342

Saito et al.

TABLE V. HI and NT Titers of Sera Obtained From Animals Vaccinated With Whole Virion
Vaccine Prepared From Akita 27 MG (+) or EgG (-)*

Antigens for assays
_ MG (+) MG (-} Egl (-)
Vaccinated
with HI NT HI NT H1 NT
MG (+) 132+12.0 13.2+46 13.2+120 10.0x00 174+147 132146
EgG (-) 59+41% 10.0+0.0° 400476 200+7.6° 476141 673+41

*Titers were expressed as geometric mean =+ SD of serum titers obtained from four or five animals receiving
i.m. whole virion vaccine prepared from Akita 27 MG (+) or EgG (-), HI titers less than 10 and NT titers less
than 20 were calyculated as titers of 5 and 10, respectively.

bSignificantly different (P < 0.005) from the titer against EgG (—) aa an antigen.

“Significantly different (P < 0.01) from the titer against EgQ (~) as an antigen.

although this virus grew well in eggs. These contra-
dictory results suggested that the absence of the
glycosylation at 197 was necessary but not sufficient
for egg-adaptation, and additional mutation(s) in other
viral protein(s} might be required for optimal growth in
eggs. Alymova et al. [1998] noticed that the NA activities
differed among the viruses with different passage
histories. An influenza B virus, isolated in egg showed
higher NA activity than a virus isolated in mammalian
cell line even though they originated from the same
clinical specimen. Although not examined in this study,
a difference in the NA activity might affect the release
of mature viruses from infected cells. Comparison of
deduced amino acid sequences of other viral proteins
between the egg and the MDCK clones might reveal
their involvement in the egg adaptation.

Both vaccine preparations examined in this study
induced good protection in hameters even against
challenge by heterclogous viruses (Table VI), although
serum antibody response was apparently distinguish-
able between different vaccine preparations (Table V).
Importantly to note was that Akita 27 MG (+) provided
good protaction, although HI and NI titers were ap-
parently lower. It has been thought that the serum HI
titer of >40 was required to protect from infection in
humans. The discrepancy between the low HI titer and
good protection level observed for MG (+) vaccinated

group suggested that other viral component(s) might be
involved in the protection. Such examples were seen in
the case of influenza A virus for NA and M2 proteins
[Kilbourne, 1976; Neirynck et al, 1999]. Another
possibility that explains the diserepancy might be
invelvement of neutralization mechanism(s) other than
direct inhibition of receptor binding measured by the
HI test. Antibody-dependent complement components
havebeen shown to display neutralizing activity against
influenza viruses. Anti-HA antibody without detectable
HI activity was shown to neutralize WS/33 influenza
virus by activating the classical pathway of the comple-
ment system [Beebe et al.,, 1983]. Anti-HA monoclonal
antibodies (MAbs) with low virus-neutralizing activity
in vitro showed gignificant virus-neutralizing activity
in vivo [Mozdzanowska et al., 1997]. Complement com-
ponent Clq also enhanced the neutralizing activity of
the anti-HA MADb in vitre [Feng et al., 2002). MAb
without HI activity was shown to neutralize virus
infectivity, not by blocking receptor binding, but by
interfering fusion activity of the HA meolecule [Kida
et al., 1985; Imai et al.,, 1998]. The observation that
hamsters were protected from challenges in spite of the
low HI titers against the challenge viruses in MG (+)
vaccinated group, together with the instances above,
suggested that serum HI antibody in vitro alone could
not elucidate the protection efficacy in vivo.

TABLE VI. Efficacy of Whole Virion-Inactivated Vaccines Against Challenge With Different

Clones of B/Akita/27/2001*
Number of Virus titer in lung
infected animals of infected animals
Vaccinated with Challenged by (% protection) (logio TCID/goml)
MG (+) 1/56 (80) 2.7
MG ) MG (-) 0/6 (100) -
EgG (-) 1/5 (8%) 4.7
MG (+) 0/5 (100) -
EgG (-) MG (-) 1/4 (15) <17
EgG (-) 0/6 (100 _
MG (+) 5/5 (0) 4.98 + 0.55°
Non-treat MG (-) 6/6 (0) 5.38+0.30
EgG (=) b/6 (0} 5.38 +£0.47

*Clone designation described in “Materials and Methods.”

ean + SI} among five animals,
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The lower immunogenicity of the MDCK derived
clone observed in this study was in sharp contrast to
the observation reported by Katz and Webster [1989]
on the H3 influenza vaccine. Whether this is due to
difference between influenza A and B viruses or a strain-
specific phenomenon remains to be elucidated. A study
of dose dependency using HA subunit vaccines made of
the HA with or without the glycosylation 197 is neces-
sarytoevaluate the effect of glycosylation 197 on vaccine
efficacy and immunogenicity precisely,

In conclusion, it was shown that antigenic proper-
ties of recent epidemic strains of influenza B viruses
were influenced by the egg adaptation, suggesting that
viruses isclated in mammalian cells are preferable as
reference strains for antigenic surveillance of influenza
virus. It is also important to monitor antigenic accor-
dance between circulating straing and a vaccine strain
to evaluate the suitability of a vaccine strain. Thus,
the use of the mammalian culture derived strain as a
vaccine strain is also preferable to avoid mislending
evaluation by the egg-adaptation. The result also sug-
gested that viral protein(a) other than HA appeared
to be involved in the egg adaptation. Further study is
necessary to understand the mechanisms of the egg
adaptation of influenza B virus.
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Abstract

The recent emergence of severe acute resplratory syndrome (SARS) was caused by a novel
coronavirus, SARS-CoV. It spread rapldly to many countries and developing a SARS vaccine is now
urgently required. In order to study the Inmuncgenicity of UV-Inactivated purifled SARS-CoV virlon as
a vacclne candidate, we subcutaneously Inmunized mlce with UV-Inactlvated 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 virien eliclted a high
level of humoral Immunity, resulting in the generatlon of long-term antlbody secreting and memory B
cells. With the additlon of alum te the vaccine formula, serum IgG productlon was augmented and
reached a level similar to that found In hyper-immunized mice, though it was still Insufficlent to elicit
serum IgA antlbodles. Notably, the SARS-CoV virlon Itself was able to Induce long-term antlbody
production even without an adjuvant. Antl-SARS-CoV antibodles eliclted In mice recognized both the
splke and nucleocapsld proteins of the virus and were able to neutralize the virus. Furthermore,

the UV-Inactivated virion Induced reglonal lymph node T-cell proliferation and significant fevels of
cytokine productlon (IL-2, IL-4, IL-5, IFN-y and TNF-z) upon restimulation with Inactlvated SARS-CoV
virlon /n vitro. Thus, a whole kilted virion could serve as a candidate antigen for a SARS vaccine to
ellclt both humoral and cellular 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 WHQO. As a result of this un-
precedented international effort, a novel type of coronavirus
(SARS-CoV) was identified as the etiologic agentof 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 |~lll), representing a new group {group IV} (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-CaV

is a single-stranded plus-sense RNA ~30 kb in fength and
containing five major open reading frames that encode non-
structural replicase polyproteins and structural proteins: the
spike (S), envelope (E), membrane (M) and nucleocapsid
pratein {(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 probable 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 antibody 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 OC43 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 leamed from these animal models, both humoral and
cellular immune responses may contribute to 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 simultaneously
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
presumnably the binding of S protein to its receptor, ACE2. In
the murine MHY model, S proteins are known to contain
impertant virus-neutralizing epitopes that elicit neutralizing
antibodies in mice (9,10). Therefore, the S protein would bethe
first candidate coronavirus protein for induction of immunity.
However, the S, 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 vaccine
development. Most of the currently available vaccines for
humans are inactivated and applied cutaneously, except oral
polic vaccine, and adjuvant usage is mostly limited to
aluminum hydroxide gel (alum). In order to know the
immunogenicity of inactivated SARS-CoV as a vaccine can-
didate, we immunized mice with UV-inactivated SARS-CoV
either with or without alurn. We report here the evaluation of
humoral and cellular immunity elicited by UV-inactivated
SARS-CoV administered subcutaneously.

