study of animals supports
the observation that advanced age is a risk factor for the
development of SARS.

Histopathological analysis of adult male F344 rats after F-
ratX-VeroE6 infection showed severe inflammatory reactions,
especially pulmonary edema. Furthermore. morphologically
activated macrophages were observed in alveoli on days 3, 5,
and 7 p.i. In contrast. after intranasal inoculation of young rats
with F-ratX-VeroE#, inflammatory cell infiltrates consisted of
leukocytes and lymphocytes on day 3 p.i. Acute lung injury
causcd by SARS-CoV is likely a complex pathophysiological
process mvolving inflammatory cytokines released from acti-
vated macrophages in alveoli, leading to immune systems dys-
regulation (25). Our resulls suggest that the overinduction of
inflammatory cytokines in sera and lung homogenates under-
lics the development of severe inflammation in adult rats. In
lung homogenates in particular, IL-6 levels were increased
significantly in adult rats after intranasal inoculation with F-
ratX-VeroE6 on day 3 p.i: however, T1L-10 levels decreased
significantly in adult rats on days 5 and 7 p.i. IL-6, an inflam-
matory cvtokine. is produced by leukocytes. monocytes. endo-
thelial cells. hibroblasts. and alveolar epithelial cells. Serum
cvtokine levels in SARS patients. particularly [L-6. arc signif-
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icantly clevated (40). In vitro studies suggest that SARS-CoV
replication induces high levels of TL-6 compared with other
respiratory viruses (26). Our findings indicate that T1-6 may be
produced by predominantly infiltrated leukocytes and macro-
phages in injured lungs and leads to enhanced inflammatory
reactions. By contrast, IL-10, an immunosuppressive cytokine
of macrophages, Th2 lymphocytes, and B cells, inhibits TNF-w
production and neutrophil activation in lipopolysaccharide-
induced acute lung injury and lcads to decreases in lung tissuc
injury (9). Therefore, deereased 10-10 levels in the lung may be
responsible for the loss of protective mechanisms, enabling the
inflammatory response to continue. It was reported that 1L-10
levels increase in the convalescent phase in SARS patients
(25). It is currently unclear why elevated cytokine levels are
observed in adult rats following F-ratX-VeroE6 infection,
since virus replication rates are decreased compared 10 those
for infected young rats. However, our in vivo study suggests
that exeess cytokine activation may play a key role in the
clinical and pathological features of SARS.

In conclusion, we developed an animal model of SARS alter
SARS-CoV was passaged 10 times in F344 rats and then prop-
agated in Vero E6 cells (F-ratX-VeroE6). This study suggests
that both virus and host factors underlie the pathogenesis of
SARS. Such an in vivo comparative study of immune responses
of voung and adult rats using the adapted virus could be useful
in further understanding the pathogenesis of SARS. and this
model deseribed here should be useful to evaluate vaccine
candidates and antiviral agents against SARS-CoV infection.
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We developed a system for rapid determination of
viral RNA sequences whereby genomic sequence is
obtained from cultured virus isolates without subcloning
into plasmid vectors. This method affords new opportuni-
ties to address the challenges of unknown or untypeable
emerging viruses.

Ovcr the past few years, global migration has led to
emerging infectious diseases that pose substantial
risks to public health. To prevent potential outbreaks, early
detection of infectious pathogens is necessary. In particu-
lar, the recent outbreak of severe acute respiratory syn-
drome (SARS) provided important lessons on how
unknown viruses should be detected rapidly. Thus, a stan-
dardized and qualified system is required for rapid nucleic
acid sequence determination for newly emerging viruses.

Recently, we developed a new method for detecting
RNA viruses. This method, based on ¢cDNA representa-
tional difference analysis (cDNA RDA), uses 96 hexanu-
cleotides that are not suitable for priming ribosomal RNAs
but that normally prime most of the genome of an RNA
virus as primers for reverse transcription in cDNA RDA
(/). However, the RDA method with a cloning step
requires at least | week for the determination of the nucle-
ic acid sequence.

The Method

Qur new system for rapid determination of viral RNA
sequence (RDV) uses whole-genome amplification and
direct sequencing techniques (Figure 1). The RIDV method
comprises 6 procedures: 1) effective destruction of cellular
RNA and DNA for semipurification of viral particles, 2)
effective elimination of DNA fragments by using a pre-
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filtration column system and elution of small amounts of
RNA, 3) effective synthesis of first- and second-strand
c¢DNAs, 4) construction and amplification of a ¢cDNA
library, 5) construction of a second cDNA library, and 6)
direct sequencing using optimized primers. The RDV
method enables a broad range of partial nucleotide
sequences within the entire viral RNA genome to be
obtained within 2 days without cloning into plasmids.

