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MAPK activation may lead to successful strategies for
targeting these molecules in the therapy of SARS.

Materials and methods

Cells and virus. Vero E6 cells were routinely subcultured in 75-cm?
flasks in Dulbecco’s modified Eagle’s medium (DMEM, Sigma, St.
Louis, MO, USA) supplemented with 0.2mM 1-glutamine, 100 Uiml
penicillin, 100 pg/ml streptomycin, and 5% (v/v) fetal bovine serum
(FBS), and maintained at 37 °C in an atmosphere of 5% CO,. For use
in the experimeats, the cells were split once they reached 0% conflu-
ence and seeded onto -well or 24-well tissue culture plate inserts. The
culture medjum was changed to 2% FBS containing DMEM prior to
virus infection. In this study, we used SARS-CoV [9], which was iso-
lated as Frankfurt 1 {10] and kindly provided by Dr. 1. Ziebuhr. The
seed virus was passaged at least seven times, including one passage in
our Jaboratory. Infection was usually performed with a multiplicity of
infection (m.0.i.) of 5. The cells were stained with 0.05% crystal violet
after fixing with 10% formaldehyde.

Anti-SARS-CoV antibodies. Two peptides, RYRIGNYKLNTD
{GenPBank Accession No. AAPI3571; residues 197-208) and
RRVYRGGDGKMKE {GenBank Accession No. AAP13814; residues
93-194), corresponding to fragments of the amino acid sequences of
membrane (M) and nucleocapsid (N} proteins of SARS-CoV, respec-
tively, were synthesized (Sigma Genosys, Ishikari, Japan). Rabbits
were injected with the mixture of peptides (New Drug Development
Research Center, [wamizawa, Japan), and the polyclonal rabbit anti-
sera were used for Western blotting anatysis.

Western blotting. Afier viral infection at an m.o.i. of §, whole-cell
extracts were electrophoresed in 10% and 10-20% gradient polyacryl-
amide gels, and transferred onto PYDF membrane sheets {Jmmobilon-
P, Millipore, Bedford, MA, USA). In this study, we applied two sets of
samples to polyacrylamide gels, and the membranes were divided into
two sheets after blotting. The following antibodies, obtained from
Celt Signaling Technology (Beverly, MA, USA), were used in this
study at a dilution of 1:1000: rabbit anti-phospho p38 MAPK (Thrl80/
Tyrl82), rabbit anti-p38, rabbit anti-phospho MAPKAPK-2 (Thr334),
anti-MAPKAPK-2, rabbii anti-phospho HSP-27 (Ser2), mouse anti-
HSP-27, mouse anti-phospho CREB (Ser133), rabbit anti-CREB,
anti~phospho elFAE (Ser209}, and anti-rabbit eIF4E. Rabbit anti-actin
(H-196) (diluted 1:200} was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). After 15-h incubation, the membranes were
washed with 0.1% TBS-Tween and specific proteins were detected with
a ProtoBlot IT AP system {Promega, Madison, WI, USA)}, as described
previousty [i1].

DNA fragmentation. A MEBCYTO Apoptosis ladder detection kit
(Medical and Biological Laboratories, Nagoya, Japan) was used for
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detection of DNA fragmentation. After viral infection, cells were lysed
with lysis buffer. The cellular DNA. was precipitated with ethanol,
dried, and resuspended in Trs-EDTA buffer (10mM Tris, 1mM
EDTA, pH 7.5) containing 100 ug/ml RNase A. The DNA solutions
were incubated for §0min at 37°C. The DNA was analyzed by clec-
trophoresis on 1% agarose gels and then stained with ethidivm
bromide.

Results and discussion

Detection of SARS-CoV-specific proteins in virus-infected
cells

Vero E6 cells were infected with SARS-CoV at an
m.o.i. of 5, and Western blotting analysis was performed
using polyclonal rabbit serum (see Materials and
methods) and cellular extracts obtained at 6, 12, 18, and
24 h.p.i. Nucleocapsid (N) and membrane (M) proteins
of SARS-CoV were detected after 6 and 12h.p.i, re-
spectively (Fig. 1). Multiple bands appeared on the
Western blots, because the M proteins of coronavirus
are glycosylated and the N proteins are phosphorylated
in the virally infected cells. These bands were not ob-
served in extracts from cells that were not infected by
SARS-CoV, indicating that the polyclonal rabbit sera
specifically detected SARS-CoV proteins.

SARS-CoV induces apoplosis in virus-infected cells

The cytopathic effect (CPE) caused by SARS-CoV is
focal with cell rounding [12], and we were clearly able to
observe such CPEs at 24 h.p.i. (Fig. 2A), while mouse
hepatitis virus (MHV), a prototype of coronavirus,
causes cell-fusion after infection, and MHY infection
induces apoptotic cell death in murine 17CI-1 cells [13].
To confirm whether SARS-CoV-infection induces ap-
optosis in Vero E6 cells, cellular DNA was extracted
from SARS-CoV-infected cells. At 24h.pi, DNA
fragmentation typical of apoptosis was observed
(Fig. 2B). Avian coronavirus infectious bronchitis virus
(IBV) also induces apoptosis in infected Vero cells.
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Fig. 1. Detection of SARS-CoV-specific proteins and activation of caspase-3 in virus-infected cells. Vero E6 cells were infected with SARS-CoV at an
m.o.i. of 5, and Western blotting was then performed using proteins obtained at 4, 12, 18, and 24 h.p.i. Polyclonal antibodies against synthetic
peptides based on membrane (M} and nucleocapsid (N) proteins were used.
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Fig. 2. Induction of apoptosis by SARS-CoV-infection. {A) Vero E6 cells were infected with SARS-CoV at an m.o.i. of § and stained with 0.05%
crystal violet at 24 h.p.i. (BY DNA tadder fragmentation was detected at 24 h.p.i. (C) Western blotting analysis was performed using anti-cleaved

caspase-3 antibody from &, 12, 24, and 30 h.p.i. (C).

Caspase-3, which is one of the main effector caspases
and is activated in response to both intracellnlar and
extracellular death signals, was activated by IBV infec-
tion [14]. To confirm whether caspase-3 is activated by
SARS-CoV-infection, Western blotting analysis was
performed using anti-cleaved caspase-3 antibody. Dur-
ing apoptosis, caspase precursors are cleaved at Asp-X
sites generating a large and a small subunit, which to-
gether constitute the active protease; the anti-caspase-3
antibody used in this study can specifically recognize the
large fragment of cleaved caspase-3. As shown in
Fig. 2C, the cleaved caspase-3 was detected in SARS-
CoV-infected Vero E6 cells as a peak at 24 h.p.i. These
results indicated that SARS-CoV induces apoptosis in
the infected cells.

Activation of p38 MAPK in SARS-CoV-infected cells

Figs. 1 and 2 indicated that viral-specific proteins
were synthesized at least 6h.pi., and the signaling
pathway in response to stress should be activated from
at least 6 to 24h.pi. by SARS-CoV-infection. Synthetic
dsRNA poly(D-poly(C) activates p38 MAPK and JNK/
SAPK pathways in fibroblasts [15): hence, double-
stranded RNA intermediates of SARS-CoV that accu-
mulate in infected cells may also trigger the p38 MAPK
activation pathway. It was reported that p38 MAPK
was activated in MHV-infected cells, and MHYV repli-
cation has been shown to be necessary for p38 MAPK
activation [7]. Therefore, the kinetics of p38 MAPK
activation in SARS-CoV-infected Vero E6 cells were
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Fig. 3. Phosphorylation of p38 MAPK in SARS-CoV-infected Vero E6
cells. Phosphorylated and unphosphorylated p38 MAPK were detected
by Western blotting analysis using proteins isolated from SARS-CoV-
infected Vero E6 cells at 6, 12, 18, and 24 h.p.i.

analyzed. Vero E6 cells were infected with SARS-CoV
at an m.o.d. of 5, and cell extracts were prepared at
various times p.i. Western blotting analysis indicated an
increase in the amount of phosphorylated p38 MAPK in
the cells (Fig. 3). The p38 MAPK phosphorylation was
not transient and reached the maximal level at 18 h.p.i.
The role of p38 MAPK signaling pathway in cellular
responses is diverse, depending on the cell type and
stimulation. Thus, the p38 MAPK signaling pathway
promotes both cell death and survival [16-18]. There-
fore, investigation of the p38 MAPK-downstream tar-
gets is important to understand the mechanisms of cell
death induced by SARS-CoV-infection.’