Methods

Preparation of U\V-inactivated 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 Vero E6 cells and purified
by sucrose density gradient centrifugation. Concentrated
virus was then exposed to UV light {4.75 Jicm®) in order to
inactivate the virus, We confirmed that the virus completely
lost its infectivity by this method.

Immunization of mice

Female BALB/c mice were purchased from Nippon SLC Inc.
{Shizuoka, Japan) and were housed under specific pathogen-
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 leg footpads
with 10 pg 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 immunoglobulins in the serum samples

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

For ELISA, microtiter plates (Dynatech, Chantily, VA) were
coated overnight at 4°C with SARS-CoV-infected or mock-
infected Vero E6 cell lysates, which had been treated with 1%
NP40 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 8 or N protein-
expressing Dls {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 IgG {1:2000, Zymed, San
Francisco, CA), IgM or IgA (1:2000, Southem Biotechnology,
Birmingham, AL) antibody. For detection of IgG subclasses,
either peroxidase-conjugated anti-mouse 19G+, 1gG2q, 19G2,
(1:2000, Zymed) or 19Gs (1:2000, Southern Biotechnology)
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 IgG detection, serum was obtained from
a hyper-immunized mouse; the 0D490nm value of 100 U/m!
standard was ~3 in all assays. SARS-CoV-specific I1gG titer
was calculated as follows: SARS-specific 1gG titer (U/ml) =
(the unit value obtained at wells coated with virus-infacted 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 to 10 pg/ml in
PBS, and then added at 100 p! per well to plates supported by
a nitrocellulose filter {(Millipore, Bedford, MA). After overnight
incubation at 4°C, the plates were washed with PBS threa
times and then blocked 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, 100 U/ml penicillin
and 100 pg/ml streptomycin, and then applied to the plates at
aconcentration of 3 X 10° cells perwell. After 24 h cultivation, the
plates were recovered and stained with alkaline phosphatase-
conjugated anti-mouse 1gG antibody (Southern Biotechnol-
ogies). Alkaline phosphatase activity was visualized using
3-amino-ethyl carbozole and napthal AS-MX phosphate/fast
blue BB (Sigma). The frequency of plasma cells specific for N
protein was determined from the N protein-coated plates after
background on the uncoated plates was subtracted,

Coronavirus neutralizing 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 E6
cell culture grown confluently in a 96-well microtiter plate. After
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
cytopathic effect.
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Western blotting

Purified SARS-CoV virion (0.5 pg) was fractionated on SDS-
PAGE under reduced conditions. Proteins were transferred to
PVDF 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 I1gG (H+L) (1:20 000 Jackson Immuno
Research, West Grove, PA}, followed by visualization of the
bands on X-ray film (Kedak, Rochester, NY) using chemilumi-
nescent regents {Amasham Biosciences, Piscataway, NJ).

Regional T celf response

Popliteal and inguinal lymph nodes and spleens were
harvested from mice 1 week after the boost vaccination. After
the preparation of a single cell suspension, T cells were
purified by depletion of 8220%, Gr1*, CD11b*, IgD* and IgM*
cells using a magnetic cell sort system {MACS: Miltenyi
Bictec, Bergisch Gladbach, Germany). To prepare antigen-
presenting cells {APC), nermal BALB/c mouse splenocytes
were depleted of CD3* T cells by MACS and irradiated at
2000 cGy.

Purified T cel's taken from lymph nodes (1 X 10° cellsiwell)
were cultured with irradiated APC (5 X 10° cellsiwell) in the
presence or absence of Uv-irradiated purified SARS-CoV
virien (1 or 10 ug/mi). Four days after the cultivation, the level of
cytokine concentration in the culture supernatant was mea-
sured by flow cytometry using a mouse Th1/Th2 cytokine
cytometric bead array kit (Becton Dickinson, San Jose, CA).
T-cell proliferation was monitored by the Incorporation of
[®H]thymidine (18,5 kBg/well, 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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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-term ASCs as well as memory cells

To examine the leve! of anti-SARS-CoV response in mice after
inoculation with vaccine candidates, three mice in each group
were subcutaneocusly inoculated with 10 pg of Uv-inactivated
purified SARS-CaV with (Virien/Alum) or without alum (Virion),
or inoculated with alum alone (Alum) or left untreated (None)
as a control (Fig. 1). One month after inoculation, vaccinated
mice elicited the anti-SARS CoV IgG antibody in sera at high
levels. As expected, the alum adjuvant enhanced the level of
IgG antibody 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). Notably, 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 months
{Fig. 1D}. 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 {15,16). To enumerate the
number of plasma cells specific for SARS-CoV, we performed
an ELISPOT assay using recornbinant N proteins, amino acid
numbers 1-42 (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
marrow at day 10 after boost immunization with virionfalum
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Flg. 1. The leve! of SARS-specific 1gG in subcutaneously vaccinated mice. Mice were subcutaneousty primed with 10 pg of Uv-inactivated SARS-
CoV virion (B), or virion with 2mg of alum (C), or alum alone or none (A) and boosted with the same dosa in their footpads at 7 weeks after priming.
Serum was collacted at the indicated time point and subjected to ELISA to detect SARS-specific IgG using SARS-CoV-infected Varo cell lysates as
a coating antigen. Circles and bars represent the amount ¢f IgG antibody in the serum of each mouse and the mean, respectively. The amount of
19G 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-inactivated SARS-CoV virion subcutanecusly into their backs. Serum was collected from individual mice
at the indicated time point and subjected to ELISA to detect SARS-specific IgG.
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(Fig. 2). In contrast, the number of spots from control mice was
below the detection limit {L.e. <1 ASC/ X 10° cells).

UW-inactivated SARS-CoV induces IgG4 antibody with
neutralizing activity

We determined the subclass of serum anti-SARS-CoV 1gG
antibodies in the boosted mice using anti-mouse 1gGy, 1gGza,
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Flg. 2. The number of SARS-spacific |gG, plasma cells in BM. Mice
were primed and boostad by subcutaneous injection into their back
with 10 pg of UV-inactivated SARS-CoV virion with 2 mg of alum (VA).
BMs were collected at 10 days after boost and subjected to ELISPOT to
detect SARS-specific 1gG, plasma cells. Bars represent the number
of plasma cells specific to N1-49 and N340-390 antigen in SARS-
vaccinated and control mice, respectively. Data ara means of triplicate
cultures. The number of spots from control mice was below the
detection limit (i.e. <1 ASC/9 x 10°cells: dashed line). A representative
result of two indepandent expeariments is shown. N.D.: not detected.