To eliminate contaminating cellular RNA and DNA
from the samples, 0.001 pg of RNase A (Qiagen, Hilden,
Germany) and 1 puL (2 U) of Turbo DNA-free DNase |
(Ambion, Austin, TX, USA) with 1= Turbo DNA-free
buffer were incubated at 37°C for 30 min under conditions
that prevented destruction of viral RNA in the viral parti-
cles. The RNA in the viral particles was then extracted
within 30 min by using a total RNA isolation mini kit
(Agilent Technologies Inc., Palo Alto, CA, USA). We con-
firmed that DNA was effectively eliminated by this RNA
extraction kit.

In accordance with the Invitrogen manual, cDNA was
synthesized, by using random hexamers (Takara Bio Inc.,
Kyoto, Japan) and Superscript I1I (Invitrogen, Carlsbad,
CA, USA) lacking RNase H activity. at 50°C for | h. Then
60 U of RNase H (Takara Bio Inc.) added before synthesis
of second-strand cDNA at 50°C for 1 h. In accordance with
the manual, a whole genome amplification system (WGA;
Sigma-Aldrich, Saint Louis, MO, USA), which was devel-
oped for amplification of genomic DNA, was used to
amplify viral double-stranded ¢cDNA. This process was
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amplification; tWith specially designed primer sets as shown in
Figure 2.
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performed within 90 min. Instead of the Tagq polymerase
recommended in the kit, we used 1.25 U of AmpliTaq Gold
LD (Applied Biosystems. Foster City, CA, USA) to obtain
a high yield of the PCR products. Primers were provided
in the WGA kit, but no information regarding their
sequences was obtained. The reaction mixture was heated
at 95°C for 9 min (for activation of AmpliTaq Gold), fol-
lowed by 70 cycles of amplification using Mastercycler
(Eppendorf AG, Hamburg, Germany). Each PCR cycle
consisted of annealing at 68°C for | min, primer extension
at 72°C for 5 min, and denaturation at 94°C for 1 min.

The 1st ¢cDNA library was digested with 40 U of
Haelll (Takara Bio Inc.) at 37°C for 30 min. DNA was
purified by using the MonoFas DNA isolation system (GL
Science, Tokyo. Japan), and a blunt EcoRI-Noil-BamHI
adaptor (10 pmol; Takara Bio Inc.) was ligated at 16°C for
30 min by using DNA Ligation Kit, Mighty Mix (Takara
Bio Inc.). The second ¢DNA library was amplified by PCR
with specially designed primer sets in which 6 nucleotides
composed of CC (Huelll-digested sequence) and 4 vari-
able nucleotides were added to the 3" end of the adaptor
sequence (Figure 2). For example, | primer set was as fol-
lows: forward primer, HI-1: 5-AATTCGGCGGCCGCG
GATCCCCGGGG-3"; reverse primer H9-3: 5-AATT
CGGCGGCCGCGGATCCCCAGGA-3" (the adaptor
sequence is underlined, and the Haelll-digested sequence
1s shown in italics) (Figure 2).

We alwavs used >12 primer sets and 0.83 pmol of
each primer per cDNA library. PCR was performed with
AmpliTaq Gold Master Mix (Applied Biosystems). The
reaction mixture was heated at 95°C for 12 min, followed
by 70 cycles of amplification. Each PCR cycle consisted of
annealing and primer extension at 72°C for 30 s and denat-
uration at 94°C for 30 s. A single band was consistently
obtained in =50% of the reactions. DNA was purified from
the PCR by using MonoFas. Occasionally, we purified
DNA fragments from the gels when >2 bands were detect-
ed. Direct sequencing was performed with the forward
primer, reverse primer, or both.

When the number of viral particles in the sample was
high, we omitted the RNase A and DNase [ treatments and
used the RNeasy Mini Kir (Qiagen) for RNA extraction.
We occasionally used a whole transcriptome amplification
kit (Rubicon Genomics Inc, Ann Arbor, MI, USA) instead
of the WGA kit because both kits yielded similar amplifi-
cation results.

In preliminary studies that used referential RNA virus-
es, we attempted to determine the nucleic acid sequences
of SARS coronavirus, mouse hepatitis virus, West Nile
virus, Japanese encephalitis virus, and dengue virus type 2
in culture supernatants (10-100 puL) by using the RDV
method. The percentages of positive fragments (number of
fragments containing viral nucleic acid/total number of
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Figure 2. Primers used in rapid determination of viral RNA
sequence method.

sequenced fragments) in the reactions for detection of
these 5 viruses were 60% (3/5). 45% (5/11), 100% (12/12),
50% (5/10), and 40% (4/10), respectively. As a clinical
application, a throat swab specimen from a patient with
fever and upper respiratory infection was characterized.
Although the specimen exhibited enterovirus-like cyto-
pathic effect by inoculation into HEF and GMK cells when
cell culture system for virus isolation was used (2), extract-
ed RNA from the supematant of the cells showed no
amplification by reverse transcription-PCR (RT-PCR)
when | of the conventional primer sets for human
enteroviruses was used (3.4). In the cell culture super-
natant analysis by the RDV method, the specimen exhibit-
ed amplification of the partial nucleotide sequences of
coxsackie Al4 virus (nucleotide sequence data are avail-
able in the DDBJ/EMBL/GenBank databases under acces-
sion nos. AB275848-AB275853). Thus, the RDV method
could detect unidentified cytopathic-effect agents such as
enterovirus that could not be detected by RT-PCR when
the conventional primer set for enteroviruses was used.

