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Prior Immunization with Severe Acute Respiratory Syndrome
(SARS)-Associated Coronavirus (SARS-CoV) Nucleocapsid Protein
Causes Severe Pneumonia in Mice Infected with SARS-CoV'

Fumihiko Yasui,* Chieko Kai,"* Masahiro Kitabatake,* Shingo Inoue,' Misako Yoneda,*
Shoji Yokochi,** Ryoichi Kase,* Satoshi Sekiguchi,* Kouichi Morita," Tsunekazu Hishima,"
Hidenori Suzuki,” Katsuo Karamatsu,” Yasuhiro Yasutomi,” Hisatoshi Shida,**

Minoru Kidokoro,"" Kyosuke Mizuno,” Kouji Matsushima,® and Michinori Kohara™*

The details of the mechanism by which severe acute respiratory syndrome-associated coronavirus (SARS-CoV) causes severe pneu-
monia are unclear. We investigated the immune responses and pathologies of SARS-CoV-infected BALB/c mice that were immunized
intradermally with recombinant vaccinia virus (VV) that expressed either the SARS-CoV spike (S) protein (LC16m8rVV-S) or simul-
taneously all the structural proteins, including the nucleocapsid (N), membrane (M), envelope (E), and S proteins (LC16m8rVV-NMES)
7-8 wk before intranasal SARS-CoV infection. The LC16m8rVV-NMES-immunized group exhibited as severe pneumonia as the
control groups, although LCI6mSrVV-NMES significantly decreased the pulmonary SARS-CoV titer to the same extent as
LC16m8rVV-S. To identify the cause of the exacerbated pneumonia, BALB/c mice were immunized with recombinant VV that ex-
pressed the individual structural proteins of SARS-CoV (LC16mOrVV-N, -M, -E, -S) with or without LC16mOrVV-S (ie.,
LC16mOrY V-N, LC16mOrVV-M, LC16mOrVV-E, or LC16mOrVV-S alone or LC16mOrVV-N + LC16mOrVV-S, LC16mOrvVV-M +
LC16mOrVV-S, or LC16mOrVV-E + LC16mOrVV-S), and infected with SARS-Co¥ more than 4 wk later. Both LC16mOrvv-N-
immunized mice and LC16mOrVV-N 4+ LCI6mOrVV-S-immunized mice exhibited severe pneumonia. Furthermore, LC16mOrvVy-
N-immunized mice upon infection exhibited significant up-regulation of both Thl (IFN-v, IL-2) and Th2 (IL-4, IL-5) cytokines and
down-regulation of anti-inflammatory cytokines (IL-10, TGF-f), resulting in robust infiltration of neutrophils, eosinophils, and lym-
phocytes into the lung, as well as thickening of the alveolar epithelium, These results suggest that an excessive host immune response
against the nucleocapsid protein of SARS-CoV is involved in severe pneumonia caused by SARS-CoV infection. These findings increase
our understanding of the pathogenesis of SARS. The Journal of Immunology, 2008, 181: 6337-6348.

tients with SARS usually develop high fever followed by severe
clinical symptoms, which include acute respiratory distress syn-
drome with diffuse alveolar damage, and ultimately death. A novel
type of coronavirus (CoV), termed SARS-associated CoV (SARS-
CoV), was identified as the etiologic agent of SARS (1-3). The
genome of SARS-CoV is a single strand of positive-sense RNA of

acute respiratory syndrome (SARS),* which originated in
China, spread worldwide. resulting in 8098 cases with 774
deaths  (hupJ//www.who.intesr/sars/country/en/index.himl).  Pa-