IgG2, or IgG; second antibody by ELISA (Fig. 3). Interestingly,
the level of anti-SARS-CoV [gGaa in mice immunized with
virion/alum was comparable to that in mice immunized with
virion alone, whereas the level of anti-SARS-CoV IgG; was
higher in mice with virion/alum than the mice with virion alone.
In contrast, the levels of [gGa, and IgG; antibodies were fairly
low in both groups. Therefore, our results indicated that
vaccination with a combination of inactivated virion and alum
induced a predominantly Th2-type immune response.

We also measured serum immunoeglobuling other than IgG
in the early and late phases of immunization. To avoid high 1gG
concentrations interfering with the detection of IgM and
lgA antibodies, the serum IgG was absorbed with protein G-
conjugated beads (>98%). The levels of anti-SARS-CoV IgM
antibodies 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 shown).

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 cbserved that neutralizing
activity against SARS-CoV was detected at a high level in sera
of mice inoculated with virionfalum or virion alone. Taken
together, these results indicate that subcutaneous vaccination
with UV-inactivated SARS-CoV virion is able to elicit a sufficient
amount of IgG antibedies with neutralizing activity.

UV-inactivated SARS-CoV induces serum 1gG antibody
specific for § and N proteins

Using the immune sera of mice boosted with virlonfalum
1 week before, we analyzed the specificity of serum IgG by
western blot analysis (see Methods). As shown in Fig. 4(A), the
robust signal detected 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 to correspond to S protein, analogous
with the S protein of other human coronaviruses, HCV-229E
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Flg. 3. 1gG subclass of immunized serum. Mice were subcutaneously primed and boosted by injectionin their footpads with 10 pug of UV-inactivated
SARS-CoV virion {V}, or virion with 2 mg of alum {VA). Serumwas collected fromindividual mice at 1 week after boostand subjected to ELISA to datact
SARS-specific 19G 1, 19Gzq, |9G2, and 1gG;titer. The Y valua is tha reciprocal serum dilution number where the OD480nm = 0.2 in each ELISA. Circles
and bars reprasent the titer for each mouse and the mean, respectively; results are representative of two separate experiments.
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and HCV-OC43, which are known to be heavily glycosylated
and detected at 186 kDa and 190 kDa, respectively (17). Our
result is consistent with the data reported recently by Xiao
et al. who expressed the full-length S glycoprotein of SARS-
CoV Tor2 strain in 293 cells and showed that the protein ran
~180-200 kDa in SDS gels {(18). The origins of the 120 kDa and
the faint 37 kDa bands were unknown. However, similar bands

Table I. Neutralizing activity in serum after vaccination

Reciprocal endpeint fiter

Experiment 1 Experiment 2

Nonefalum <5* <5*
Virion mouss 1 250 © 250
2 1250 250
3 1250 250
Virionfalum 1 250 1250
2 1250 1250
3 1280 1250

*All six mice examined did not have detectable neutralizing activity.
Sera were obtained from mice 1 week after boost vaccination and
subjected to SARS-CoV neutralizing activity assay as described in
Methods. The titer is a reciprocal number of minimum serum ditution
that inhibits the cytopathic effect.

{A) (B)
. 1.50q
MW (kDa) 14
250 = vt <8 1.254
150 —
100 — . 1.00
7 - c
§ 0.75-
S0 — ¢l -—N 8
0.50-
7 -
0.25
25 - o0
20 — 0.00+——rrrrmerrrr
1:100 11000
Coating dilution

Fig. 4. Specificity of the serum antibodiss. {A) Puritied UV-inactivated
SARS-CoV virion (0.5 pg) was fractionated hy SDS-PAGE and
subjected to westemn blotting. Diluted pooled sera {(1:1000) from mics
primed and boosted with virionfalum were exploited to detect virus
proteins. Upper and lower arrows indicate the predicted band of
$ (spike protein} and N (nucleccapside protein} of SARS-CoV,
raspectively. Tha size of malecular weight markers {(kDa) is shown
on the left. (B} S protein- or N protein-specific ELISA. ELISA plates
weara coated at the indicated dilution with 1% NP40 lysates of chick
embryo fibroblasts that had been infected with S protein-expressing
vaccinia virus {circle), N protein-expressing vaccinia virus (triangle) or
uninfected (mock; square). Diluted serum (1:100Q) from mice prime
and boost immunized with virion/alum, was exploited for detection of
virus proteins.
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were also detected on a fluorogram by using anti-N mAbs
(Ohnishi, K., Sakaguchi, M., Takasuka, N. et a/., unpublished
data), suggesting that it is related to N protein. The specificity
of IgG in the immune sera was also determined by ELISA
plates coated with lysates of cells infected with either S- or
N-expressing recombinant vaccinia viruses (Fig. 4B). The
results indicated that anti-S as well as anti-N protein IgG
antibodies were elicited by viricn/alum vaccination.

Uv-inactivated SARS-CoV whole virion induces T-cell
response

To examine whether or not subcutaneously vaccinated mice
gained an induced T-cell response against SARS-CoV, mice
were immunized either with virionfalum, virion, or alum only via
the footpad. T cells of these mice were enriched from the
spleen and regional lymph nodes 1 week after a booster
immunization and cultured with irradiated APCs in the
presence or absence of UV-inactivated SARS-CoV virion at
1 or 10 pg/ml. As shown in Fig. 5{A), regional lymph node
T cells proliferated in vitroin response to UV-inactivated virion
in virionfalum-immunized mice and, to a lesser extent, in virion-
immunized mice. Because mice inoculated with virion/alum
showed a high basal level of proliferation of lymph node Tcells
in the absence of antigen, there is not much difference in the
net proliferative response of these cells between the virionf
alum group and the virion only group. Cn the other hand, in
splenic Tcells, alow leve! of proliferation was observed only in
the virion/alum group of mice. The level of proliferation of these
T cells, however, was virion-dose independent. Therefore, our
results suggest that the subcutaneous injection of inactivated
virion, even without alum, does induce T cell activation to some
extent in the draining lymph node, a result which hardly oceurs
systemically.

We alse measured the level of cytokine production in the
supernatant of lymph node T cells stimulated with inactivated
virion in vitro for 4 days. We found that the inactivated virion
induced the production of all the cytokines {IL-2, IL-4, IL-5,
IFN-y and TNF-a) in T cells of virionfalum-immunized mice, In
a dose-dependent manner (Fig. S5B). Likewise, Tcells of virion-
immunized mice produced low, yet significant, levels of these
cytokines in a dose-dependent manner, except IL-5. in
contrast, fiymph node Tcells from normal mice did not produce
any cytokines at all in response to virion, suggesting that the
virion itself does not possess innate stimulating activity as
bacterial preducts [such as lipepolysaccharide {LPS)} and
purified protein derivative of myccbacterium tuberculosis
(PPD)] do. Taken together, these results suggest that sub-
cutaneous vaccination with UV-inactivated SARS-CoV is able
to activate CD4* Tcells In regional lymph nodes, where Tcells
preduce several immuncregulatery cytokines, including IFN-y.

Discusslon

The present results demonstrated that even a single sub-
cutaneous administration of Uv-irradiated virion without alum
adjuvant induced a high level of systemic anti-SARS-CoV
antibody response in mice, probably followed by the gener-
ation of long-term antibody-secreting cells and memory cells
in the bone marrow. Considering that polyvalent particulate
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Fig. 5. Invitroresponses of SARS-CoV-specific Tcells taken from mice vaccinated with inactivated SARS-CoV. Mice wers subcutaneously primad
with 10 pg of UV-inactivated SARS-CoV virion, ar virion with 2 mg of alum, or none, and then boosted with the same dose in their footpads at
7 weeks after priming. Draining lymph nodes and spleens wers isolated at 1 week after boost and stimulated with T-cell depleted splenocytes that
had been pulsed with the indicated concentration of UV-inactivated SARS-CoV vition. These ¢ells were cultured for 2-4 days and [*H]thymidine
was added 8 h prior to the harvest. The peak response on day 4 after cultivation is shown in (A). {B) Culture supernatant was collscted at day 24
post cultivation and the level of IL-2, IFN-v, IL-4, IL-5 and TNF-a was determined by CBA kit. The maximum cytokine production at day 4 is shown.