MAPKAPK-2 and HSP-27 phosphorylation by SARS-
CoV-infection

One of the downstream effectors of p38 MAPK is
MAPK -activated protein kinase (MAPKAPK)-2, which
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Fig. 4. Phosphorylation of MAPKAPK-2 and HSP-27 in virus-in-
fected cells. (A) Phosphorylated and unphosphorylated MAPKAPK-2
were detected by Western blotting analysis. {B) Phosphorylated and
unphosphorylated HSP-27 were detected by Western blotting analysis.

is activated in response to stress and growth factors
[19,20]. We examined whether SARS-CoV-infection re-
sults in activation of this MAPKAPK-2 in Vero E§ cells.
As shown in Fig. 4A, MAPKAPK.2 was phosphorylated
in SARS-CoV-infected Vero E6 cells. To determine
whether the substrates of MAPKAPK-2 are phosphor-
ylated in the virns-infected cells, Western blotting anal-
ysis was performed using anti-phospho heat shock
protein (HSP)-27. As shown in Fig. 4B, Hsp-27 was
phosphorylated in SARS-CoV-infected cells at 12h.p.i,
A previous study showed that Hsp-27 has anti-apoptotic
activity by inhibiting apoptosome formation {21].

Phosphorylation of transcription factors CREB and ATF-1

‘We next examined whether cAMP response element-
binding protein (CREB), which is a substrate of mito-
gen- and stress-activated protein kinase (MSK)-1, was
phosphorylated in infected cells, MSK-1 is thought to be
a substrate of p38 MAPK and/or extracellular signal-
related kinase (ERK)1/2. CREB was identified as an
activator that responds to the cAMP-dependent signal-
ing pathway and is also known to mediate an important
survival signal under various conditions [22-24]. For
example, the anti-apoptotic genes Bel-2 and Bel-xL are
activated transcriptionally by phosphorylation of CREB
in response to insulin-like growth factor (IGF)-I stim-
ulation in PC-12 cells [25,26]. Immunoblot analysis
{Fig. 5) indicated that the level of phosphorylated
CREB was increased by SARS-CoV-infection. The anti-
phospho CREB antibody used in this study also rec-
ognizes activation transcription factor (ATF)-1, which is
a transcription factor. ATF-1 is a member of the CREB/
ATF family that is phosphorylated by the ¢cAMP-de-
pendent protein kinase A (PKA)[27]. ATF-1 and CREB
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Fig. 5. Phosphorylation of CREB and ATF-1 in virus-infected cells.
Phosphorylated and unphosphorylated CREB were detected by Wes-
tern blotting analysis. Phosphorylated ATF-1 was also detected using
anti-phospho CREB antibody.

act as survival factors [28)]. This resuit suggested that
phosphorylation of CREB and ATF-1 induces an anti-
apoptotic environment in SARS-CoV-infected cells.

Phosphorylation of the tramslation initiation factor eIF4E

The translation initiation factor, eukaryotic initiation
factor 4E (elF4E), is phosphorylated by p38 MAPK
and ERK1/2 [29,30], and eIF4E enhances translation
rates of cap-containing mRNAs [31]. In the case of
mouse hepatitis virus (MHYV), eIF4E phosphorylation is
utilized to promote virus-specific protein synthesis.
Western blotting analysis was performed using anti-
phospho eIF4E antibody. As shown in Fig. 6, the level
of phosphorylated eIF4E was increased by SARS-CoV-
infection.

Specific effective doses of p38 MAPK inhibitor

To confirm that the phosphorylation of downstream
targets of p38 MAPK was specifically mediated by p33
MAPK, SB203580 (p38 MAPK-specific inhibitor),
PD98059 (ERK1/2-specific inhibitor), and SP600125
(INK-specific inhibitor) were used for inhibition of
those function. Fifty percent confluency of Vero E6 cells
were treated with 0, 10, 20, 30, 40, and 50 pM inhibitors
in DMSQ for 24, 48, and 72 h, and then cell viability was
assayed using WST-1 system (Roche Diagnostics).
Treating cells with up to 5¢pM all inhibitors had little
effect on cell viability {data not shown). Next, we ex-
amined the determination of specific inhibitory doses of
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Fig. 6. Phosphorylation of eIF4E in virus-infected cells. Phosphory-
lated and unphosphorylated eIF4E were detected by Western blotting
analysis.
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Fig. 7. Effective doses of p38 MAPK inhibitor. SARS-CoV-infected
Vero E6 cells were treated with SB203580 (p38 MAPK-specific in-
hibitor), PD9805% (ERK 1/2-specific inhibitor), and SP600125 (JNK-
specific inhibitor) for 18 h. Western blot analysis was performed using
anti-phosphorylated HSP-27, CREB eIF4E antibodies. SARS-CoV N
protein was also detected.

p38 MAPK inhibitor in SARS-CoV-infected Vero E6
cells. SARS-CoV were infected to Vero E6 cells for 1h,
and then, three kinds of inhibitors were added to the
cells. Proteins were harvested at 18h.p.i. Western blot
analysis was performed using anti-phospho CREBR,
HSP-27, and el F4E antibodies (Fig. 7). The result shows
that the eIF4E was effectively inhihited to be of phos-
phorylated type by p38 inhibitor between 10 and 50 uM.
The effective dose for inhibition of CREB phosphory-
lation was more than 20 uM, and phosphorylated HSP-
27 was not detected at 40 and 50 pM. Thus, this result
indicated that CREB, HSP-27, and eIF4E were specifi-
cally phosphorylated by p38 MAPK, because both the
ERK1/2 and JNK inhibitors did not inhibit those of
phosphorylation between 10 and 50pM. The 20pM
SB203580 was used in the study of MHV [7] and this
concentration is known to efficiently block p38 MAPK
activity in vivo [32]. Therefore, we used 20 and 30 :M
S$B 203580 in subsequent experiments.
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No requirement for p38 MAPK phosphorylation of
SARS-CoV replication

The p38 MAPK-dependent increase in ¢eIF4E phos-
phorylation to promote virus-specific protein synthesis
and subsequent progeny virus production were found in
MHY [7]. Activated p38 MAPK and the downstream
target, e¢IF4E, increased translation of MHV-specific
proteins. We also found that elF4E was activated in
SARS-CoV-infection at 18h.p.i. (Fig. 7). At that time of
p.i., there was no significant difference in the amount of
N protein of SARS-CoV among three inhibitor-treated
cells and untreated cells. Kinetic study of N protein
synthesis (Fig. 1A) showed that N protein seems to be
the maximum amount in viral infected cells between 12
and 18h.pi. To investigate whether enhancement of
virus-specific protein synthesis through virus-induced
eIF4E activation occurs in SARS-CoV-infected cells, we
tested the effect of p38 MAPK inhibitor, SB203580, on
SARS-CoV-specific protein synthesis at early time p.i.
Tenm.o.i. of SARS-CoV was inoculated in Vero E6 cells
for 1h, and then, the cells were washed two times. These
cells were treated with 20 and 30 uM SB203580 for 6, 9,
and 12 h.p.i. Western blot analysis showed that kinetics
of SARS-CoV-specific protein accumulation in infected
Vero E6 cells in the presence and absence of SB 203580
were similar (Fig. 8A). The phosphorylated eIF4E was
detected at least 6h.p.d. (Fig. 7) in SARS-CoV-infected
cells. Taken together, SARS-CoV does not utilize acti-
vated eIF4E for its viral protein synthesis in Verc E6
cells. In addition, the CPEs caused by SARS-CoV-in-
fection were slightly inhibited by SB203580 at late time
pi. (Fig. 8B).

In this study, we determined the cellular mechanisms
by which SARS-CoV causes the activation of physio-
logical intracellular signaling cascades that lead to the
phosphorylation and activation of downstream mole-
cules. We showed that SARS-CoV.infection of permis-
sive cells induced the p38 MAPK signaling pathway. As
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Fig. 8. Kinetics of N and M proteins synthesis in the presence of SB203580. After viral adsorption for 1 h, 20 and 30 uM of SB203580 was added to
the cells. (A} Western blot analysis was performed at 6, 9, and 12h.p.i. for detection of SARS-CoV N and M proteins. (B) Vero EG cells were stained

with 0.05% crystal violet at 41 h.p.i.
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p38 MAPK is able to promote both cell death and
survival [33], the substrates examined in this study and
the other substrates of p38 MAPK may also induce cell
death. Further studies are needed to determine which
target molecules of p38 MAPK have inductive and
preventative effects on apoptosis. To our knowledge,
this is the first demonstration of activation of signaling
transduction due to SARS-CoV-infection.
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Abstract Severe acute respiratory syndrome (SARS) has
become a global public health emergency. p38 mitogen-activated
protein kinase (MAPK) and its downstream targets are activated
in SARS coronavirus (SARS-CoV)-infected Vero E6 cells and
activation of p38 MAPK enhances the cytopathic effects of
SARS-CoV infection. In addition, weak activation of Akt cannot
prevent SARS-CoV infection-induced apoptosis in Vero Eé cells.
In the present study, we demonstrated that signal transducer and
activator of ranscription (STAT} 3, which is constitutively
phosphorylated at tyrosine (Tyr)-705 and slightly phosphery-
lated at serine (Ser)-727 in Vero 6 cells, was dephosphorylated
at Tyr-705 on SARS-CoV infection, In addition to phosphory-
lation of p38 MAPK in virus-infected cells, other MAPKS, i.e.,
extracellular signal-regulated kinase (ERK) 1/2 and c¢-Jun N-
terminal kinase (JNK), were phosphorylated, Although inhibi-
tors of ERK1/2 and JNK (PD9805% and SP600123) had no
effect on phosphorylation status of STAT3, inhibitors of p38
MAPK (SB203580 and SB202190) partially inhibited dephos-
phorylation of STAT3 at Tyr-705. Tyr-705-phosphorylated
STAT3 was localized mainly in the nuclens in mock infected
cells, whereas STAT3 disappeared from the nucleys in virus-
infected cells. As STAT3 acts as an activator of transcription in
the nucleus, these results suggest that STAT3 lacks its activity
on transcription in SARS-CoV-infected Vero E6 cells.