Conclusions

The RDV method is a rapid method for the direct
determination of viral RNA sequences without using the
c¢DNA cloning procedure. The limitations of the RDV
method are the requirement for cell culture isolate and the
large number of steps. However, RDV would be useful for
species-independent detection of RNA viruses including
unknown or untypeable emerging RNA viruses.
Furthermore, with minor modifications. this method
would also be applicable to the detection of DNA viruses
and bacteria.
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Summary

A system for rapid determination of viral RNA
sequences, RDV, was improved for detection of
avian RNA virus in allantoic fluids. We detected
avian paramyxovirus nucleotide sequences using
RDV method ver 2.0,

There have been a number of recent outbreaks of
avian influenza and West Nile virus spread via birds.
Assays based on molecular diagnostics, such as poly-
merase chain reaction (PCR), are now available.
However, PCR is not available for unknown emerg-
ing infectious viral diseases because of the lack of
nucleic acid sequence data. Therefore, a system for
rapid nucleic acid sequence determination is required
for newly emerging viruses spread via birds.
Recently, we developed two new methods for the
detection of RNA viruses, one of which is based on
cDNA representational difference analysis (cDNA

Correspondence: Tetsuya Mizutani, Ph.D., Department of
Virology 1, National Institute of Infectious Diseases, 1-23-1
Toyama, Shinjuku-ku, Tokyo 162-8640, Japan
e-mail: tmizutan@nih.go.jp

RDA) using 96 hexanucleotides that do not prime
ribosomal RNAs but prime most RNA viral geno-
mes at the reverse transcription step [2]. However,
this method requires at least one week for determi-
nation of the nucleic acid sequence. The other
method is a system for rapid determination of viral
RNA sequences (RDV method) [3], which uses
whole-genome amplification and direct sequencing
techniques. The RDV method enables a broad range
of partial nucleotide sequences of viral RNA geno-
mes to be obtained within 2 days without cloning.
We succeeded in determining the nucleic acid se-
quences of severe acute respiratory syndrome coro-
navirus, mouse hepatitis virus, West Nile virus,
Japanese encephalitis virus, and dengue virus type
2 in culture supernatants using the RDV method
[3]. However, the limitation of this method is the
requirement for supernatant of virus-infected cul-
tured cells as a starting material. In the present
study, we demonstrate the application of this
method to avian RNA virus from allantoic fluid
because many viruses spread via birds have been
diagnosed by virus isolation using inoculation of
embryonated chicken eggs. We have improved the
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previously reported RDV method (renamed RDV
method ver 1.0) with regard to synthesis of cDNA,
double-stranded DNA, and amplification to in-
crease sensitivity.

A fecal sample was collected from northern pin-
tail (Anas acura) at Lake Izunuma-Uchinuma in
Tohoku district, northeast Japan. The sample was
placed into PBS containing antibiotics to give a
30% suspension. The suspension was centrifuged
and the supernatant was inoculated into the allan-
toic cavities of 10-day-old chicken embryos. The
eggs were incubated for 3 days. At the end of the
incubation period, the allantoic fluids were taken
and tested for hemagglutination activity with 0.5%
chicken red blood cells. The allantoic fluids showed
hemagglutination activity; however, they were not
identified as Newcastle disease virus nor avian influ-
enza A virus.

RNA was first extracted from the allantoic fluids
using Isogen-LS (Nippon Gene, Tokyo, Japan) and
then extracted using a total RNA isolation mini kit
(Agilent Technologies Inc., Palo Alto, CA, USA).
A whole transcriptome amplification system (WTA;
Sigma-Aldrich, Saint Louis, MO, USA) was used to
amplify viral double-stranded ¢cDNA in accordance
with the manufacturer’s instructions. Instead of the
Taq polymerase recommended in the kit, we used
25 pul of multiplex PCR mix 2 containing reaction
buffer, 0.25 pl of multiplex PCR mix | containing
Taq polymerase (Takara Bio Inc., Shiga, Japan), WTA
master mix containing primers (Sigma-Aldrich: no
information regarding their sequences), and 2.5 pl
of ¢cDNA in a total volume of 50 pl to obtain PCR
products in high yield. The reaction mixture was
heated at 94 °C for 60 sec, followed by 40 cycles
of amplification using a Mastercycler (Eppendorf
AG, Hamburg, Germany). Each PCR cycle con-
sisted of annealing at 65°C for 90sec, primer

0
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extension at 72°C for 90sec, and denaturation at
94 °C for 30sec. The results of preliminary experi-
ments confirmed that this modified method, RDV
ver 2.0, increased sensitivity compared with the
previous protocol, RDV ver 1.0 (data not shown).