Results are representative of twa separate experiments,

structures such as hepatitis B virus surface antigen-based,
HIV-1 Gag-based and Ty virus-like particles have been shown
to elicit humoral as well as cellular immune responses (19),
these particulates probably have comparable dimensions and
structures to the pathogens that are targeted for uptake by
APCs to facilitate the induction of potent immune responses.
The antibodies elicited in mice vaccinated by the current
protocel with or without adjuvant recognized both the S and N
proteins of SARS-CoV and were able to neutralize tha infection
of virus to Vero E6 cells. However, serum anti-SARS-CoV IgA
antibody was not detectable, probably owing to the route of
vaccination. In addition, the present vaccination protocol
caused T cell response at the regional lymph nodes, although
it did not allow for the induction of a sufficient cellular immune
response systemically.

We show here the potentiality of subcutaneous injection of
inactivated virion with alum, which is utilized for most of current
human vaccinations. Alum has been used as an adjuvant for
vaccines such as diphtheria, pertussis and tetanus, and these
vaccines have a long safety record for human use (20). We
observed that the addition of alum to the vaccine formula
resulted in a large augmentation of serum 1gG, production, but
not l9Gz, production. The level of 1gG, in alum-vaccinated
mice reached a leve! similar to that found in hyper-immunized
mice, which were subcutanecusly injected with 5 ug of
inactivated virion emulsified with a complete Freund adjuvant,
followed by consecutive three-times intravenous boosters
with 2 pg of virion. Alum is known to selectively stimulate an

IgG+ dominant, type 2 immune response [reviewed in (21)).
Agctivation of complement by alum could contribute to the type
2-biased immune response partly via an inhibition of [L-12
production. Interestingly, a quite recent report demonstrated
that an alum-induced Gr1* myeloid cell population produced
IL-4 and activated B-cells (22).

There are various diseases associated with animal corona-
virus infection. The clinical manifestations of the disease and
the correlates of protection with immunity have been studied
extensively in these animal coronavirus infections [reviewed in
{7)1. Although antibodies and T cells may play a role in
exacerbating the pathology in some animal coronavirus
infections (23,24), both humoral and cellular immune re-
sponses are known to contribute to protection against corona-
virus infection. In murine hepatitis virus, a Group 2 coronavirus,
the mortality of susceptible mice was partially prevented by
the transfer of immune serum containing neutralizing anti-
body prier to challenge (25). Recently, Zhi-yong et af. reported
in the murine acute infection model that the neutralizing
antibody elicited by vaccination of DNA encoding S was
protective, but cellular components of vaccinated mice were
not required for the inhibition of viral replication (26). Because
atwice parenteral administration of inactivated virion with alum
induced a high level of antibodies that are able to neutralize
SARS-CoV, this vaccination protocol may have a certain effect
on the protection of humans from SARS-CoV infection.

We observed that two successive inoculations with inacti-
vated virus at 7 week intervals generated SARS-CoV-specific
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Tcells. These cells were restimulated with the irradiated virus
in vitro, but their response was low in terms of the leve! of
proliferation and production of INF-y and IL-2. However,
irrespective of vaccination protocols with or without alum
adjuvant, virus-primed T cells of vaccinated animals were
capable of producing IL-4 at high levels upon in vitro
stimulation, comparable to other reports for a variety of
vaccination studies (27,28). This outlook seems compatible
with the idea that the present vaccine protocol may tend to
select T-cell subsets with Th2 phenotype. However, it remains
to be elucidated whether such T ¢cells may exhibit serclogical
memory phenotype and persist in the immune system after
vaccination as long as memory B cells, which may persist
more than 180 days post vaccination. In addition, further
analysis is needed to clarify whether Tcell responss is a crucial
factor for long-term protection against SARS-CoV infections.

Efforts to develop a SARS-CoV vaccine have been carried
out by many prefitable or non-profitable organizations in
various ways. For example, it has recently been reported that
the combination of adenovirus vector expressing SARS-S, -M
or -N protein elicited a neutralizing capacity in serum and N-
specific T-cell response in rhesus macaques {(29). However, it
is still uncertain whether or not the immunity against only these
components of SARS-CoV Is sufficient for virus protection.
SARS-CoV tends to cause replication errors, which may allow
the virus to escape the host-immune response and result in
a seasonal outbreak. From this point of view, it resembles
influenza virus. In influenza virus, inactivated HA vaccine
showed incomplete protection but had a certain efficacy and
safety record for a long period of time. Indseed, this approach
has been used in the veterinary field, such as with the bovine
coronavirus (30) and canine coronavirus {31). These advan-
tages make a whole killed virion a prime candidate for a SARS
vaccine, even if it may not have the best protective ability.

Unfortunately, no information is available so far on the
immune correlates of protection against human coronaviruses,
including SARS-CoV. In consideration that SARS-CoV trans-
mission occurs by direct contact with droplets or by the fecal
oral route, mucosal secretary IgA in both the lower respiratory
tract and digestive tract seem 1o be crucially important. Failure
to induce IgA-type antibodies in a current systemic vaccina-
tion method should be improved. Notably, IgA antibodies were
detectable in the sera and bronchoalveolar lavage fluid
obtained from mice hyper-immunized with UV-irradiated virus
(data not shown). Therefore, if a non-toxic and more potent
adjuvant becomes available for human use, the subcutaneous
injection of inactivated virion would become an effective
vaccination method to reduce the number of susceptible
people.

In the future, it will be necessary to determine whether or
net the inactivated whole virion vaccine possesses protective
ability against SARS-CoV infection by the use of adequate
animal models. Furthermore, whether the alum addition
augmented the protection and the effective period of SARS-
CoV virion vaccination should be addressed, because
currently used inactivated influenza virus whole virion vaccine
is significantly effective without any adjuvant. Meanwhile, we
~ alsoneed to develop a potent adjuvant for induction of a much
stronger mucosal immunity, in addition to evaluating available
methods of virion inactivation.
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Abbreviations

ACE2 angiotensin-converting enzyrme 2
ASC antibody-secreting cell

E anvelops

M membrane

N nucleocapsid protein

SARS severa acute respiratory syndrome
SARS-CoV  SARS-associaled coronavirus

S spike protein
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Abstract: Antibodies to influenza A virus were detected unsing enzyme-linked immunosorbent assay
(ELISA) in the sera from two of seven Baikal seals (Phoca sibrica) and from five of six ringed seals (Phoca
hispida) in Russia, In a hemagglutination-inhibition test using H1-H15 reference influenza A viruses,
ELISA-positive sera from one Baikal seal and four ringed seals reacted to A/Aichi/2/68 (H3N2) and
A/Bangkok/1/79 (H3N2) strains. One ringed seal serum sample reacted to A/seal/Massachusetts/1/80
(H7NT7). The present results suggested that human-related H3 viruses were prevalent in Baikal seals and

ringed seals inhabiting the central Russian Arctic.