@ 2004 Federation of Eurepean Biochemical Societies. Published
by Elsevier B.V, All rights reserved. ‘

Keywords: Severe acute respiratory syndrome coronavirus,
Signal transducer and activator of transcription 3; p3§;
Extracellular signal-regulated kinase 1/2; c-Jun N-terminal
kinase

1. Introduction

Severe acute respiratory syndrome (SARS) is a newly found
infectious disease caused by a novel coronavirus, SARS co-
ronavirus (SARS-CoV) [1,2]. In late 2002, SARS-CoV spread
from Guangdong Province in China to more than 30 countries.
The pathogenesis of SARS in vivo may be mediated by both
the effect of viral replication in the target cells and immune
responses. Recently, we reported that p38 mitogen-activated

" Corresponding anthor, Fax: +81-42-564-4881.
E-mail address: tmizutan@nib.go.jp (T. Mizutani),

protein kinase (MAPK) plays important roleg in the cytopathic
effects and apoptosis in SARS-CoV-infected cells [3]. Fur-
thermore, weak activation of Akt cannot prevent apoptosis by
SARS-CoV-infection [4]. Thus, it is necessary to examine the
signaling pathways in SARS-CoV-infected cells in culture to
understand the molecular mechanisms of its pathotogy in vivo.

MAPKs are signal transducers that respond to extracellular
stimulation by cytokines, growth factors, viral infection, and
stressors, and in turn regulate cell differentiation, proliferation,
survival, and apoptosis [5-8]. p38 MAPK is strongly activated
by stressors and inflammatory cytokines. Our previous study
indicated that p38 MAPK phosphorylation in SARS-CoV-
infected Vero E6 cells reached the maximal level at 18 h post-
infection {h.p.i} and cytopathic effects (CPEs) were observed
from 24 hpi [3]. The CPEs were partially prevented by
treatment with the p38 MAPK inhibitor SB203580, strongly
suggesting that the p38 MAPK signaling pathway is involved
in the control of cel! death in SARS-CoV-infected Vero E6
cells. On the other hand, signal transducer and activator of
transcription (STAT) proteins are transcription factors that
mediate cytokines and growth factors, Activation of all STAT
proteins is induced by phosphorylation of a single tyrosine
residue, leading to dimerization via an intermolecular SH2
phosphotyrosine interaction [9-12]. STAT3 is a major tran-
scription factor activated in response to cytokines, such as
interleukin-6 (IL-6) and IL-10. Inhibition of STAT3 signaling
by dominant negative and antisense STAT3 inhibitors resulted
in a decrease in cell viability and subsequent apoptosis [13-15].
Thus, STAT3 is thought to act as an anti-apoptotic tran-
scription factor. Recent studies indicated that interactions
between STATs and some viral proteins cause degradation of
STATs in virus-infected cells, For example, V protein of
measles virus forms complexes with STATI, STAT2, and
STAT3, and inhibits extracellular (IL-6) and intracellular (v-
Src) STAT3-dependent signaling [16). Thus, measles virus-in-
duced degradation of STATs may provide a mechanism for
virus-indueced cytokine inhibition that links innate immune
evasion to adaptive immune suppression.

In the present study, we found that STAT3, constitutively
phosphorylated at tyrosine (Tyr)-705 and slightly phosphory-
lated at serine (Ser)-727 in Vero E6 cells, was dephosphoryl-
ated at Tyr-705 by activation of p38 MAPK on SARS-CoV
infection. Lack of transcriptional activity of STAT3 by viral
infection may decrease anti-apoptotic activity in the cells.

0014-5793/$22.00 © 2004 Federation of European Biochemical Societies, Published by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1, Cells and virus

Vero Ef cells were routinely subcultured in 75-cm? fasks in Dul-
becco’s modified Eagle’s medium (DMEM, Sigma, St. Louis, MO,
USA) supplemented with 0.2 mM L-glutamine, 100 units/ml penicillin,
100 ug/ml streptomycin, and 5% (v/v) fetal bovine serum (FBS), and
maintained at 37 °C in an atmosphere of 5% CO,. For use in the ex-
periments, the cells were split once onto 6- or 24-well tissue culture
plate inserts and cultured until they reached 100% confluence. The
culture medium was changed to 2% FBS containing DMEM prior to
viras infection. SARS-CoV, which was isolated as Frankfurt 1 [17) and
kindly provided by Dr. J. Ziebuhr, was used in the present study. In-
fection was usvally performed with a multiplicity of infection (m.o.i.)
of 10.

2.2. Treatment with inhibitors

5B203580 and SB202190 as p38 MAPK inhibitors, PD098059 as a
MEK inhibitor and SP600125 as a JNK inhibitor were dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 10 or 20 mM. All
reagents were purchased from Calbiochem (San Diego, CA, USA). All
test wells, including mock treated controls, were treated with 0.25%
DMSO (v/v). Vero E6 cells were inoculated with SARS-CoV at m.o.i.
of 10 for 1 ht and then cells were weated with inhibitoss for 17 h.

2.3. Subcellular fractionation

SARS-CoV-infected or mock infected Vero E& cells at 18 h.p.i. were
subjected to subceilular fractionation using a Subceliular Proteome
Extraction Kit (Calbiochem) according to the manufacturer’s in-
structions. Each subcellular fraction was then analyzed by Western
blotting.

2.4. Western blotting

After virus infection, whole-cell extracts were electrophoresed on
either 12.5% or 10-20% gradient polyacrylamide gels and transferred
onto PVDF membranes (Immobilon-P, Millipore, Bedford, MA,
USA). In the present study, we applied two sets of samples to poly-
acrylamide gels and the membranes were divided into two halves after
blotting. The following antibodies, obtained from Cell Signaling
Technology Inc. (Beverly, MA, USA}), were used in the present study
at a dilution of 1:1000: rabbit anti-phospho STAT3 (Tyr-705) aati-
body, rabbit anti-phospho STAT3 (Ser-727) antibody, rabbit anti-p33
MAPK (Thr180/Tyr182) antibody, rabbit anti-p38 MAPK antibody,
rabbit anti-phospho pd4/42 MAPK (Fhr20¥Tyr204) {=ERKI/2)
antibody, rabbit anti-p44/42 MAPK (=ERKU/2) antibody, rabbit
anti-phospho SAPK/INK (Thrl83/Tyr185) antibody, anti-SAPK/
INK antibody, anti-phospho MEK1/Z (Ser217/221) antibody, anti-
MEKI/2 antibody, anti-phogpho SEKI/MKK4 (Tht261) antibody,
anti-SEK1/MKK4 antibody. anti-phospho MKK7 (Ser271/Thr275)
antibody, anti-MKK7 antibody, anti-phospho MKK3MKKS$
(Ser189/207) antibody, anti-MKK3 antibody, anti-phospho Jakl
(Tyr1022/1023) an- tibody, anti-phospho JAK2 (Tyr1007/1008) anti-
body, and anti-phospho Tyk2 (Tyr1054/1055) antibody. Mouse anti-
STAT3 antibody (diluted 1:2500), mouse anti-JAK 1 antibody (diluted
1:250}, and mouse anti-Tyk2 antibody (diluted 1:1000), obtained from
BDD Biosciences, Franklin Lakes, NJ, USA, were also usad. Rabbit
anti-JAK2 antibody (C-20, diluted 1:200) was obtained from Santa
Cruz Biotechnology (8anta Cruz, CA, USA). After 15-h incubation
with the above antibodies, the membranes were washed with Tris-
borate saline containing 0.1% Tween 20 (0.1% TBS-Tween) and the
reactions were detected with a ProtoBlot IT AP system (Promega Co,,
Madison, WI, USA), as described previously [18).