I Y rom November 2002 to July 2003, an outbreak of severe
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~30 kb in length with 14 putative open reading frames, which
encode nonstructural replicase polyproteins and several structural
proteins, including spike (8), envelope (E), membrane (M), and
nucleocapsid (N) proteins (4). The S protein of SARS-CoV, like
the 8 proteins of other CoVs, plays an important role in the first
step of viral infection by binding to a host cell receptor. Angio-
tensin-converting enzyme 2 was identified as the host receptor for
SARS-CoV (5). Angiotensin-converting enzyme 2 is abundantly
expressed in the epithelia of the lung and small intestine and may
mediate SARS-CoV entry in humans (6). Although intensive in-
vestigations rapidly unraveled the sequence of the SARS-CoV ge-
nome and its receptor in humans, the precise molecular mechanism
underlying the development of SARS is not fully understood.
The possible roles of host anti-SARS-CoV immune responses
have been suggested in severe clinical cases. The uncontrolled
release of immune mediators, called a “cytokine storm,” has been

* Abbreviations used in this paper: SARS, severe acute respiratory syndrome; CoV,
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implicated in the pathogenesis of SARS. However, the cytokine
profiles of SARS patient sera do not correlate with the severity of
pneumonia because of their diversity. For example, Jones et al_ (7)
have reported a decreased number of IL-2-, IL-4-, TL-10-, and
IL-12-producing cells in SARS-CoV-infected patients. In contrast,
Wong et al. (8) have demonstrated increased production of IFN-y,
IL-1, IL-6, and IL-12 p70, but not of IL-2, IL-4, 1L-10 or TNF-a,
which is consistent with a Thl response. The data from these adult
patients with SARS show no clear trend toward either a Thi or
Th2 bias. These results might be related to patient anamnesis.
Therefore, the development of animal models for SARS is needed
to understand the pathogenesis of SARS. Non-human primates,
mice, ferrets, and hamsters have been found to support the repli-
cation of SARS-CoV (9-14). However, an animal model that
mimics the clinical symptoms and pathology observed in SARS
patients has not been reported to date. Recently, Roberts et al. (15)
reported that aged BALB/c mice (older than 12 mo) exhibited high
and prolonged levels of viral replication, signs of clinical symp-
toms, and histopathologic changes in the lung. Aged BALB/c mice
represent a conventional animal model that mimics the findings in
elderly SARS patients, many of whom exhibit severe disease re-
quiring intensive care and ventilation suppont, as well as increased
mortality.

In the present study, we investigated the pulmonary immune
responses and pathologies of intranasally SARS-CoV-infected
BALB/c mice older than 6 mo of age that were previously immu-
nized with SARS-CoV structural proteins using vaccinia virus
(VV) vectors, by measuring various cytokine mRNAs and his-
topathologies of the lungs.

Materials and Methods

Cells and viruses

RKI13 cells (CCL-37) from the American Type Culture Collection (ATCC)
and Vero E6 cells (CRL-1586) from ATCC were cultured in MEM (Nissui
Pharmaceutical) that contuned 5% FCS. To generate recombinant VV
LC16mE, which expresses the structural proteins of SARS-CoV, primary
rabbit kidney cell cultures were prepared by overnight digestion with 100
PU/ml dispase (Sanko Jun-yaku) of kidneys extirpated from 7-day-old in-
bred JW rabbits (Kitayama Labs), The cells were grown in T175 flasks in
lactalbumin medium with Hank’s salts (LH) that contained 5% FCS. 100
U/ml penicillin, and 100 pg/ml streptomycin, When the cell confluency
was —-50%. the culture medium was replaced with lactalbumin medium
with Eagle's salts (LE) that contained 5% FCS. 100 U/ml penicillin, and
100 pg/ml streptomycin. SARS-CoV Viemam/NB-04/2003 strain. which
wiss isolated from the throat wash Auid of one patient (16). was provided
by Dr. M. Quynh Le. VVs LC16m8 (m8) and LC16mO (mO) were pro-
vided by the Chemo-Sero-Therapeutic R h Institute (K Ja-
pan), All work using SARS-CoV was performed in BioSafety Level 3
facilities by p | wearing p | air-purifying respirators (Shige-
matsu Works).