Key words: Influenza virus, Seal, Marine mammal

Influenza A virus infects a variety of avian and mam-
malian species including humans and marine mammals
such as seals and cetaceans (13, 19). Waterfowl are the
primary host for all influenza A virus strains that have
been introduced into mammals, including humans, as
pandemic strains. It has been experimentally demon-
strated that pigs serve as intermediate hosts to generate
human pandemic strains (11). As interspecies transmis-
sion plays a crucial role in pandemic disease in new
hosts, monitoring of the viral infections in animals,
including wild animals, is important not only for the
control of animal diseases but also for the prevention of
human pandemics. Mass mortality associated with
pneumonia occutred in harbor seals (Phoca vitulina) on
the northeast coast of the U.S.A. in 1979-1980. A/seal/
Massachusetts/1/80 (H7N7} influenza virus was isolated
from dead animals during that outbreak (4, 12, 18).
H4NS, H4N6, and H3N3 viruses were also isolated
from dead seals in subsequent epizootics of pneumonia
in the same location in 1982-1983 and 1991-1992 (1,

*Address correspondence to Dr. Kazue Ohishi, Research Pro-
gram for Marine Biology and Ecology, Japan Agency for
Marine-Earth Science and Technology (JAMSTEC), 2-15 Na-
tsushima, Yokosuka, Kanagawa 237-0061, Japan. Fax: +81-46—
867-9525. E-mail: oishik@jamstec.go.jp
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5). All of these seal viruses were of avian origin (1, 5,
8, 18). Serological investigations of the viral infection
in marine mammals in the Barents Sea, Alaska, and
Arctic Canada revealed that sporadic infections
occurred in the animals (2, 3, 14, 17).

On the other hand, influenza B virus was isolated
from a harbor seal, although influenza B virus had been
believed to be a pathogen only for humans (16).

In a recent serological study of influenza virus infec-
tion in Caspian seals (Phoca caspica) that inhabit only
the Caspian Sea, antibodies to human-related H3N2
virus were detected in 36% of the seals examined using
enzyme-linked immunosorbent assay (ELISA) (15).
Antibodies to influenza B virus were observed in 6% of
the seals using ELISA (15). The purpose of this study is
to examine the distribution of the viral infection and the
viral subtypes in other seal species in Russia. Serologi-
cal study was conducted in Baikal seals (Phoca sibirica)
and ringed seals (Phoca hispida), which like Caspian
seals belong to the genus Phoca.

Serum samples were collected under the Russian-
Japanese Joint Research Program for Biological and

Abbreviations: ELISA, enzyme-linked immunosorbent assay;
HI, hemagglutination-inhibition.
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Fig.1. Map of the sampling areas. Serum saraples from Baikal
seals and ringed seals were collected in Lake Baikal in 1998,
and in the southern part of the Kara Sea near Dikson settlement
in 2002, respectively.

Environmental Studies with special permission from the
local government. Sera were collected from seven (one
female, six males) Baikal seals in Lake Baikal (53°
46-52' N, 108° 23-31" E), on May 21 and 22, 1998
(Fig. 1). All the Baikal seals were judged to be less
than 1 year of age based on their body length (85-103
cm). Serum samples were collected from six (three
females, three males) ringed seals in the southem part of
the Kara Sea near Dikson settlement from May 2 to 22,
2002 (Fig. 1). The ringed seals were estimated to be
5.5-27.5 years of age based on an analysis of dental
layers following Kasuya’s method (7).

The following influenza viruses were from the repos-
itory of the Department of Disease Control, Hokkaido
University, Graduate School of Veterinary Medicine:
Afswine/lowa/15/30 (H1N1), A/Singapore/1/57 (H2N2),
AfAichif2/68 (H3N2), A/Bangkok/1/79 (H3N2),
A/Philippines/2/82 (H3N2), A/Memphis/1/96 (H3N2),
Afswine/Hong Kong/126/82 (H3N2), A/duck/Hokkai-
dof8/80 (H3N8), A/duck/Czechoslovakia/56 (H4NG6),
Afduck/Pennsylvania/10128/84 (H5N2), A/shearwa-
ter/Australia /1/72 (HONS), A/seal/Massachusetts/1/80

Table 1. Antibodies to influenza A virus detected using ELISA

in Baikal seals and ringed seals
Positive rate®
. : )
Species Female Male  Total Range of titer”
Baikal seals 071 216 27 1,600-6,400
Ringed seals 33 213 5/6 800-12,800

? Percent positive (number positive/number tested). An
absorbance value higher than 0.25 was regarded as positive
according to the previous report {15).

® Titer was determined using the twofold serial dilution
method.

(H7NT), Afturkey/Ontario/6118/67 (H8N4), Afchick-
en/Hong Kong/G24/98 (HSN2), A/chicken/Germany/
N/49 (H10N7), Afduck/England/56 (H11N6), A/duck/
Alberta/60/76  (HI12N5), A/gull/Maryland/704/77
(H13N6), A/mallard/Astrakhan/263/82  (H14N3J),
A/duck/Australia/341/83 (H15NS8), and B/Lee/40.
Propagation and purification of the viruses were con-
ducted according to previously described procedures
(15). For analysis of the antibodies in seal sera, ELISA
and the hemagglutination-inhibition (HI} test were con-
ducted according to methods described previously (15).

Antibodies to influenza A virus were first screened
with ELISA using seal sera diluted to 1:50. Purified
AJAichif2/68 (H3N2) viruses were used as antigens.
Antibodies were detected in two of the seven serum
samples from Baikal seals and in five of six serum sam-
ples from ringed seals (Table 1). Serum samples
judged as positive were further titrated using the
twofold serial dilution method (Table 1). Antibodies to
influenza B virus in the serum samples were examined
with ELISA using purified B/Lee/40 as antigens, and
no antibody was observed in any serum sample exam-
ined.

To determine the subtype of the hemagglutinin (HA)
protein recognized by the serum antibodies, the HI test
using the reference influenza A virus strains of each of
the known HA subtypes (H1-H15) was carried out.
ELISA-positive serum from one Baikal seal and sera
from four ringed seals inhibited hemagglutination of the
H3 virus strain (A/Aichi/2/68 (H3N2)) (Table 2a). One
ringed seal serum responded weakly to the H7 virus
strain (A/seal/Massachusetts/1/80) (H7N7) (Table 2a).
To investigate the strain specificity of the antibodies
detected in the above tests, the sera were further exam-
ined using the HI test for their reactivity to naturally
occurring human H3N2 antigenic variants. The serum
from one Baikal seal (B-35) reacted equally to both the
AJAichif2/68 (H3N2) and A/Bangkok/1/79 (H3N2)
strains (Table 2b). Serum samples from three ringed
seals (R-2, R-5, and R-6) reacted only to the
A/Aichif2/68 (H3N2) strain, while one sample from a
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Table 2. Hemagglutination-inhibition (HI) test of seal serum samples with influenza A viruses

a)

Influenza A virus strain {(subtype) Baikal seal Ringed seal
Alswine/Towa/15/30 (HIN1) - -
A/Singapore/1/57 (H2N2) - -
A/Aichif2/68 (HIN2) 256 160, 320, 640, 1,280

Afduck/Czechoslovakia/56 (HANG)
A/duck/Pennsylvania/10128/84 (H5N2)
A/shearwater/Australia/1/72 (H6NS)
Afseal/Massachusetts/1/80 (H7TN7)
Afturkey/Ontario/6118/67 (H8N4)
Alchicken/Hong Kong/G24/98 (H9N2)
Afchicken/Germany/N/49 (H10N7)