After the first cDNA library was digested with
Haelll and ligated with a blunt EcoRI-Notl-BamHI
adaptor, the second cDNA library was amplified by
PCR with specially designed primer sets as follows:
forward primer, H1-5: 5-AATTCGGCGGCCGCG
GATCCCCGGCG-3'; reverse primer H9-1: 5'-
AATTCGGCGGCCGCGGATCCCCAGGA-3" or
H9-2, -3, -4, -5, -6, -7, -8, -9, -10, -11 (described
in ref. [3]) and -13 (AATTCGGCGGCCGCGGA
TCCCCAGTG) (the adaptor sequence is under-
lined, and the Haelll-digested sequence is shown
in italics). Direct sequencing was performed with
the forward primer, HI-5.

Four of fifteen DNA fragments were closely
related to avian paramyxovirus (APMV) type 6
designated APMV-6/duck/Taiwan/Y1/98 (acces-
sion no. AY029299) [1]. Figure 1 shows the loca-
tions of PCR fragments on the genome of APMYV.
To confirm that the RNA specimen contained ge-
nomic RNA of APMV, we designed primer sets
corresponding to the large (L) region of APMV
(approximately 1.1 kb) for reverse transcription
(RT)-PCR based on the sequence deposited in Gen-
Bank (accession no. AY(029299), and RT-PCR was
performed using SuperScript 11 (Invitrogen, San
Diego, CA, USA) for RT and the Expand High
Fidelity PCR system (Roche, Mannheim, Germany)
for PCR. We obtained a single band at 1.1kb (data
not shown) and determined the nucleic acid se-
quence by direct sequencing using the forward
and reverse primers. The nucleotide sequence has
been deposited in the DDBJ/EMBL/GenBank data-
bases under accession no. AB297681. Comparison

16 kbp

[
Genomic

RNA
Lo Howe{w e Houl_m
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Fig. 1. Locations of PCR fragments of viral cDNAs amplified using the RDV method. The amplified PCR fragments were
sequenced directly and mapped onto the avian paramyxovirus genome
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of the nucleotide sequence of the L protein revealed
that the isolate was closely related to APMV-6/
duck/Taiwan,/Y1/98, isolated in Taiwan in 1998,
with 98.6% nucleotide identity.

RDV ver 2.0 is a rapid, sensitive method for the
direct determination of avian viral RNA sequences
in allantoic fluids inoculated with the test specimen.
This method has the potential to become a standard-
ized and qualified method for the detection of
known and unknown avian RNA viruses.
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Diagnostic systems for Lassa fever (LF), a viral hemorrhagic fever caused by Lassa virus (LASV), such as
enzyme immunoassays for the detection of LASY antibodies and LASV antigens, were developed using the
recombinant nucleoprotein (rNP) of LASY (LASV-rNP). The LASY-rNP was expressed in a recombinant
baculovirus system. LASV-rNP was used as an antigen in the detection of LASV-antibodies and as an
immunogen for the production of monoclonal antibodies. The LASV-rNP was also expressed in Hela cells by
transfection with the expression vector encoding cDNA of the LASV-NP gene. An immunoglobulin G enzyme-
linked immunosorbent assay (ELISA) wsing LASV-rNP and an indirect immunofluorescence assay using
LASV-rNP-expressing HeLa cells were confirmed to have high sensitivity and specificity in the detection of
LASV-antibodies. A novel monoclonal antibody to LASV-rNP, monoclonal antibody 4AS, was established. A
sandwich antigen capture (Ag-capture) ELISA using the monoclonal antibody and an anti-LASV-rNP rabbit
serum as capture and detection antibodies, respectively, was then developed. Authentic LASV nucleoprotein in
serum samples collected from hamsters experimentally infected with LASV was detected by the Ag-capture
ELISA. The Ag-capture ELISA specifically detected LASV-rNP but not the rNPs of lymphocytic choriomen-
ingitis virus or Junin virus. The sensitivity of the Ag-capture ELISA in detecting LASV antigens was compa-
rable to that of reverse transcription-PCR in detecting LASV RNA. These LASY rNP-based diagnostics were
confirmed to be useful in the diagnosis of LF even in institutes without a high containment laboratory, since

the antigens can be prepared without manipulation of the infectious viruses.