Generation of recombinant VV

To generate o pBR322-based plasmid vector (pBMSF) for homalogous
recombination into the hemagglutinin (HA ) locus of m8, we cloned the HA
gene, which contained the ATI/pT7.5 synthetic hybnd promoter, from the
pSFEJ1=10 plasmid and insened it into the pBM vector, which was recon-
structed in our laboratory, Full-length cDNAs for the SARS-CoV nucleo-
capsid (N}, membrane (M), and envelope { E) proteins were cloned from the
Vietmam/NB-D4/2003 strain of SARS-CoV by RT-PCR (16). Full-length
SARS-CoV spike (8) protein gene was prepared from pSFI1-10-SARS-S.
which is described in our previous report (1 7). Next. the genes that encode
the SARS-CoV structural proteins were ligated by inserting internal ribo-
somal entry site sequence of hepatitis C virus (genotypes 2a and 1/2b)
fused with the 2A sequence of foot and mouth discase virus and Thosea
asigna virus or cﬂceph:l]ornyo:nrdilis virus by PCR (see Fig. 1A). The

d DNA fr was di i with EcoRT and inserted down-
stream of the M'Up‘? 5 hybnd pmmnur of pBR322-based plusmid vector
pBMSF, thereby generating pBMSF-SARS-NMES. The pBMSF-SARS-
NMES plasmid was linearized with Pval. and transfected into primary
rubbit kidney cells that had been infected with m8 at a multplicity of

infection (MOT) of 10. After 36 h, the virus-cell mixrure were harvested by
scruping. and frozen at —80°C until use. The resulting HA-negative re-
combinant viruses were purified as pttvmual)' described (17), and named
mErVV-NMES. Furthermore, recomt mO that exp d the SARS-
CoV N, M, or E protein with a six histidine tag at the C terminus was
generated (mOrVV-NHis, mOrVV-MHis, and mOrVV-EHis), as was mO
that expressed six histidine-tagged S protein (mOrVV-SHis), as previously
described (17).

Western blor analvsis

Vero Eb cells were infected with mBrVV-NMES at an MOI of 5. After
18 h, the cells were lysed with lysis bulfer (10 mM Trs (pH 7.4), 150 mM
NaCl, 1% SDS. 0.5% Nonidet P-40, protease inhibitor cockuail). The cell
lysates (30 pg) were resolved by SDS-PAGE and transferred 10 a polyvi-
nylidene difluoride membrane (Tmmobilon-P: Millipore). After blocking
the membranes with 5% skim milk solution at room temperature for | h,
the membrane was incubated with polyclonal Abs against the N, M, E, or
S protein. Vero E6 cell lysates infected with mOrVV-NHis, mOrVV-MHis,
mOrVV-EHis, or mOrVV-SHis was used as positive controls, We used the
anti-S polyelonal Abs described in our previous study (17). Polyclonal Abs
against N and E proteins were prepared from rabbit sera immunized with
KLH-conjugated N peptide (residues aa 250-263) and E peptide (residues
aa 61=73). Polyclonal Abs against the M protein were provided by Dr.
Mizutani (National Instirute of Infectious Discases, Musashimurayama,
Tokyo). We purified the IgG fractions of these antisern using the protein A
Ampure PA kit (Amersham Biosciences). After washing with TBS that
contained 0.1 % Tween 20 (TBST), the membranes were reacted with HRP-
conjugated Fiab'), of anti-rabbit 1gG (GE Healtheare). Each specific pro-
tein band was visualized using the ECL system (GE Healthcare).

Indirect immunofluorescence analysis

Vero E6 cells were infected with m8rVV-NMES at an MOI of § a1 30°C
for 4 h. The cells were washed with PBS and fixed with cold acetone/
methanol (1/1) mixture for 10 min, After blocking with TNB blocking
buffer (NEN Life Science Products) at room temperature for | h, the fixed
cells were incubated with polyclonal Abs against the N, M, or E prolein or
mAb against the S protein Ide-ﬂgnnl.cd as n.ntl -5-His protein, clone no.
13B8), which was originally prepared in our lab y. at 4°C i

Afier washing. the cells were incubated with Alexa Fluor ABB-cnn)ugnn:d
anti-rabbit 1gG or mouse 1gG Ab a mnm emperature for | h. Nuclei wene
stained with DAPI (4 .6-diamidino-2-phenylindole). Fluorescence images
were acquired using a confocal microscope I'LSMSII‘J META; Carl Zeiss).