80

Alduck/England/56 (H11N6) - -
A/duck/Alberta/60/76 (H12NS) - -
Algull/Maryland/704/77 (H13NG) - -
A/mallard/Astrakhan/263/82 (H14N5) - -
Alduck/Australia/341/83 (H15NS) - -
b)
. . HI titer of seal serum samples

Virus strain bearing H3 HA B35 R2 RA RS R
A/Aichif2/68 (H3N2) 256 640 160 320 1,280
AfVictoria/3/75 (H3N2) - - - - -
A/Bangkok/1/79 (H3N2) 256 - &0 - -
A/Philippines/2/82 (H3N2) - - - - -
A/Memphis/1/96 (H3N2) - - - - -
c)

. . HI titer of seal serum samples
H3 influenza virus R-1 R-2 R-3 R-4 R-5 R-6
ASAichif2/68 (HIN2) —/160"  640/640 —/- 160/160  320/320 640/640
Afsw/Hong Kong/126/82 (H3N2) —/160 —1320 —/- —/80 —{160 —{320
Afduck/Hokkaido/8/80 (H3IN8) —/- —/- —/- —/- —i- —/—

The HI titer is expressed as the highest serum dilution that inhibited 4 units or 2 units of hemagglutination
in Baikal or ringed seals, respectively. A titer higher than 80 was regarded as positive. — indicates a titer of
less than 80. b, ¢} B-35, Baikal seal; R-1, -2, -3, 4, -5, -6, ringed seal. c) © Titer in the conventional HI

testititer in the HI test with rosette antigens.

ringed seal (R-4) responded to the A/Aichif2/68
(H3N2) and A/Bangkok/1/79 (H3N2) strains (Table
2b). These data suggested that infections with
A/Aichif2/68 (H3N2)- and A/Bangkok/1/79 (H3N2)-
related H3 influenza A viruses were prevalent in Baikal
seals and ringed seals in the central Russian Arctic, and
that sporadic infection with H7 virus occurred in ringed
seals.

Afswine/Hong Kong/126/82 (H3N2) and Afduck/
Hokkaido/8/80 (H3N8) share similar antigenicity with
A/Aichif2/68 (H3N2) based on the analysis with H3
HA-specific monoclonal antibodies (10, 20). However,
there are discrepancies between the antigenicity results
in the HI test and ELISA with soluble antigens to these
viruses (10). To examine the reactivity of the seal sera
to the two viruses, the conventional HI test and the test

with rosette antigens were conducted using all ringed
seal samples. The sera did not inhibit the hemaggluti-
nation of the two viruses in the conventional HI test.
However, four samples (R-2, -4, -5 and -6) inhibited the
hemagglutination of A/fswine/Hong Kong/126/82
(H3N2) rosette antigens at a lower titer than they inhib-
ited that of A/Aichi/2/68 (H3N2) (Table 2¢). One sam-
ple (R-1) which had been negative in conventional test
using A/Aichif2/68 (H3N2), showed positive in HI test
with A/Aichi/2/68 (H3N2) and Afswine/Hong
Kong/126/82 (H3N2) rossett antigens. These results
showed that the seal sera specifically reacted to H3
virus related to A/Aichi/2/68 (H3N2).

In a oprevious report, we suggested that
A/Bangkok/1/79 (H3N2)-related virus infected Caspian
seals (15). That previous finding and the present results
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together indicate that human-related H3N2 virus might
be widely prevalent in seal populations inhabiting Lake
Baikal, the Caspian Sea and the Arctic Sea in Russia.
They might also indicate that H3N2 viruses are well-
adapted to seal cells, Seals are terrestrial and aquatic
habitants. They breed, reproduce, and nurse children
on the land or ice, whereas they feed in waters. Seals
have a chance to contact humans. They are often
caught by hunters as valuable materials for fur produc-
tion and as food for farmed minks in Lake Baikal and
the Arctic Ocean. Recent expansion of human econom-
ic activity in Russia to the habitat of the seals might
increase the possibility of transmission of the viruses
from humans to seals. Specific receptors on target
organs is a major factor in the host range restriction of
influenza A viruses. A previous study showed the pres-
ence of N-acetylneuraminic acid-02,3-galactose
(NeuAco2,3Gal) in seal lung tissues, which has high
affinity with avian and equine vimses, but low affinity
with human influenza A viruses (6). This discrepancy
may indicate that seal cells may have another influenza
virus receptor.

Estimation of age in the three species of seals indi-
cated that the viruses were prevalent in Caspian seals,
ringed seals, and Baikal seals at least until 1993, 1995,
and 1997, respectively. The counterpart viruses had
disappeared in humans because of rapid change in the
virus in humans, This indicates that the viruses may
have been maintained in seals in a similar manner as in
ducks and pigs (9, 10). Because previous reports
demonstrated that avian viruses can infect seals (1, 5, 8,
18), seals may play a role as “mixing vessel,” similar to
the role played by pigs (11). After the recent outbreaks
of avian influenza in many Asian countries, monitoring
of the virus in wild animals has been the focus of atten-
tion. Study of influenza virus infection including viral
isolation in marine mammals, is important for under-
standing of ecology of the virus, as well as for the con-
trol of the pandemics in humans.
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Abstract The HSNI1 type of influenza A virus isolated
from human patients in 1997 has a characteristic hem-
agglutinin and was considered to be directly transmitted
from birds. Although neuropathogenicity of this virus
was not demonstrated in human autopsy cases, some
experimental studies using mice have disclosed that this
virus infects the central nervous system (CNS) after
intranasal inoculation. In this study we focused on the
topographical localization of virus-infected cells in the
murine CNS after intranasal inoculation. We immuno-
histochemically examined virus-infected cells in mouse
tissues using a rabbit antiserum recognizing the nucle-
oprotein of influenza A virus. The virus-infected cells
appeared initially in the respiratory tract. Thereafter, the
virus antigen-positive cells appeared in the olfactory
system and the cranial nerve nuclei innervating the facial
region. This suggests that this virus is principally
transmitted from the nasal cavity to CNS through the
cranial nerves. Neurons were frequently infected and

T. Iwasaki (<) - Y. Sato - T. Kurata

Department of Pathology,

National Institute of Infectious Diseases,

Toyama 1-23-1, Shinjuku-ku, 162-8640 Tokyo, Japan
E-mail: tiwasaki@net.nagasaki-u.ac.jp

S. Itamura - M, Tashiro

Department of Virology III,

National Institute of Infectious Diseases,

Tovama 1-23-1, Shinjuku-ku, 162-8640 Tokyo, Japan

T. Iwasaki

Division of Clinical Investigation,

Institute of Tropical Medicine, Nagasaki University,
Sakamoto 1-12-4, 852-8523 Nagasaki, Japan

H. Nishimura
Virus Reference Center, National Sendai Hospital,
Sendai, Japan :

T. Hashikawa

Laboratory for Neural Architecture,
Brain Science Institute, Riken, Wako,
351-0198 Saitama, Japan

glial and ependymal cells were also infected. Transneu-
ronal transmission of the virus might play the important
role of vira! spread within the CNS.