3. Results

3.1. Tyrosine dephosphorylation of STATS in
SARS-CoV-infected cells
As desctibed in our previous report, we compared the cel-
lutar protein profiles of SARS-CoV-infected {18 h.p.i. when
apoptosis was not evident) and mock infected Vero E6 cells by
Western blotting using 125 antibodies to investigate cellular
responses to SARS-CoV-infection [3,4]. Cellular proteins re-
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lated to several signaling pathways that responded specifically
to SARS-CoV infection, including p38 MAPK and Akt, were
found. In the present study, we examined whether signal
transducer and activator of transcription 3 (STAT3} was
dysregulated on infection with SARS-CoV, as reported for
measles virus-infection [16]). Vero E6 cells were infected with
SARS-CoV at m.o.d. of 10, and cellular proteins were har-
vested at &, 12, 18, and 24 h.p.i. Western blotting analysis was
performed using a series of anti-STAT3 antibodies that rec-
ognized total STAT3 or Tyr-705- or Ser-727-phosphorylated
forms of STAT3. In Vero E6 cells, STAT3 was phosphorylated
constitutively at Tyr-705, whereas Ser-727 was only slightly
phosphorylated (Fig. I; mock infection). Constitutive activa-
tion of STAT3 was observed in breast carcinoma cell lines [19].
Interestingly, Tyr-705-phosphorylated STAT3 was not de-
tected after 18 h.p.i. in SARS-CoV-infected Vero E6 cells, even
though the total amount of STAT3 did not change until 24
h.pi. (Fig. 1). This result suggested that STAT3 Tyr-705 was
dephosphorylated from 18 to 24 h.p.i. On the other hand, Ser-
727-phosphorylated STAT3 was slightly increased at the same
time points. Based on the hypothesis that tyrosine phosphor-
ylation of STAT is necessary for its activation [9-12], these
results suggest that the level of activation of STAT3 was de-
creased in SARS-CoV-infected Vero E6 cells. Thus, the
mechanism of dysregulation of STAT3 by SARS-CoV is dif-
ferent from that by measles virus in which Measles virus V
protein forms complexes with STATSs resulting in degradation
of STAT3.

3.2. Phosphorylation level of upstream kinases of STAT3

As a general explanation of signal transduction of STAT3,
binding of IL-6 to the receptor induces dimerization of the
common gpl130 signal transduction subunit of the 1L-6 family
of cytokine receptors, and then Janus kinases (JAK! and 2}
and Tyk2 are phosphorylated at tyrosine residues through a
conserved membrane-proximal binding domain [20]. The
phosphorylated JAKs and Tyk2 create docking sites for
STAT3. Dimeric STAT3 Tyr-phosphorylated by JAKs and
Tyk2 migrates to the nucleus, where STAT3 activates tran-
scription of specific genes. Thus, JAK1, JAK2, Tyk2, and
STATS3 are phosphorylated in response to IL-6. To test the
hypothesis that Tyr-705-dephosphorylation of STAT3 by
SARS-CoV infection occurred due to a lack of signals from
JAKL/2 and Tyk2, the phosphorylation status of these kinases
was examined in virus-infected or mock infected Vero E6 cells.
As shown in Fig. 2, JAKI, JAK2, and Tyk2 were phosphor-

SARS+CoVHinfeatian: Motk Hifection

P-ger STATY

Fatal STATS

Fig. 1. Infection of Vero E6 cells with SARS-CoV affected the signaling
pathway of STAT3, Western blotting analysis of proteins from SARS-
CoV-infected Vero E6 cells was performed using antibodies that rec-
ognized forms of STAT3 phosphorylated at Tyr-705 or Ser-727.
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ylated at low levels in mock infected cells, whereas no signifi-
cant changes in phosphorylation level of these kinases were
observed after virus infection. These observations suggest that
Tyr-705 dephosphorylation of STAT3 in virus-infected cells
occurred independent of its upstream kinases. Therefore, total
activity of STAT3 may be low in Vero E6 cells. However, it
can not be ruled out that the anti-phospho JAKI, JAK?2 and
Tyk2 antibodies used in the present study are difficult to be
recognized in the phosphorylated JAK1, JAK2 and Tyk2 in
Vero E6 cells as the datasheet included no description of cross-
reactivity with monkey.

3.3. Stimulation of Tyr-705 phosphorylation of STAT3 by
cytokines

Previous studies have indicated that at least six eytokines,
IL-2, 1L~6, IL-10, IL-15, IL-17, and IL-22, can stimulate ac-
tivation of STAT3 [21-24]. Tyr-705 dephosphorylation of
STAT3 in virus-infected cells may be due to a lack of stimu-
lation by these cytokines after 18 h.p.i. Therefore, it is im-
portant to identify the cytokines responsible for stimulating
Tyr phosphorylation of STAT? to wnderstand the mechanism
of Tyr-705-dephosphorylation of STAT3 in virns-infected
cells. To investigate whether fatal calf serum (FCS) in the
medium contains stimulators for STAT3 phosphorylation,
Vero E6 cells were cultured in DMEM containing 0%, 2% or
5% FCS for 18 h, subjected to subcelluiar fractionation, and
then the proteins were analyzed by Western blotting using
anti-phospho-specific antibodies. As shown in Fig. 3A, there
were no significant differences in total amount of STAT3 in
cultures with various concentrations of FCS in the medium.
This result suggests that FCS does not contain components
that stimulate Tyr-phosphorylation of STAT3. We next de-
termined cytokines and their receptors produced in Vero E6
cells using a GEArmray Q Series Human Interleukin and Re-
ceptor Gene Array (SuperArray Bioscience Corporation,
Frederick, MD, USA). Expression level of IL-22, which has
also been reported as a stimulator of STAT3 [23], was very
low, and receptors for IL-22 (JIL-22RA! and RA?) were ob-
tained as strong and weak signals, respectively -(data not
shown), Therefore, we examined whether IL-22 stimulated
Tyr-705 and Ser-727 phosphorylation of STAT3. As shown in
Fig. 4A, the level of Tyr-705-phosphorylated STAT3 increased
15 min after treatment with murine IL-22 (200 ng/ml) (Pepro
Tech EC, London, UK), whereas phosphorylation of Ser-727
was not enhanced, suggesting that it ig difficult for Ser-727 of

Fig. 2. Phosphorylation levels of upstream kinases of STAT3 in virus-
infected cells. Western blotting analyses were performed using anti-
phospho JAK1, JAK?, and Tyk2 antibodies.
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Fig. 3. Subcellular localization of Tyr-phosphorylated STAT3. (A)
Vero E6 cells were incubated in DMEM containing 0%, 2% or 5% FCS
for 18 h. After subcellular fractionation, Western blotting was per-
formed using anti-phospho STAT3 (Tyr) antibody. (B} C, M, N, §,
and T indicate cytosolic, organclle/membrane, nuclear, cytoskeletal,
and total cellular fraction, respectively.

PAIYrSTATS
P:SerSTATI

o BTy ’STJ’-T?.
| Total STATS

PioIB MAPK
s APk

Fig. 4. 1L-22 induces Tyr phosphorylation of STAT3. (A) Vero E6 cells
were treated with IL-22 from 0 to 90 min. Cellular proteins were
sampled every 15 min. Western blotting was performed using anti-
phospho STAT3 (Tyr and Ser) antibodies. (B) SARS-CoV-infected
Vero E& cells were treated with IL-22 for 20 min at 18 h.p.i., and then,
Western blot analysis was performed using anti-phospho STAT3 (Tyr}
and anti-phospho p33 MAPK.

STAT3 to be phosphorylated in Vero E6 celis stimulated by
SARS-CoV infection and IL-22. Although the phosphoryla-
tion level of p38 MAPK was not changed in SARS-CoV-in-
fected Vero E6 cells by treatment with IL-22 for 20 min at 18
h.p.i., the Tyr-705-phosphorylation of STAT3 increased
(Fig. 4B). These results suggest that signaling pathway via IL-
22 is not regulated by p38 MAPK in Vero E6 cells.

3.4. Tyr-705-phosphorylated STAT3 in the nucleus

To determine the localization of Tyr-705-phosphorylated
STAT3 in Vero E6 cells, subcellular extraction was performed
using a Subcellular Proteome Extraction Kit (Calbiochem) and
then Western blotting analyses were performed. As described
above, the amounts of total and Tyr-7035-phosphorylated
STAT3 were similar in cells grown in media containing 0%, 2%
or 5% FCS. The subcellular localization of STAT3 was not
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affected by the concentration of FC8 (Fig. 3A). Total STAT3
was located mainly in the cytosol, and also in membranes/ot-
ganelles and the nuclear fractions. On the other hand, Tyr-
705-phosphorylated STAT3 appeared mainly in the nuclear
fraction, We next examined whether Tyr-705-phosphorylated
STAT3 was not present in the nucleus in SARS-CoV-infected
Vero E6 cells at 18 h.pi. As shown in Fig. 3B, Tyr-705-
phosphorylated STAT3 had clearly disappeared from the
nuclear fraction in virus-infected cells. This result strongly
suggested that STAT3 did not act as a transcriptional enhancer
in SARS-CoV-infected Vero E6 cells after 18 h.p.i.