Confirmation of SARS-CoV-like particle formation

RKI3 cells were cultured in 150-mm dishes, and then infected with
m8rVV-NMES at an MOI of 5. After 48 h of incubation, the culture su-
pematants were collected and centrifuged to remove cell debnis at 3000
pm for 30 min at 4°C. The supernatants were concentrated —100-fold
using the Pellicon XL (cut off molecular weight 3 % 10%; Millipore). The
isolation of virus-like particles (VLP) was performed as previously de-
scribed, with a slight modification (18). Briefly, the concentrated supema-
tant was placed on 60% (w/w) sucrose cushion and centrifuged at 4.0 x
10" rpm for 5 h, The opalescent band was collected and centrifuged in a
20-60% (wiw) sucrose gradient at 2.7 X 10* rpm for 4 h, and then divided
into 20 fractions. The protein content of each fraction was determined with
the DC protein assay kit (Bio-Rad). The 20 wl of each fraction were sep-
arated by SDS-PAGE (7.5%, 10%, or 15% polyacrylumide geil. and trans-
ferred onto a polyvinylidene diffuoride b The wus
incubated with mAb against § protein (13B8), mAb against N protein
(IMG-654; Tmgenex) or polyclonal Abs against the M or E protein. Afier
washing. the membranes were reacted and visualized as described. The
VLPs in the concentrated culture suj were visualized using trans-
mission electron microscopy. For immunogold staining, VLPs wene loaded
onto a colledion-coated electron microscopy grid for 5 min, After the re-
moval of excess sample solution. polyclonal Ab against S protein was
added onto the grid and incubated at room temperature for | h. The grids
were washed six times with Sorensen’s phosphate bufler at room emperature
and incubated with S-nm gold-conjugated anti-rabbit IgG for | h. After wash-
ing with Sorensen’s phosphate buffer for 10 s, the samples were stained with
2% phosphotungstic acid for | min. After draining off the excess phospho-
wngstic acid, the samples were observed under the electron microscopy.

Imnumization of rabbits with m8rVV-NMES

Groups of three New Zealand White rabbits (SLC) were immunized inir-
dermally with 1 10" PFU/body of m8rVV-NMES or with | X 10°
PEUMbody of m8. at 0 and 6 wk, Sern were collected at the indicated time
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points (see Fig. 2A). and used in ELISA analysis and in the in vitro neu-
tralization assay described below. All animal experiments using rabbits
were approved by The Tokyo Metropolitan Institute of Medical Science
Animal E.npenm:nt Cnnmun'm and were perfmm:d n :u:minncc wuh the
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Scores

Lung histopathology and infl

In accordance with a previous report (11), 10% formalin-fixed lung tissues
of the SARS.CoV-infected mice were embedded in paraffin, Paraffin block
(4-pum thick ) were stained with H&E staining. The peribron-

animal exp guidelines of The Tokyo Metrop of
Medical Science,

ELISA

Recombinant SARS-CoV N, M, E, and S proteins tagged with six histi-
dines at the C terminus were expressed in RK13 cells by infectng with
mOrVV-N-His, mOrVV-E-His. mOrVV-M-His, or mOrVV.-S-His at an
MOI of 5. These proteins were purified using nickel Sepharose (6 Fast
Flow: GE Healthcare). His-tagged E and M proteins were further purified
by SDS-PAGE. These full-length structural proteins (0.2 ug/ml, 50 ul/
well) were coated onto 96-well plates at 4°C ovemight, The plates were
blocked with 1% BSA in PBS( —) that contained 0.5% Tween 20 and 2.5
mM EDTA, and then incubated with serial 2-fold dilutions of sera from the
rabbits immunized with m8rVV.NMES or m8. After extensive washing,
the plates were assayed as previously described, except that o-phenylenc-
diamine was used as the substrate (17). The individual SARS-CoV struc-
tural protein-specific 1gG titers are presented as the end point dilution Ab
titers. The end point titer was defined as the reciprocal of the highest di-
lution of serum at which the absorbance at 490 nm (Ay,) ratio (A, of