Keywords Influenza virus - H5NI - Nucleoprotein -
Immunochistochemistry - Brain

Introduction

Influenza A virus is divided into subtypes by the
antigenic nature of its surface glycoproteins of hem-
agglutinin (HA) and neuraminidase (NA) inserted in
the envelope [12]. HA protein is known to be
responsible for binding and penetration of virions to
host cells. Among HA subtypes, three have been
demonstrated to infect human beings and to have
caused four pandemics in 1918 (HINI, Spanish), 1957
(H2N2, Asian), 1968 (H3N2, Hong Kong) and 1977
(HIN], Russian) [23]. As rare incidences, H7N7 virus
was occastonally isolated from conjunctiva in 1980 and
1996 [11, 22]. H5N1 virus was first isolated from 18
human patients in Hong Kong in 1997 (6 of them
died) [3, 19] and was considered to be directly trans-
mitted from chicken, Biologically, H5NI virus strains
isolated during this outbreak were classified into two
subgroups (Groups | and 2) by pathogenicity in mice
[4] and by the antigenic character of HA protein [1]. In
addition, H53N1 strains were again isolated from hu-
man patients in 2003-2004 in Thailand and Vietnam
during the outbreak of avian influenza in Cambodia,
China, Japan, Korea, Laos, Thailand and Vietnam.
Influenza A virus is transmitted by aerosol, and
infects the mucosal epithelium ([23]. Influenza virus
infection within the central nervous system (CNS} has
not been well demonstrated in human cases. Virolog-
ical and pathological studies on experimental intrana-
sal inoculation of HINI viruses revealed that the
influenza virus infection was localized only in the
columnar or alveolar epithelium of the respiratory
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Fig. 1 Western blot analysis of the antibody recognizing the
nucleoprotein of influenza A virus H3NI used in the immunohis-
tochemical study. Lane I: MDCK cells without virus inoculation.
Lane 22 MDCK cells inoculated with HK483 virus at 48 h p.i. (p.i
post inoculation)

tract [7, 9, 24, 25]. Only influenza viruses belonging to
H35 and H7 subtypes have been demonstrated to infect
CNS after intranasal inoculation in mice [4, 6, 13, 15,
16, 18]. In a previous report [15], we revealed that two
Group 1 strains of H3NI virus infected not only the
respiratory tract, but also the CNS, adipose tissues,
heart and liver after intranasal inoculation in mice. In
this study, we further investigated the pathogenesis of
CNS involvement in mice, using a Group | strain of
H5N1 virus, by topographical analysis of virus-in-
fected cells in the CNS.

Materials and methods

Mice and infection

All the experiments using a live HS5NI1 virus were
performed in biosafety level 3 facilities under the rec-

ommended procedures. Animal care, breeding, virus
inoculation, observation and sacrifice under deep

Fig. 2 Survival and virus titers

anesthesia were  performed in accordance with the
guidelines of the Institutional Committees. Specific
pathogen-free (SPF) 4- to 7-week-old outbred female
mice (ddY) were obtained from the Japan SLC
(Hamamatsu, Japan). Influenza A/Hong Kong/483/97
(HK483; H5NI) virus [4], isolated in the Government
Virus Unit, the Queen Mary Hospital, Hong Kong,
was prepared in  Mardin-Darby canine kidney
(MDCK) cells without any special step for mouse
adaptation. We also used influenza A/Puerto Rico/8/34
(PR8; HINI) virus prepared as described previously
[20] as a control of classical influenza A virus. Mice
were lightly anesthetized with intraperitoneal injection
of sodium amobarbital (0.25 mg), and were inoculated
intranasally with 2 pl or 20 pul of virus suspension
containing 2x10> plaque forming unit (PFU) HK483 /
mouse into the left or both nostrils.

Titration of virus

Viral titration of the brain and the lung tissues of in-
fected mice was performed by a plaque assay method
using MDCK cells. Tissue homogenate (10% w/v) was
prepared in PBS (pH 7.2). The supernatant of homo-
genates after centrifugation at 3,000 rpm for 20 min was
incculated into the cells in the presence of 10 ug/ml
acetylated trypsin (Sigma, St. Louis, MO),

Antibody and its characterization

For detection of HK483 virus, we used a polyclonal
anti-influenza. A nucleoprotein rabbit serum prepared
by immunizing rabbits with the purified nucleoprotein
of PR8 [20]. The specificity of this antibody to rec-
ognize the nucleoprotein of HK483 virus was con-
firmed by Western blot analysis. HK483 virus-infected
and uninfected MDCK cells were lysed in Laemmli
sample buffer with 2-mercaptoethanol, boiled for
10 min, and then subjected to 12% SDS-polyacryl-
amide gel electrophoresis. After electrophoretic trans-
fer of proteins from gels to PVDF filters (Immobilon,
Millipore, Bedford, MA), the filters were incubated in

of ddY mice after intranasal
inoculation of HK483 virus. A
Survival of mice after intranasal
inoculation of 2 pl HK483
virus. B Me¢an + SD of virus
titers in the lungs (open circles),
brain (closed circles) and blood
(open square) of three mice on
days 2, 3, 4, 5, and 6 p.i. Virus
titers in the blood were
examined on days 4 and 6

% Survival

Virus titer {fog PFU/mI)
O = N W 0O

0

5 10 0
Days after infection

10
Days after infection
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Table 1 Immunohistochemical detection of the virus-infected cells
in mice infected by influenza A virus (HSN1. HK/483/1997). Values
indicate the number of mice (p.i. post inoculation. CNS central
nervous system. NE not examined)

Day p.i. 2-pl inoculum (#=35) 20-pl inoculum (#=5)
Nose  Lungs CNS  Nose Lungs CNS
2 5/5 0/5 0/3 515 5/5 03
3 5/5 0/5 33 5/5 5/5 33
4 5/5 3/5 KTK! 5/5 5/5 33
5 5/5 4/5 33 5/5 5/5 33
7 171" iy 1/1° NE NE NE

*Only surviving mice were examined

2% non-fat dry milk in PBS and reacted with the
antiserum. After washing in PBS-Twcea 20, the filters
were incubated with biotinylated goat anti-rabbit 1gG,
followed by streptavidin-alkaline phosphatase. The
filters were developed in NBT/BCIP.

Histology and immunohistochemistry

The tissue obtained at autopsy was fixed in 4%
formaldehyde prepared in PBS, and subsequently
embedded in paraffin. For bony tissue, decalcification
was achieved in EDTA solution before embedding.
The maxillary region containing the nasal cavity was
embedded in four portions after step-wise coronal
sections. The lungs were transversely cut three times.
The brain was cut four times at the frontal plane.
Paraffin sections were analyzed by histological and
immunohistochemical methods. Immunohistochemistry
for detection of the viral antigen was performed by the
avidin-streptavidin peroxidase method using diam-
inobenzidine as chromogen, as described previously [9,
15]. Topographical analysis was performed on 10-uym-
step frontal or sagittal sections of whole mount-
embedded brain tissue.

Results
Antibody characterization

We characterized the antigens of HK483 virus recog-
nized by the anti-influenza A nucleoprotein antiserum
prepared by immunizing rabbits with a purified nucle-
oprotein of influenza virus A HINL (PR8) [20], In a
Western blot analysis, this rabbit serum was shown to
react with a 58-kDa band, consistent with the expected
size of nucleoprotein in MDCK cells at 48 h after
inoculation with HK483 virus. In addition, three minor
bands of 110 (dimeric form), 48 and 43 kDa were rec-
ognized. A fzintly stained band at 60 kDa was seen in
uninfected cells (Fig. 1). Thus, this antibody was shown
to principally recognize the HK483 virus.