3.5. Phosphorylation of MAFKs in SARS-CoV-infected cells
Our previous report indicated that SARS-CoV-infection to
Vero E6 induced phosphorylation of p38 MAPK and its
downstream targets, HSP-27, eIF4E and CREB [3]. Phos-
phorylation of these proteins was prevented by treatment of
the cells with the p38 MAPK inhibitor SB20854, MAPKs were
reported to induce Ser-727 phosphorylation of STAT3 [25). To
investigate whether other MAPKSs, i.c., ERK1/2 {extracellular
signal-regulated kinase) and JNK, are also phosphorylated in
SARS-CoV-infected Vero E6 cells, the kinetics of phosphor-
ylation of ERK1/2 and JNK were analyzed by Western blot-
ting. Vero E6 cells were infected with SARS-CoV at m.o.i. of
10 and the cell extracts were prepared at various time points
after infection. Western blotting analysis demonstrated that
levels of phosphorylated ERK.1/2 and JNK were increased in
SARS-CoV-infected cells (Fig. 5A). Two phosphorylated
forms of ERK, ERK] and ERK2, were detected at 12 hp.i
and accumulated continuously up to 24 h.p.i. The kinetics of
accumulation of phosphorylated ERK1/2 and JNK in the in-
fected cells were similar to that of accumulation of phos-
phorylated p38 MAPK., We next examined whether the
upstream MAPK kinases (MAPKKSs) were also phosphory-
lated in SARS-CoV-infected Vero E6 cells. The kinases of p38,
ERKV/2, and JNK are known as MKK3/6, MEK1/2, and

. B .
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Fig. 5. MAPKs phosphorylation in virus-infected cells. Western blot-
ting analysis of proteins from SARS-CoV-infected Vero E6 cells was
performed using anti-phospho ERKI1/72, JNK, MEKI1/2, MKK4,
MKK7, and MKK3/6 antibodies.
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MKEK4/7, respectively. As shown in Fig. 5, MKK3/6, MEK1/
2, and MKX4/7 were phosphorylated in SARS-CoV-infected
Vero E6 cells,

3.6. Tyr dephosphorylation of STAT3 by p38 MAPK

To investigate whether Tyr-705 phosphorylation is regulated
by activated MAPKSs in SARS-CoV-infected Vero E6 cells, the
infected cells were treated for 18 h with three MAPK inhibi-
tors: SB203580 (p38 MAPK inhibitor), PD98059 (MEK
inhibitor), and SP600125 (JNK inhibitor). Tyr-705- and Ser-
727-phosphorylated STAT3 were then analyzed by Western
blotting. As shown in Fig. 6A, 8SB203580 did not affect Ser-727
phosphorylation of STAT3, while SARS-CoV-induced de-
phosphorylation of STAT3 Tyr-705 was partially inhibited by
SB203580. On the other hand, neither PD98059 nor SP600125
affected STAT3 phosphorylation. To confirm whether inhibi-
tion of p38 prevents dephosphorylation of STAT3 Tyr-703,
virus-infected cells were treated with another p38 inhibitor,
SB202190. As shown in Fig. 6B, Tyr-705 dephosphorylation of
STAT3 in the infected cells was also partially inhibited by
$B202190. These results indicated that activated p38 MAPK in
SARS-CoV-infected Vero E6 cells regulates Tyr-705 phos-
phorylation of STATS3, but not that of Ser-727.

4. Discussion

In the present and previous studies, we reported that the
cellular mechanisms by which SARS-CoV caused the activa-
tion of phystological intracetular signaling cascades that lead
to the phosphorylation and activation of downstream mole-
cules [3,4]. We showed here that SARS-CoV-infection of per-
missive Vero E6 cells stimulated p38, ERK1/2, and INK

PeTyr STATS

Pi8eiBTATS

Totet STATE

| BTy STAT

For STATS

it Total STATS

Fig. 6. Effects of treatment of SARS-CoV-infected Vero E6 cells with
p38 MAPK inhibitor. (A) Vero E6 cells were infected with SARS-CoV
at m.o.i. of 10, and then incubated with SB203580, PD98059, and
SP600125 at concentrations from 10 to 50 pM for 17 h. Western
blotting analyses were performed to detect Tyr-705- and Ser-727-
phosphorytated forms of STAT3. (B) SB20219) was used as a p38
MAPK inhibitor.
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signaling pathways. The activation of p38 MAPK induces
cytopathic effects in Vero E6 cells, whereas ERK1/2 and TNK
had no effect (unpublished data). As MAPKKs for p3s,
ERK1/2, and JNK were all phosphorylated in virus-infected
cells, further studies are needed to identify triggers of the
stress-activated response pathway by viral infection. The
present study strongly suggested that the p38 MAPK signaling
pathway is upstream of Tyr-705 dephosphorylation of STAT3.
We also demonstrated that infection with SARS-CoV slightly
increased the level of phosphorylation of Ser-727 STAT3.
Although the effect of Ser-727 phosphorylation on the function
of STAT3 in SARS-CoV-infected cells remains unresolved, a
previous study showed that phosphorylation of Ser-727 of
STAT3 negatively modulates its tyrosine phosphorylation [26].
Thus, the timing of Tys-705 dephosphorylation and Ser-727
phosphorylation may be almost the same in SARS-CoV-in-
fected cells. The Ser-727-phosphorylated STAT3-mediated
expression of a Bel-2 family member, Mcl-1, is essential for the
survival of cells [27)], suggesting that Ser-727-phosphorylated
STAT3 has anti-apoptotic activity. However, the mechanism
through which serine phosphorylation regulates the tran-
scriptional activities of STAT3 is still unclear. On the other
hand, one of the important roles of Tyr-705-phosphorylated
STATS3 is binding to regulatory DNA elements that control
the expression of target genes [28,29]. Suppression of STAT3
expression by siRNA induces apoptaosis in several asirocytoma
cell lines, and STATS3 is required for the expression of the anti-
apoptotic genes survivin and Bel-xL in the A172 glioblastoma
cell line [30). In addition, the role of STAT proteins during
viral infection has been the subject of several recent studies.
The proteasoms-dependent degradation of STATI is induced
by V protein of simian virus 5 [31], while type I human
parainfluenza virus V protein targets STAT?Z, and mumps vi-
rus V protein targets both STATI and STAT3 [32-34]. In
measles virus-infected cells, the V protein forms complexes
with STATL, STAT2, and STAT3, and inhibits both IL-6- and
v-Src STAT3-dependent signaling [16]. Thus, a role of V
protein as an inhibitor of the STAT3 signaling pathway is
advantageous for viral growth. SARS-CoV may also obtain a
growth advantage by Tyr-705 dephosphorylation of STAT3.
Our recent study indicated that Akt was also activated in
response to SARS-CoV-replication [4]. Although phosphory-
lation of serine residue 473 on Akt was detected af least 8
h.p.i., threonine residue 308 was not phosphorylated in virus-
infected Vero E6 cells. A downstream target of Akt, glycogen
synthase kinase 38 (GSK-3pB), was slightly phosphorylated,
indicating that the level of activation of Akt was very low. The
pregent study showed that IL-22 can induce Tyr-705 phos-
phorylation of STAT3, but not Ser-727 phosphorylation,
similatly to SARS-CoV infection. It may be difficult for Ser-
727 of STAT3 to be phosphorylated in Vero E6 celis, similarly
to Thr-308 of Akt Based on these results, we hypothesized
that weak activation of Akt cannot prevent apoptosis lnduced
by SARS-CoV infection in Vero E6 cells. In SARS-infected
Vero E6 cells, both incomplete activation of Akt and STAT3
dephosphorylation via p38 MAPK activation lead to apopto-
tic cell death. We assume that these are at least part of the
mechanisms of the pathogenesis of SARS-CoV infection.
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Abstract

We have investigated to develop novel vaccines against SARS CoV using ¢DNA constructs encoding the structural antigen; spike protein
(S), membrane protein (M), envelope protein (E), or nucleocapsid (N) protein, derived from SARS CoV. Mice vaccinated with SARS-N or
-M DNA using pcDNA. 3.1(+} plasmid vector showed T cell immune responses (CTL induction and proliferation) against N or M protein,
respectively. CTL responses were also detected to SARS DNA-transfected type 11 alveolar epithelial cells (T7 cell clone), which are thought
to be initial target cells for SARS virus infection in human. To determine whether these DNA vaccines could induce T cell immune responses
in humans as well as in mice, SCID-PBL/hu mice was immunized with these DNA vaccines. As expected, virus-specific CTL responses and T
cell proliferation wete induced from human T cells, SARS-N and SARS-M DNA vaccines and SCID-PBL/hu mouse moede! will be important
in the development of protective vaccines.
© 2005 Elsevier Ltd, All rights reserved.