chial and perivascular scores were recorded in a blinded fashion by a pa-
thologist. We evaluaied pulmonary pathology using the histoparhologic
scoring systems developed by Cimolai et al. (21), in which the scoring
system is weighted heavily for bronchial lesions. This sconng system al-
lowed us to differentiate the sewm)r of pulmonary paﬂwlogy in small
groups of animals. The pathol g system isted of a 2l
score ml.gmgfmml]lnl& lnbncf each section was scored based upon
a cumulative 1otal from five catégories that incorporated evaluations of the
following: A) number of bronchiolar and bronchial sites affected by the
periluminal infiltrate (range, 0 to 3); B) severity of the periluminal infiltrate
(range, 0 1w 3); C) luminal exudate severity (range, 0 w 2k D) frequency
of perivascular infiltrate (range, 0 w 3); and E) severity of parenchymal
pneumonia (range. 0 to 5). The accumulated numeric score was derived
from the sum of the subscores: A +3(B+C)+D+ E. Eosinophils were de-
tected in tissue sections by method of Luna (22).

Extraction of total RNA and quantitative RT-PCR of cytokine
or chemokine mRNA

To the levels of cytokine or chemokine mRNA, total RNA sam-

mErVV-NMES-immunized serum/A ,,, of m8-i d serum (negati
control)) was greater than 2.0, as previously described (19).

In vitro neurralizarion assay for SARS-CoV

The neutralizing Ab titers of the sern of rabbits immunized with m8rvVv-
NMES or m8 were determined as previously described (17). Briefly. serial
2-fold dilutions of heat-inactivated sern were mixed with equal volumes of
20M) tissue culrure D, (TCID,,) of SARS-CoV and incubated ar 37°C for
I h. Vero Eb cells were then infected with 100 wl of the virus-serum
mixtures in 96-well plates. Afier 5 days (or 6 days in the SARS-CoV
challenge experiment) of infection, the neutralization titer was determined
as the end point dilution of the serum at which there was 50% inhibition of
the SARS-CoV-induced cytopathic effect. The method used for end point
calculation was that described by Reed and Muench (20).

SARS-CoV challenge experiment

Female BALB/c mice older than the 6 mo of age (SLC) were used in this
study. Four groups of cight BALB/c mice (seven mice in the vehicle-
immunized group) were inoculated intradermally with either 1 X 107 PFL/
body of m8, mBrVV-S, or mBrVV-NMES or 70 gl of vehicle (MEM with-
out FCS), At 7-8 wk postimmunization, the mice were infected
intranasally with 1 X 10° TCID,/body of SARS-CoV (20 ul/mouse), as
previousty described (11). Four mice from each group were sacrificed 2
and 9 days later, except for the three mice of the vehicle-immunized group,
which were sacrificed 2 days luter. The mice were sacrificed under anes-
thesia and the lung, liver, small intestine, and spleen were extirpated. Ali-
quots of these tissues were frozen immediately at ~80°C or fixed with 10%
formalin. The collected blood was used for the in vitro neutralization assay.
In addition, BALB/c mice were injected intradermally with | x 107 PFU/
body of recombinant VV that expressed each structural protein of SARS-
CoV (mOrVV-NHis, mOrVV-MHis, mOrVV-EHis, mOrVV-SHis) with or
without LC16mOrVV-SHis (i.e., LCI6mOrVV-N, -M, -E, -5 alone or
LCI6mOVV-N + LCI6mOrVV-S, -M + LCI6mOrVV-S, or -E +
LCI6mOrVV-S), and infected with 1 X 107 TCIDy/body of SARS-CoV
mare than 4 wk luter. Afier 2 and 9 days. mice (n = 3-5 per group) were
sacrificed following blood collection under hesia. and their lungs were
extirpated. All nmmnl c:p:nmcnls mmg mice were approved by the An-
imal Experi at The | of Medical Science, Univer-
sity oanlcyn und were performed in accondance with the animal exper-
imentation guidelines of The Institute of Medical Science, University of
Tokyo.