Lassa fever (LF) is a viral hemorrhagic fever caused by Lassa
virus (LASV). an Old World arcnavirus. Many cases of LF
occur in western Africa in countries such as Guinea, Sierra
Leone, and Nigeria (7, 23, 27, 29-31). It is thought that LASV
infeets tens of thousands of humans annually and causes hun-
dreds to thousands of deaths (34). Humans become infected
through contact with infected excreta, tissue. or blood from the
peridomestic rodent. Mastomys natalensis, the reservoir host of
LASYV (34). LASV can be transmitted to other humans via
mucosal or cutancous contact or through nosocomial contam-
ination (27). More than 20 imported cases of LF have been
reported outside the endemic region in arcas such as the
United States, Canada. Europe, and Japan (1, 2, 13, 15, 18, 24,
25). Recently, the potential for the use of hemorrhagic fever
viruses, including LASV, as a biological weapon has been em-
phasized (5, 6). Therefore, the development of diagnostic sys-
tems for LE is important even in countries free from LF out-
breaks 1o date.
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Maunipulation of infectious LASV is necessary lor the detec-
tion of specific antibodies. However, a high-containment lab-
oratory (biosafety level 4 [BSL-4]) is required for handling
infectious LASV and, therefore, the preparation of LASV
antigens cannot be implemented in institutes without a BSL-4
lacility. Within this framework. it is important to develop sen-
sitive and specific diagnostic systems for LF that eliminate the
need for the manipulation of infectious LASV. In the present
study, the recombinant nucleoprotein (rNP) of LASV (LASV-
INP) was expressed and evaluated for its ability o detect
LASV antibodies. LASV-rNP-bused  cnzyme-linked  immu-
nosorbent and indirect immunofluorescence assays (ELISA
and 1IFA) were developed. Furthermore. novel monoclonal
antibodics to LASV-rNP were gencrated and used in combi-
nation with the recombinant antigen to develop an LASV
antigen (nucleoprotein) capture ELISA. The present study
presents an alternative strategy to develop diagnostic systems
withoul handling infectious LASV.

MATERIALS AND METHODS

Cells. A HeLa cell line was cultured in the Eagle minimum essential medium
supplemented with 104 Tetal bovine serum and the antibiotics penicillin G and
streplomyein (MEM-1DEBS), ToS insect cells were used for the expression of the
INPs ot arenaviruses (LASV, lvmphocytic choriomeningitis virus [LCMV]. and
Junin virus [JUNV]) in a baculovirus svstem. The T inseet cells were cultured
as reported previously (38)
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Viruses, LASV (strain AV), which was isoluted from un imported case of LF
o Germany from West Africa. was used (13). The experimental process that
required manipulation of mfectious LASY was cartied out in the BSL-4 labora-
tory in the P4 laboratory, INSERM, Lyvon, France, Mopeii virus (MOPV), which
helongs to the family Arenavisidae. genus Arenavirus, was also used. Recombinant
NPs of LOMV (260) and JUNV (L), designated LCMV-INP and JUNV-rNP,
respectively, were also expressed ina baculovirus svstem and used in the study.
A buculovirus (Ac-AP). which lacks polvhedrin expression, was used as a control
virus (26). The virus titer of LASV m serum samples was determined by using a
focus-forming unit (FFLU) assay as deseribed previously (3).

Sera. Four human serum samples—three samples serially collected from one
patient with LF and one addional sample trom another paticnt with LE - and
ninety-six human seri collected from Japanese subjects with no history of travel
1o areas where LF is endemic were used as positive and negative controls,
respeetively. The patient with LE. from whom three serial serum samples were
collected. was the fiest case of LE 1o be imported in Tapan i 1987 (15). The other
humisn serum sumple was provided from the Special Pathogens Branch, National
Center for Infectious Discases. Centers for Discase Control and Preveation,
Athanta, GA.

Serum samples collected from five monkeys (Maecaca fascicadans) subcutane-
oushy infected with LASV strain AV at 10° FFU (two monkeys) or 107 FFU
(three monkeys) and those collected from four monkeys with mock infection
were also used. The serum samples used in the study were collected at 4 10 5
weeks postchallenge.

Five hamsters were subcutancously mfected with 107 FFU of LASY, strain
ANV and blood was drawn an days 0, 4, 11, and 16 pnslinfccflnm laking the day
on which the virus was inoculated as day 0, Serum fractions of the collected blood
spuecimens were separated and tested for LASY antigen by antigen capture
(Ag-capture) ELISA and reverse transcription-PCR (RT-PCR).