Keywords: SARS DNA vaccine; SCID-PBL/hv; Human CTL

1. Introduction SARS corona virus (SARS CoV) [1-3]. SARS has infected
more than 8400 patients in about 7 months in over 30 coun-

The causative agent of severe acute respiratory syndrome tries and caused more than 800 deaths. The deadly epidemic
{SARS) has been identified as a new type of corona virus, has had significant impacts on many health, soctal, economic

and political aspects. SARS is assumed to resurge in the near
future. However, no SARS vaccine is currently available for

* Corresponding author, Tel.: +81 72 252 3021; fax: +81 72 251 2153. clinical use. Therefore, we have developed novel vaccine
" 3
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candidates against SARS CoV using ¢DNA constructs
encoding the structural antigens; S, M, E, or N protein. In im-
munized mice, neutralizing antibodies against the virus and T
cell immunity against virus-infected-cells were studied, since
these imrounities play important roles in protection against
many virus infections. In particular, CD8* CTL plays an im-
portant role in T cell immunity dependent protection against
virus infections and the eradication of murine and human can-
cers [4,5]. Inthe present study, a type Il alveolar epithelial cell
clone, T7, was used for analyzing precise mechanism of CTL
against SARS CoV membrane antigens, as the SARS-CoV
infects alveolar epithelial cell in the lungs [6]. Furthermore,
the SCID-PBL/hu model, which is capable of analyzing in
vive human immune response, was also used because it is a
more relevant translational model for human cases {4].

2. Materials and methods

Three kinds of SARS CoV strains: HK1J39849(1), TW-
1 and FFM-1(2) and their cDNAs were used. S, M, Nor E
cDNA was transferred into peDNA 3.1(+) vector and pcDNA
3.1(+)/vs-His Topo (QIAGEN K K, Tokyo, Japan). These
genes were expressed in eukaryotic cells and Escherichia
coli. pcDNA 3.1(+) vector, 50 jug each, containing SARS 8,
M, N, or E DNA was injected i.m. (M.tibia anterior) into
C57BL/6 mice (female, 8 weeks CLEA Japan Inc, Japan)
and BALB/c mice (female, 8 weeks) three times, at an inter-
val of 7 days. Neutralizing antibodies against SARS CoV in
the serwmn from the mice immunized with SARS 8, M, N or
-E DNA vaccines were assayed by use of Vero-E6 cell. CTL
activity against SARS CoV was studied using human type II
alveolar epithelial cells, T7, expressing SARS antigens [6].
PBL from healthy human volunteers were administered i.p.
into IL-2 receptor y-chain disrupted NOD SCID mice [IL-
2R(—/—) NOD-8CID], and SCID-PBL/hu ntice were ¢on-
structed {4]. SARS DNA vaccines at 50 pg were injected
im. into the SCID-PBL/hu mice. CTL activity of human
CDB8-positive lymphocytes in the spleen from SCID-PBL/hu
was assessed using IFN-y production and 51Cr-release
assay [4,5].

3. Resulis

3.1 Induction of CTL against SARS CoV by SARS (N)
DNA and SARS (M) DNA vaccine

Spleen cells from C57BL/6 mice immunized with SARS-
8, -M, -N or -E DNA vaccine were cultured with syngeneic
T7 hung cells transfected with S, M, N or E ¢cDNA. pcDNA
3.1(+) SARS (N) DNA vaccine induced significantly CTL
activity (IFN-y production) against N cDNA transfected T7
cells (Fig. 1A). Similarly, SARS M DNA vacéine induced
SARS antigen M-specific CTL against T7 cells transfected
with SARS M DNA (data not shown).
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Fig. 1. Induction of CTL and T cell proliferation against SARS (N). (A) In-
duction of CTL against SARS (N) antigen in the spleen cells from C57BL/6
mice immunized with SARS (N) DNA vaccine. SARS (N) DNA using
peDNA3. 1(+) vector was injected i.m. into C57BL/S mice three times, at
an interval of 7 days. CTL activity was assessed by IFN-v production in the
culture of 1 x 10¢ spleen cells and 1 x 10* T7 lung alveolar type 11 epithe-
lial cells transfected with SARS (N) DNA at the E/T ratio of 100:1. IFN-y
production was assessed by ELISA assay. {(B) Augmentation of lympho-
cyle proliferation specific for SARS (N) DNA vaccine. > 10° responder
cells from vaccinated mice were cultured with Mitomyein C treated 1 x 104
T7 cells transfected with SARS (N) DNA for 48 h and then Bromodeoxy
Uridine (BrdU} was added. Proliferative responses were assessed by BrdU
assay.

3.2. Augmentation of lymphocyte proliferation specific
Jor SARS CoV antigens by the immunization with SARS
(M) DNA and SARS (N) DNA vaccine

The proliferation of splenic T cells stimulated by co-
culture either with T7 cells transfected with M DNA or
SARS M peptide (TW1 M102-116) was strongly augmented
by M DNA vaccine (data not shown). SARS N DNA vaccine
also induced proliferation of splenic T cells in the presence
of recombinant N protein as well as N DNA-transfacted
T7 cells (Fig. 1B). Thus, both SARS N DNA vaccine and
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Fig. 2. SARS (M) DNA vaccine induces in vivo human T cell proliferation
against SARS CoV in the SCID-PBL/hu human immune systems. 4 x 107
PBL from healthy human volunteers were administeredi. p. into IL-2 receptor
y-chain disrupted NOD SCID mice fIL-2R (—/—) NOD-8CID], and $CID-
PBL/hu mice were constructed. Fifty micrograms of SARS DNA vaccine
was injected {.m. into these SCID-PBL/hu mice, 1 x 10 spleen cells from
these vaccinated mice were cultured with 10~30 pg of SARS M peptide for
3 days. Proliferation was assayed by BrdU.

M DNA vaccine were shown to induce T cell immune
responses against the relevant SARS CoV antigens.

3.3, SARS M DNA and N DNA vaccines induced human
T cell immune responses (CTL and proliferation) in
SCID-PBL/hu model

The MDNA vaccine enthanced the CTL activity and prolif-
eration in the presence of M peptide in SCID-PBL/hu mice
(Fig. 2). Furthermore, the SARS N DNA vaccine induced
CTL activity (JFN-y production by recombinant N protein
or N protein pulsed-autologous B blast cells) and prolifer-
ation of spleen cells in SCID-PBL/hu mice (Fig. 3). From
these results, it was dermonstrated that SARS M DNA vac-
cine and N DNA vaccine induced human CTL and human T
cell proliferative responses.

4. Discussion

We have demonstrated that SARS (M) DNA and (N) DNA
vaccines induce virus-specific immune responses (CTL and
T cell proliferation} in the mouse systems using type II lung
alveolar T cell lines in ¢lone target models [6]. These DNA
vaccines induced SARS-CoV-specific CTL and T cell prolif-
eration in vivo human immune systems using SCID-PBL/hu.
Gao et al. developed adenovirus based a SARS DNA vaccine
encoding S1 polypeptide was capable of inducing neutraliz-
ing antibody, while another SARS DNA vaccine encoding N
protein generated IFN~y producing T cells in rthesus monkeys
{7]. SARS 8 DNA vaccine which elicits effective neutral-
izing antibody responses that generate protective immunity
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Fig. 3. SARS (N) DNA vaccine induces in vivo human CTL against SARS
CoV in the SCID-PBL/hu human immune systems. 4 x 167 PBL from
realthy human volunteers were administered i.p. into IL-2 receptor y-chain
disrupted NOD SCID mice [IL-2R (—/—) NOD-SCID), and SCID-PBL/hu
mice were constructed 50 g of SARS (N) DNA vaccine or 50 pug of SARS
(S) DNA vaccine. I x 105 spleen cells from SCID-PBL/hu were cultured
with 10 pg of recombinant SARS (N) protein for 72 h. IFN-y production in
the culture supematant was assayed using ELISA.

in a mouse model [8]. However its immunogenicity in
humans has yet to be established. Therefore, it is very
important to evaluate the efficacy of SARS DNA vaccineina
SCID-PBL/hu mice, which is a highly relevant translationai
model for demenstrating human jmmune responsiveness.
Recently, SARS DNA vaccines capable of inducing human
neutralizing antibodies against SARS CoV have been estab-
lished by our SCID-PBL/hu model. It has been demonstrated
that Angiotensin-converting enzyme 2 (ACE2) is a functional
receptor for the SARS CoV [9]. A transgenic mouse with
human ACE-2 may be useful as an animal model of SARS.
Turthermore, ACE-2 transgenic SCID mice should be useful
as a human model for pre-clinical trial for SARS vaccines,
since ACE-transgenic SCID-PBL/hu model could analyze
the human immune responses against SARS infection in
vivo. The effect of combination immumization with such
SARS vaccines and neutralizing antibody dependent DNA
vaceine is now being studied. These DNA vaccines should
provide a useful tool for development of protective vaceines.
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Abstract