487

Survival of mice after intranasal inoculation

We infected eight 4-week-old SPF ddY mice with 2 pl
inoculum containing 1x10* PFU of HK483 virus into
both nostrils. All of inoculated mice died within 8 days
post inoculation (p.i.) (Fig. 2A). In contrast, the five
control and five mice inoculated with 2 pl phosphate
buffer or PR8 showed no fatal outcome.

Virus titers in the brain, lung and blood
after intranasal inoculation

To investigate the viral dissemination in the mice inoc-
ulated with 2 pl virus suspension containing 2x10° PFU
of HK483 virus, the virus amount in the lung and brain
of three infected mice was determined on days 2, 3,4, 5
and 6 p.i. [n addition, viral titers in the blood were also
examined on days 4 and 6 p.i. Virus was isolated from
the brain and lungs from day 2 p.i. onwards, but first
became measurable on day 3 p.i. in both tissues
(Fig. 2B). Although the viral titers were higher in the
lungs than in the brain, the virus replication in the lungs
and in the brain rose in a similar pattern. Virus was also
isolated from the blood but titers were less than one fifth
of those in lungs and brain.

Distribution of virus-infected cells in the nasal cavity,
lungs and brain

We analyzed the localization of the virus antigen-posi-
tive cells in the paraffin sections of tissue from three to
five mice by an immunohistochemical method using
anti-influenza virus A nucleoprotein antiserum. Initially,
we confirmed that there was no cross-reaction of this
antiserum with normal mouse tissues (without viral
infection, data not shown). Mice were inoculated with
2 ul or 20 p! of virus solutions containing the same titer
of HK 483 virus and autopsied from days 2 to 7 p.i. On
day 2 p.i. virus-infected cells were detected in the nasal
cavity in mice infected with both 2 ul and 20 pl, but only
in the lungs in mice inoculated with the 20-ul volume
(Table 1). On day 3 p.i. infected cells were observed in
the brains of mice inoculated with the different volumes;
however, no antigen-positive cells were detected in the
three transverse sections of the lungs of mice infected
with a 2-pl inoculum. For these mice, virus-infected cells
first appeared in the lungs from day 4 p.i. It therefore
became apparent that CNS involvement was not corre-
lated with viral infection in the lungs.

In the CNS of mice inoculated with a 2-pl volume,
virus-infected cells were initially detected in the trigem-
inal nuclei and ganglia, and thereafter increased in
number and foci. To clarify which cells were susceptible
to this virus and the pathway of viral spread within the
CNS, we examined the topographical localization of
virus-infected cells in CNS by serial sectioning of the
whole brain of mice inoculated with a 20-pl volume.
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In the CNS, HK483 virus mainly infected neurons
(Figs. 3A-1, 4A-C). Around these infected neurons,
some glial cells were also positive for the viral antigens
(Figs. 3B, D, E; 5A, B). In the center of lesion, both the
nuclei and cytoplasm of neurons were frequently posi-
tive, whereas in their periphery only the nuclei were
positive (Fig. 3E). Some ependymal cells were also in-

fected (Fig. 3H). Viral infection was recognized in the
cervical spinal cord, the caudal brain and rostral cere-
bellar folium on day 4 p.i., and was widespread on day 7
p.l. (Table 2). In the brainstem, the nuclei of nerves
innervating the facial region (trigeminal and vestibular
nuclei), pontine reticular formation, and substantia ni-
gra were infected (Fig. 3A, F). In addition, the olfactory
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Fig. 3 Parasagittal section (rostral to the right) of a mouse
intranasally inoculated with 20 pl of H5NI virus on day 4 pi. A
Infected foci in the cervical spinal cord (/) and the caudal brain; the
caudal spinal trigeminal nucleus {2}, the nucleus of solitary tract
(3). the medial vestibular nucleus (4). perifucial pontine reticular
region (5). the rostral pontine reticular formation (6}, the ventral
tegmental arca (7) and the substantia nigra {pars compacta, 8; and
pars reticulata, 9). Rostral cerebellar folium is also infected. B-G
Positive cells in the olfactory bulb {B) (M mitral cells), positive
fibers in the lateral olfactory tract (C). positive cells in the olfactory
tubercle (D). the visual cortex (E), the pontine tegmental reticular
nucleus (TgRN), and the pontine nuclei proper {FN) (F)., and the
medial (Me) and cortical (Co) nuclei of the amygdaloid complex
{G). H Positive ependymal cells of the lateral ventricle (L}, glial
cells in the corpus callosum (c¢). and deep cortical neurons. 1
Positive cells in the cerebellar cortex (G granular layer, P Purkinje
cell layer, M molecular layer). Immunohistochemistry (peroxidase/
diaminobenzidine) for the nucleoprotein of influenza A virus
counterstained with methylgreen. Bar A | pm; B-D 50 pm: E
100 pm; F-1 200 pm

system (olfactory epithelium, olfactory bulb, lateral
olfactory tract and olfactory tubercle) (Figs. 3B-G), vi-
sual (Fig. 3E) and cerebellar cortices (Fig. 31), and
ventricular ependymal cells (Fig. 3H) were involved. On
7 day p.i., viral infection became extensive and the virus-
infected cells were disseminated in most of caudal
brainstem and cerebellar nuclei, globus pallidus, and
hypothalamic area (Fig. 4A-C).

The principal histological changes of the CNS were
necrotic changes of neurons and glial and ependymal
cells with granulocytic infiltration (Fig. 6). Some neu-
rons showed karyorrhexis or pyknosis. Subarachnoid
infiltration was focally observed but perivascular cuffing
and glial nodules were not conspicuous. In the nasal
cavity, virus infected the columnar and olfactory epi-
thelial cells, and the subepithelial cells beneath the
olfactory epithelium (Fig. 7) on day 3 p.i. Mice infected
with the PR8 virus showed a localized infection of the
respiratory tract without viral dissemination to the
brain, spinal cord, heart or liver; only the epithelial cells
were infected by PRS.

Discussion

Although no histological analysis of the brains of fatal
human cases has been reported, animal models of H3NI
virus infection in mice and birds disclosed that it causes
a generalized infection with marked neural involvement
[15]. In this study, we have shown that nasal infection
without marked pulmonary involvement is sufficient to
cause CNS infection. Usual influenza A viruses, such as
HINI, H2N2, and H3NI1, become infectious after
cleavage of HA protein to HA, and HA; subunits by
extracellular protease present in the respiratory lumen
[10]. However, H5N1 virus is made infectious by intra-
cellular protease [8], and may therefore spread in tissue
without any extracellular proteases or with inhibitors to
these proteases. This difference in HA proteins is
important in viral invasiveness. H5N1 virus can infect

Fig. 4 Extensive viral spread in the central nervous system of a
mouse inoculated with 20 pl inoculum on day 7 p.i. A The lateral
hypothalamic area (LK), globus pallidus (GP)., dorsomedial
hypothalamus (DH), third ventricle (/If). B Pons and the
cerebellum: medial (MN) and lateral (LN) deep cerebellar nuclei
{INP interposed nuclei). C The caudal brainstem: the caudolateral
regions of inferior olive (/@) is intact (SpVe caudal spinal

trigeminal nucleus). Immunohistochemistry (peroxidase/diam-
inobenzidine) for the nucleoprotein of influenza A virus counter-
stained with methylgreen. Bar A-C 500 pm

the subepithelial cells directly and spread in a cell to cell
fashion, as observed in this study, but usual influenza A
virus only infects the surface epithelium and never
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