Rabbit sera (polvelonal antibodies) were raised against LASV-eNP, LOMV-
(NP and JUNV-INP by immumizatuon of rabbits with the puritied LASV-NP,
LOMV-NE, and JUNV-rNP, respectively, i the form of a mixture with the
adjuvant, Tigect Alum (Pierce) Rabbis were immumzed with sufficient amount
of the punfied nucleoproteins of cach virus three tmes with an interval of 2
weeks, Alter conlirmation ol the increased ter, = 10,000 times as determined by
indirect immunofiuorescence assay, which was developed in the present study.
blood was drawn from the rabhis, and the serum fraction was used in the present
studdy

Recombinant baculovirus, 1n order 1o construet the transfer vector, a ¢cDNA
clone of NP from LASV stran Josith was used. The cDNA was kindly provided
hy 1. B. McCormick, tormer Director of the Spectal Pathogens Branch, Natonal
Centers lor Infectious Diseases, Centers lor Disease Control and Prevention,
Ihe complete nucleotide sequence of the NP pene s registered in GenBank
under the accession number NC_(04296, The DNA of the LASV-NP was am-
plificd by PCR from the source using the primers LAS-NIB (3-GTGGATCCA
ACACAACAATCTGG-5'; the BamHI restriction site 1s underlined) and LAS
N (5 -CCGOGATCCATTTACAGAACGACT C-3'). The PCR conditions were
the same us previously reported (38). The 1.743-bp amplific

ation product was
digested with BamHI and subcloned mto the BamHI site of pOE32 vector DNA
(QIAGEN GmbH, Hilden, Germany) to construct pOE32-LASV-NP. The in-
serted LASV-NP DNA was sequenced by using appropriate primers with an ABI
Prism 310 genetic analvzer (PE Applied Biosystems. Foster City. CA) and con-
tirmed to be i proper orientation downstream the promaoter and identical to the
oniginal sequence. The DNA fragment of LASV-NP with a histidine (His) tag
wis solated from the plasmid, pQE32-LASV-NP, by digestion with EcoR1 and
Hind . 1t was then blunt repaired with Klenow enzyme and ligated into the
hlunt-ended BamHI site of pAcYMI (26). The resulting recombinant transfer
vector with the correct orientation with respect o the polvhedrin promoter
was constructed (pACYMI-His-LASV-NP), TnS msect cells were fransfected
with mixtures ol punfied dwographa californica nuclear polvhedrosis virus
(ACMNPV) DNA and pAcYMI-His-LASV-NP according to the procedures
deseribed by Katts et al. (200, with the modification of Matsuura ct al. (26).
Recombinant baculovirus was then solated. The baculovirus, which expressed
His-tagged LASV-INP (Fhs-LASV-INP). was designated Ac-His-LASV-NP,

The baculovirus, Ac-LCMV-NP, which expressed LCMV-rNP, was used in the
study (26).

The recombinant baculovirus that expressed JUNV-INP, Ac-JUNV-NP, was
generated as follows. The gene encoding the NP of JUNV (strain MCZ) was
reconstructed from cloned cDNA. The nucleotide sequence of the interest gene
was deposited in GenBank under accession number DIO072 (12). A complete NP
pene with the initiation and stop codons amplited by PCR using appropriate
primers. which possessed BamHI restriction sites. The entire DNA product of
JUNV-NP was digested with Bamll and ligated into the transter vector
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— | ASV-rNP1 (1-100 2a)
—— | ASV-rNP2 (91-190 aa)
—  ASV-rNP3 (181-280 aa)
| AS\-NP4 (271-370 aa)
| ASV-rNP5 (361-460 aa)
—— LASV-TNP6 (451-569 aa)

— | ASV-rNPT-2 (12180 aa)

LASV-rNP1-3 (1-280 aa)

LASV-rNP1-4 (1-370 aa)

LASV-rNP1-5 (1-460 aa)
LASV-rNP1-6 (1-569 aa)

LASV-rNP2-6 (91-569 aa)

LASV-rNP3-6 (181-569 aa)
LASV-rNP4-6 (271-569 aa)
—— | ASV-INP5-6 (361-569 aa)

FIG. 1. Schematic representation of truncated LASV-rNP ex-
pressed as a form of GST fusion protein in E. coli trunstormed with the
corresponding expression vector. The description "LASV-NP1-6" in
the middle portion ol the figure indicates full-length LASV-rNP,

PACUW2B (28). Clones containing the insert in the correct orientation were
selected, and the plasmid DNA was used for cotransfection in S£21 cells with i
polyhedrin-positive ACMNPY DNA, and the supernatant cullure was sereencd
for a polvhedrin-negative phenatype by plagque assay (19). Finally, recombinant
haculovirus clones overexpressing JUNV-rNP were obtained after three succes
sive plaque purifications. One of them, designated ACNMPV-Tun-N122, was
used in the present study and is referred (o hereafter as Ac-JUNV-NP