The recent emergence of severe acute respiratory syndrome (SARS) was caused by a novel
coronavirus, SARS-CoV. It spread rapidly to many countries and developing a SARS vaccine is now
urgently required. In order to study the immunogenicity of UV-inactivated purified SARS-CoV virion as
a vaceine candidate, we subcutaneously immunized mice with UV-inactivated SARS-CoV with or
without an adjuvant. We chose aluminum hydroxide gel (alum) as an adjuvant, because of its long
safety history for human use, We observed that the UV-inactivated SARS-CoV virion elicited a high
level of humoral immunity, resulting in the generation of long-term antibody secreting and memory B
cells. With the addition of alum to the vaccine formula, serum 1gG production was augmented and
reached a level similar to that found in hyper-immunized mice, though it was still insutficient to elicit
serum IgA antibodies. Notably, the SARS-CoV virion itself was able to induce long-term antibody
production even without an adjuvant. Anti-SARS-CoV antibodies eficited in mice recognized both the
spike and nucleocapsid proteins of the virus and were able to neutralize the virus. Furthermore,
the UV-inactivated virion induced regional lymph node T-cell proliferation and significant levels of
cytokine production (IL-2, [L-4, IL-5, IFN-y and TNF-z} upon restimulation with inactivated SARS-CoV
virion In vitro. Thus, a whole killed virion could serve as a candidate antigen for a SARS vaccine to
elicit both humoral and cetlular immunity.

Introduction

A new disease called severe acute respiratory syndrome
(SARS) originated in China in late 2002 and spread rapidly to
many countries. Upon this outbreak, a global collaboration
network was coordinated by WHOQ, As a result of this un-
precedented international effort, a novel type of coronavirus
(SARS-CoV)was identified as the etiologic agent of SARS (1,2)
in March 2003. The genomic sequence of SARS-CoV was
completed and we now know that SARS-CoV has all the
features and characteristics of other coronaviruses, but it
is quite different from all previously known coronaviruses
(groups |~Ill), representing a new group {group 1V) (3,4). It
is assumed that SARS-CoV is a mutant coronavirus trans-
mitted from a wild animal that developed the ability to
productively infect humans (3,5). The genome of SARS-CoV

is a single-stranded plus-sense RNA ~30 kb in length and
containing five major open reading frames that encode non-
structural replicase polyproteins and structural proteins: the
spike (8}, envelope (E), membrane (M} and nucleocapsid
protein (N), in the same order and of approximately the same
sizes as those of other coronaviruses (5).

The reason why SARS-CoV induces severe respiratory
distress in some, but not all, infected individuals is still unclear.
In patients with SARS and probahle SARS cases, virus is
detected in sputum, stool and plasma by RT-PCR (1,2). These
patients developed serum antibodies against SARS-CoV and
high antibedy titers against N protein were maintained for
more than 5 months after infection (6). Because of their
generally poor pathogenicity and difficulty of propagation
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in vitro, there have been few studies regarding immunity to
human coronaviruses QC43 and 229E. In the veterinary field,
however, coronaviruses have been known for many years to
cause a variety of lung, liver and gut diseases in animals. As
we learned from these animal models, both humoral and
cellular immune responses may contribute fo protection
against coronavirus diseases, including SARS [for review
see (7)].

The clinical manifestation of SARS is hardly distinct from
other common respiratory viral infections including influenza,
Because an influenza epidemic may occur simultansously
with the re-emergence of SARS, it is urgently required that
we develop effective SARS vaccines as well as sensitive
diagnostic tests specific for SARS. Recently, the angiotensin-
converting enzyme 2 (ACE2)} was identified as a cellular
receptor for SARS-CoV (8). The first step in viral infection is
presumably the binding of S protein to its receptor, ACE2. In
the murine MHY model, S proteins are known to contain
important virus-neutralizing epitopes that elicit neutralizing
antibodies inmice (9,10). Therefore, the S protein would be the
first candidate coronavirus protein for induction of immunity.
However, the 8, M and N proteins are also known to contribute
to generating the host immune response (11,12}

Following an established vaccine protocol is one of the
best ways to shorten the time and cost of new vaccing
development. Most of the currently available vaccines for
humans are inactivated and applied cutaneously, except oral
polio vaccine, and adjuvant usage is mostly limited to
aluminum  hydroxide gel (alum). In order to know the
immunogenicity of inactivated SARS-CoV as 2 vaccine can-
didate, we immunized mice with UV-inactivated SARS-CoV
either with or without alum. We report here the evaluation of
humeral and cellular immunity elicited by UV-inactivated
SARS-CoVY administered subeutanecusly.

Methods

Preparation of U\tinactivated purified SARS-CoV

SARS-CoV (HKU39849) was kindly supplied by Dr J.S.M.
Peiris, Department of Microbiology, The University of Hong
Kong. The virus was amplified in Verc E6 cells and purified
by sucrose density gradient centrifugation. Concentrated
virus was then exposed to UV light (4.75 Jfom?) in order to
inactivate the virus. We confirmed that the virus completely
lost its infectivity by this method.

fmmunization of mice

Femate BALB/c mice were purchased from Nippen SLC Inc,
(Shizuoka, Japan) and were housed under specific pathcgen-
free conditions, All experimental procedures were carried out
under NiID-recommended guidelines. Mice were subcutane-
ously injected via their back or right and left hind lag footpads
with 10 ug of UV-inactivated purified SARS-CoV with or without
2 mg of alum, and boosted by the same procedure 7 weeks
after priming.

Detection of immunoglobuling in the serum samples

Blood was obtained from the tail vein and allowed to clot
overnight at 4°C. Sera were then collected hy centrifugation.

For ELISA, microtiter plates (Dynatech, Chantily, VA) were
coated overnight at 4°C with SARS-CoV-infected or rmock-
infected Vero €6 cell lysates, which had been treated with 1%
NP4Q followed by UV-inactivation. To detect S or N protein, the
plates were coated with 1% NP40 lysates of chick embryo
fibroblasts that had been infected with § or N protein-
expressing Dis (attenuated vaccinia virus) {13). The plates
were blocked with 1% OVA in PBS-Tween (0.05%) and then
incubated with the sera serially diluted at 1:25-1:10% for 1 h
at room temperature. Plates were incubated with either
peroxidase-conjugated anti-mouse 1gG (1:2000, Zymed, San
Francisco, CA), IgM or IgA {1:2000, Southern Biotechnology,
Birmingham, AL} antibody. For detection of 1gG subclasses,
either peroxidase-conjugated anti-mouse IgGy, 1gGza IgGzo
(1:2000, Zymed) or 1gGs (1:2000, Scuthern Bictechnology)}
was used. Plates were washed three times with PBS-Tween at
each step. Antibodies were detected by O-phenylenediamine
(Zymed), and the absorbance of each well was read at 490 nm
using a model 680 microplate reader (Bio-Rad, Hercules, CA),
As a standard for I1gG detection, serum was obtained from
a hyper-immunized mouse; the OD490nm value of 100 Uiml
standard was ~3 in all agsays. SARS-CoV-spaecific IgG titer
was calculated as follows: SARS-specific IgG titer (Li/ml) =
{the unit value obtained at wells coated with virus-infected cell
lysates) - (the unit value obtained at wells coated with non-
infected cell lysates).

ELISPOT assay for antibody-secreting cells (ASCs)

Recombinant N protein (amino acids 1-49 and 340-390) of
SARS-CoV (Biodesign, Saco, ME) was diluted te 10 pg/ml in
PBS, and then added at 100 ul per well to plates supported by
a nitrocellulose filtler (Millipore, Bedford, MA). After overnight
incubation at 4°C, the plates were washed with PBS three
times and then blockad at 4°C overnight with 1% OVA in PBS-
Tween (0.05%). After erythrocyte lysis, single cell suspensions
from BMs were suspended in RPMI supplemented with 10%
FCS, 5 X 107 M 2ME, 2 mM L-glutamine, 1G0 U/ml penicillin
and 100 ug/ml streptomycin, and then applied to the plates at
aconcentration of 3 X 16° cells per well. After 24 h cultivatior, the
plates were recoverad and stained with alkaline phosphatase-
conjugated anti-mouse IgG, antibedy (Southern Siotechnol-
ogies). Alkaline phosphatase activity was visualized using
3-amino-ethyl carbozole and napthol AS-MX phosphate/fast
blue BB (Sigma}. The frequency of ptasma cells specific for N
protein was determined from the N protein-coated plates after
background on the uncoated plates was subtracted.

Coronavirus neufralizing assay

Serum was inactivated by incubation at 56°C for 30 min. The
known tissue culture infectious dose (TCID) of SARS-CoV was
incubated for 1 h in the presence or absence of serum
antibodies serially diluted 5-fold, and then added to Vero £6
cell culture grown confluently in a 96-well microtiter plate, Afier
48 h, cells were fixed with 10% formaldehyde and stained with
crystal violet to visualize the cytopathic effect induced by the
virus (14). Neutralization antibody titers were expressed as
the minimum dilution number of serum that inhibited the
cytepathic effect.
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Western blotiing

Purified SARS-CoV virion (0.5 pg) was fractionated on SDS-
PAGE under reduced conditions. Proteins were transferred to
PVYDF membrane {Genetics, Tokyo, Japan) and reacted with
the diluted sera (1:1000) that had been obtained from mice
inoculated with UV-irradiated SARS-CoV. After washing, the
membrane was reacted with HRP-conjugated F{ab’), frag-
ment anti-mouse IgG (H+L) {1:20 000 Jackson Immunc
Research, West Grove, PA), followed by visualization of the
bands on X-ray film {Kodak, Rochester, NY} using chemilurni-
nescent regents {(Amasham Blosciences, Piscataway, NJ).

Regional T celf response

Popliteal and inguinal lymph nodes and spleens were
harvested from mice 1 week after the boast vaccination. After
the preparation of a single cell suspension, T cells were
purified by depletion of B220*, Gr1*, CD11b*, IgD* and IgM*
cells using a magnetic cell sort systern (MACS: Miltenyi
Biotec, Bergisch Giadbach, Germany). To prepare antigen-
presenting celis (APC}, normal BALB/c mouse splenocytes
were depleted of CD3* T cells by MACS and irradiated at
2000 cGy.

Purified T cells taken from lymph nodes (1 X 10° cells/well)
were cultured with irradiated APC (5 X 10° cellspivell) in the
presence or absence of UV-irradiated purified SARS-CoV
virion {1 or 10 po/m). Four days after the cultivation, the level of
cytoking concentration in the culture supernatant was mea-
sured by flow cytometry using a mouse Th1/Th2 cytokine
cytometric head array kit (Becton Dickinson, San Jose, CA).
Tcell proliferation was monitored by the incorporation of
BHithymidine (18.5 kBafwell, ICN Biomedicals, Costa Mesa,
CA) added 8 h prior to cell harvest. The cells were harvested
on a 96-well microplate bonded with a GF/B filter (Packard
Instruments, Meriden, CT). Incorporated radioactivity was
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Control (None/Alum)  Virion
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counted by a microplate scintillation counter (Packard
Instruments).

Results

Inoculation with UV-inactivated SARS-CoV results in an
antigen-specific 1gG, response, probably by generating
fong-terrm ASCs as well as memory ceils

To examine the level of anti-SARS-CoV response in mice after
inoculation with vaccine candidates, three mice in each group
were subcutaneously inoculated with 10 pg of Uv-inactivated
purified SARS-CoV with (Virion/Alurm} or without alum (Virion),
or inoculated with alum alone (Alum) or teft untreated (Nene)
as a centrol (Fig. 1). One month after inoculation, vaccinated
mice elicited the anti-SARS CoV 1gG antibody in sera at high
levels. As expecied, the alum adjuvant enhanced the level of
IgG antibady response, >10-fold higher than the level without
adjuvant (Fig. 1C compared with B). When mice were boosted
at 7 weeks, the level of IgG antibody in both groups of mice
was further increased ~10-fold above the primary response
(Fig. 1B and C). Notahly, the level of serum antibodies induced
by a single injection of virion, even in the absence of the
alum adjuvant, was maintained at least more than 6 menths
(Fig. 1B). These results suggest that long-term ASCs can
be established by a single shot of UV-inactivated virion
administration.

Upon restimulation with antigen, memory B cells rapidly
differentiate into ASCs and migrate into the bone marrow to
establish a long-term ASC pool (15,18). To enumerate the
number of plasma cells specific for SARS-CoV, we performed
an ELISPOT assay using recombinant N proteins, amino acid
nurnbers 1-49 (N1-49) and 340-390 (N340-390} as coating
antigens. Consistent with the serum anti-SARS CoV IgG level,
SARS-specific IgG+ plasma cells were maintained in the bone
matrow at day 10 after boost immunization with virion/alurm
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Fig. 1. Thelevel of SARS-gpecific IgG in subcutaneously vaccinated mice, Mice were subcutaneously primed with 10 pg of UV-inactivated SARS-
CoV virion {B), or virion with 2 mg of alum (C}), or afum alone or none (A) and boosted with the same dose in their footpads at 7 weeks after priming.
Serum was collected at the indicated time point and subjected to ELISA (o detect SARS-specific (gG using SARS-CoV-infected Vero cell lysates as
a coating antigen. Circles and bars represent the amount of IgG antibody in the serum of each mouse and the mean, respectively. The amount of
1g9G was arbitrarily calculated based on the concentration of hyper-immune sera. A representative result of two independent experiments is shown.
(D) Mice were vaccinated with 10 pg of UV-inactivaled SARS-CoV virion subcutaneously into their backs. Serumwas collecied fromindividual mice
al the indicated time point and subjected to ELISA to detect SARS-specilic 1gG. ’
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1426 Immuncgenicity of inactivated SARS-CoV virion

(Fig. 2. In contrast, the number of spots from controi mice was
below the detection limit (i.e. <1 ASC/9 x 10° calls),

UV-inactivated SARS-CoV induces IgG, antibody with
neutralizing activity

We determined the subclass of serum anti-SARS-CoV I1gG
antibedies in the boosted mice using anti-mouse IgGy, 19G2a.

20
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Fig. 2. The number of SARS-specific IgG: plasma cells in BM. Mice
were primed and boosted by subgutanecus injection into their back
with 10 ug of Uv-inactivated SARS-CoV virion with 2 mg of alum {VA).
BMs were collacted at 10 days aller boost and subjected 10 ELISPOT lo
detect SARS-specific 1I9G, plasma cells. Bars repragent the number
of plasma cells specific to N1-49 and N340-320 antigen in SARS-
vaccinated and contrel mice, respectively. Data are means cf triplicate
cultures. The number of spots from conirol mice was below the
detection limit (i.e. <1 ASC/9 x 10%cells: dashed line). Areprasentative
resulbt of twe independent experiments is shown. N.D,: not detected.

1g9Gz or 1gG3 second antibody by ELISA (Fig. 3). Interestingly,
the level of anti-SARS-CoV igGa, in mice immunized with
virionfalum was comparable to that in mice immunized with
virion alone, whereas the level of anti-SARS-CoV IgG, was
higher in mice with virioryalum than the mice with virion alone.
In contrast, the levels of IgG, and IgGs antibodies were fairly
low in both groups. Therefore, our results indicated that
vaccinaticn with a combination of inactivated virion and alum
induced a predominantly Th2-type immune response.

We also measured serum immunoglobulins ether than IgG
in the early and late phases of immunization. To avoid high IgG
goncentrations interfering with the detection of IgM and
igA antihodies, the serum [gG was absorbed with protein G-
conjugaied beads {>88%). The lavels of anti-SARS-CaV IgM
antibcdies in the IgG-depleted sera, which were obtained
4 weeks after priming, were below our detection limit. Likewise,
anti-SARS-CoV IgA antibody in the IgG-depleted sera, which
were obtained 1 week after booster, was not detectable (data
not shawn),

Whether or not immune sera possess a neutralizing activity
against SARS-CoV is a crucial aspect of vaccination. We
estimated the neutralizing activity of sera obtained 1 week
after boost inoculation {Table 1). We observed that neutralizing
activity against SARS-CoV was detected at a high level in sera
of mice inoculated with virionfalum or virich alone. Taken
together, these results indicate that subcutaneous vaccination
with UV-inactivated SARS-CaoV viricn is able to elicit a sufficient
amount of |gG antibodies with neutralizing activity.

UV-inactivated SARS-CoV induces serum IgG antibody
specific for $ and N proteins

Using the immune sera of mice boosted with virion/alum
1 week before, we analyzed the specificity of serum 1gG by
western blot analysis (see Methods). As shown in Fig. 4(A), the
robust signal detecied at 50 kDa corresponds to the N protein
of SARS-CoV, as predicted by its genome size (3,4). A band
near 200 kDa appears fo correspond to S protein, analogous
with the 3 protein of other human coronaviruses, HCV-229E
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Fig. 3. Ig( subctass of immunized serum. Mice were subcutanecusly primed and boosted by injection in their footpads with 10 pg of UV-inactivated
SARS-CoVvirion (V), or virion with 2mg of aturn {VA). Serumwas collected from individual mice at 1 week after boost and subjected to ELISA to detect
SARS-specitic1gG1, 19G 24, 1aGap and IgGatiter. The Y value is the reciprocal serum dilution number where the 0D490nm 2= 0.2in each ELISA, Circles
and bars represent the liter lor each mouse and the mean, respectively; results are representative of two separate expsriments.
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