Expression and purification of His-LASV-rNP, LOMV-rNP, and JUNV-rNP.
In3 cells infected with Ac-His-1.ASV-NP were incubated at 26°C for 72 h. The
cells were then washed twice with cold phosphate-buffered saline (PBS) solution
A preliminary study demonstrated that most of the Tns cellular proteins were
solubilized in PBS contamng 2 M urea (PBS-2 M urea) but that the Flis-LASV-
NP was insoluble and that the LASV-rNP could be solubilized in PBS contain-
ing 8 M vrea (PBS-% M urea). Therefore, the TnS cells infected with Ac-His-
LASV-NP were first suspended in PBS-2 M urea, Alter the centrilugation ol the
cell suspensions at 15,000 < g for 10 min. the pellet fractions were collected and
then were soluhilized in PBS3 M urea. After the cenmfugation of the samples,
the supernatamt fractions were used as the purified antigens. TOMVANT and
JUNV-rNP showed dissolution characteristics in urea similar to those of His-
LASV-rNP: therefore, LOMV-rNP and JUNV-rNE were also fractioned in the
same way a8 the His-LASV-rNP. The control antigen was produced from TnS
cells infected with Ac-AP in the same manner as that for the positive antigens,
The His-1 ASV-rNP was also purified by using the Ni=° column punficanon
method as reported previously (38). The source tor His-LASV-rNP-purification
was the supernatant fraction of the PBS-8 M urca-treated I'nS cells inlected with
Ac-His-LASV-NP after sufficient dilution with PBS in order to reduce the urea
concentration.

SDS-PAGE. The expression and purification efliciency of His-LASV-INP,
LCMV-INP. and JUNV-rNP were analvzed on sodium dodecyl sullate-poly-
acrylamide gel electrophoresis (SDS-PAGE) gels (12% polyacrylamide) after
staining with Coomissie blue. '

Establishment of MAbs. Monoclonal antibodies (MAbs) were generated as
previoisly described (32, 41). BALB/c mice were immunized with purificd His-
LLASV-rNP in the present study. [sotypes of the MAbDs were determined by using
i mouse MAb isotyping kit (Life Technologies),

Expression of truncated NPs of LASY, In order to determine the epitope of
the MAbs 1o the His-LASV-rNP. truncated LASV-rNPs were expressed as a
form of fusion protein with glutathione S-transterase (GST) as shown in Fig. 1.
The DNA corresponding 1o cach of 1the truncated NP fragments was amplified
with the designed primers. The ampliied DNA was subcloned mto the BamHI
and FeoR1 cloming sites of plasmid pGEX-2T (Amersham Pharmacia Biotech,
Buckinghamshire, Fngland). Fach msert was sequenced and confirmed (o be n
the correct frame and identical to the original sequence. The GST-tagged nu-
cleoprotein fragments were expressed in an Escherichia coli BL21 svstem,

Western blotting. The MAbs were tested for reactivity to His-LASV-rNP and
its fragments by Western blotting as reported previously (17, 32, 41).

Pepscan analyses, ELISA was performed as reported previously with the
purified rNP or partial nucleoprotein peptides as the antigen (33), The peptides
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FIG. 2. SDS-PAGE analyses of the purification of His-LASV-rNP
using the Ni*™ column purification method (A) and of the semipuri-
fication strategy based on the hydrophobic property of arenavirus
nucleoproteins (B). The supernatant fractions of the Ac-AP-, Ac-His-
LASV-NP-, Ac-LCMV-NP-. or Ac-JUNV-NP-infected Tn5 cells
treated with PBS-2 M urea (B, left part) are shown. The pellet frac-
tions of these cells treated with PBS-2 M urea were further solubilized
with PBS-8 M urea (B, right part).

were shifted by | amino acid (aa), with a consecutive averlap of 9 aa to cover the
entire LASV-NPL (aa | to 100) and LASV-NP3 (aa 361 to 460) fragments
Linear epitopes on the NP were determined by using Pepscan (Chiron Technol-

ogies, Clayton, Australia) according to the manufacturer’s instructions. Ninety-
six peptides were prepared as 14-ua biotinylated peplides, including a 4-a4 spacer
sequence (SGSG) at the amino-terminal end, according to each of the amino
acid sequences of the LASV-rNP1 and LASV-rNPS of the LASV Josiah strain.
The methods were previously described in detail (33).

IgG-ELISA. Immunoglobulin G (1gG)-ELISA was performed as previously
described excepl lor the antigen preparation (38, 39). Briefly. ELISA plates
(96-well type plate, Pro-Bind; Falcon; Becton Dickinson Labware, Frankiin

Lakes, NI) were coated with the predetermined optimal quantity of purified
His-LASV-rNP, LCMV NP, or JUNV-rNP (approximately 100 ngiwell) at 4°C
overnight. Then. each well of the plates was inoculated with 200 ul of PBS
containing 3% skim milk and 1,05% Tween 20 (M- I-PBS), followed by incuba-
tion for | h for blocking. The plates were washed three times with T-PBS and
then inoculated with the test samples (100 pl/well). which were diluted fourfold
from 1:100 to 1:6,400 with M-T-PBS. After a -h incubation period, the plates
were washed three times with T-PBS, and then the plates were inoculated with
goat anti-human [gG antibody labeled with HRPO (1:1.000 dilution: Zymed
Laboratory). After a further 1-h incubation period, the plates were washed and
100 il of ABTS [2.2°azinobis( 3-ethvlbenzthiazolinesulfonic acid)] solution
(Roche Diagnostics. Mannheim. Germany) was added o each well, The plates
were incubated for 30 mmn at toom temperature. dnd optical density was at 405
nm (0OD,5) was measured against a reference of 490 nm. The adjusted QD ;<
was caleulated by subtracting the OD of the negutive antigen-coated wells from
that of the corresponding wells. The means and standard deviations were calcu-
lated from the 96 control sera. The cutoll value [or the assay was defined as the
mean plus 3 standard deviations

Immunofiuorescence. The pOE32-LASV-NP was digested with BamH1, and
the insert was subcloned into the BamHI site of the pKS336 vector (40). The
LASV-NP gene that was inserted into the pKS336 vectar, pKS336-LASV-NP,
was confirmed 1o be in the correet arientation ta the promoter, tested for
nucleotide sequencing as described above, and the nucleotide sequence of the
gene was confirmed o be identical o the original sequence. Hela cells were
then transtected with pKS336-LASV-NP by using a FuGENES transtection re
agent (Roche Dingnostics) according to the manufacturer’s instructions, The
cells transfected with the plasmid were selected with 3 pg of blasticidin §
hydrochloride/ml in MEM-LOFBS. The Hela cell clones were analyzed for the
expression of LASV-rNP by 1TFA using the rabbit serum raisec
LASV.rNP. The cells expressing LASV-rNP were subcloned and used as [IFA
antigens

Ag-capture ELISA, Ag-capture ELISA was performed as previously described
(32, 41). The purificd MAD to His-LASV-INI, MAb 4AS, produced m the
present study was diluted in PBS solution, and 100 ] was adsorbed overnight at
4°C onto the immunaoplates (96-well tvpe plate, Pro-Bind. Falcon; Becton Dick-
inson Labware). Purificd MAb 4AS was coated onto the immunoplates at a
concentration of approximately 100 ng/well in 100 jul of PBS. The difference in
the procedures herween the Ap-capture ELISA in the present study and those in

against His

—.361
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FIG. 3. Staining patterns of LASV-rNP-expressing Hela cells by
sera trom an LF patient (A) and a healthy control (B) in an HIFA.

previous stuthes (32 37, 41) is that the MAb, MAb 4A3. and rabbit serum raised
10 His-LASV-rNP were used as capture and detector antibodies, respectively
The procedure lor the Ag-capture ELISA was performed as follows, The ELISA
plate was coated with capture MAb. followed by blocking of the plate with
M-T-PBS, addition of the sumples 1o the ELISA plate. detection of the captured
LASV-NP with rabbit serum raised to His-LASV-rNP, detection of rabbit 1gG
antibody that reacted with the captured antigen with goat anti-rabbit 1gG anti-
badies conjugated with HRPO (Zymed Laboratories), and substrate reaction. In

)

each run of the Ag-capture ELISA. the negative control antigen (M-T-PBS) was
also tested, Senally diluted samples were added to the MAb-coated wells. The
0D, values of each well were adjusted by subtracting the 0D, value ol the
negative control antigen from the corresponding well. The adjusted 0Dy, 5 was
taken as o measure of the amount of antigen specifically bound. All samples werc
treated with 152 Nonidet-P40 (NP-4(1) 1in PBS (o destroy the LASY vinon and
expose the nucleoprotein in the LASV virion,

RT-PCR. R1-PCR was performed as previously described (10). The primers
used in the RT-PCR were 36E2 (5-ACCGGGGATCCTAGGCATT-3) and
ROE2 (3-ATATAATGATGACTGTTGTTCTTTGTGCA-3"). The RT-PCR
was carried out with a Readv-to-Go RT-PCR tube (Pharmacia). The amphticd
PCR products were visualized with ethidium bromide in 2% agarose gel after
electrophores:s.

RESULTS

Expression of His-LASV-rNP. Tn3 cells infected with each
of the recombinant baculoviruses—Ac-His-LASV-NP. Ac-
LCMV-rNP, and Ac-JUNV-rNP—were suspended in PBS-2
M urca. Most of the cell proteins were solubilized by this