Derermination of viral riters in the organs

The SARS-CoV titers in the mouse organs were determined as previously
described (11). Briefly, tissue samples (i.¢., lung, liver, small inestine, und
spleen) were homogenized in a 10-fold volume of Leibovitz 15 medium
(Invitrogen). The homogenates were centrifuged at 2000 rpm for 10 min at
4°C. Serial 10-fold dilutions of the suf of these homog were
added 10 Ve Ef cells seeded on 96-well plates. After 6 days of incuba-
tion, the cells were fixed with 10% formalin. Viral titer was determined as
the 505 end point dilution of the hnmogemt.e that induced the C\'mpalhn:
effect. The method used for end point calculution was that described by
Reed and Muench (20),

ples were extracted from the lungs using the RNeasy Mini kit (Qiagen),
Quantitative RT-PCR was conducted with TagMan Gene Expression ps-
says (Applied Biosysiems) using the ABI Prism 7700 and Sequence De-
tection Sysiem software v.1.7. The fold change in cop; Lz_lun‘bet of each
cytokine/chemokine mRNA was revealed using the 27 method using
18 S rRNA as an endogenous calibrator.

Statistical analysis

Data are presented as mean = SD. Statistical analysis was performed by
one-way ANOVA, followed by the Dunnett or Bonferroni test. A value of
p = 0.05 was considered 1o be staristically significant,

Results
Generation of recombinant VV that expresses the structural
proteins of SARS-CaV

A multicistronic transgene that exp simultaneously four
structural proteins (N, M, E, and S proteins) of SARS-CoV was
constructed and inserted into the HA locus of LCI16mS8 (m8) by
homologous recombination (Fig. 1A). Expression of the transgene
was placed under the control of the powerful ATV/p7.5 hybrid pro-
moter. We screened for m8rVV-NMES using the erythrocyte ag-
glutination assay (17), and confirmed the insertion of the transgene
by PCR. Expression of the N, M, E, and S proteins in Vero E6 cells
infected with m8rVV-NMES was detected by Western blot anal-
ysis, Recombinant LC16mO (mO) expressing the C-terminal his-
tidine-tagged N, M. E or § protein imOrVV-NHis, -MHis, -EHis,
and -SHis) was generated as previously described, and used as a
positive control for each protein. We also used mBrVV-S (17). As
shown in Fig. 18, the expression levels of the N and S proteins in
the m8rVV-NMES-infected cells were high and moderate, respec-
tively. In contrast, the expression levels of the M and E proteins
in m8rVV-NMES-infected cells were weaker than those in mOrvv-
MHis- and mOrVV-EHis-infected cells, The M protein in the
m8rVV-NMES-infected cells was 20 kDa. whereas that in the
mOrVV-MHis-infected cells was observed as forms of ~20 kDa
(nonglycosylated form) and 25 kDa (glycosylated form) (23), Fur-
thermore, we investigated the cellular localizations of these struc-
tural proteins by indirect immunofluorescence (Fig. 1C). In
m8rVV-NMES-infected cells, all of the SARS-CoV proteins were
localized in the perinuclear regions. In particular, the localization of
the N protein in m8rVV-NMES-infected cells was different from that
in mOrVV-NHis-infected cells, in which the N-His protein was found
diffusely in the cytoplusm. VLPs are formed by the assembly of struc-
tural proteins in the cytoplasm, followed by release into the culture
medium. By infecting m8rVV-NMES into RK 13 cells, we confirmed
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FIGURE 1. Construction of recombinant VV that express four structural proteins of SARS-CoV (mBrVV-NMES). A, DNA fragments that encode the
SARS-CoV N, M. E. and § proteins were li
sequences of foot and mouth disease virus (FMDV) and Thosea asigna virus (TaV) or encephalomyocarditis (EMCV), After digestion with EcoRI the DNA
fragment was insered into the pBMSF vector, and the resultant plasmid was designated as pBMSF-NMES. Pyul-l rized pBMSF-NMES was used for
homologous recombination into the HA locus of the LC16m8 genome. Recombinant mO that expressed the SARS-CoV N, M, E. or § protein was generated
(mOrVV -NHis, -MHis. -EHis, and -SHis) as described in Marerials and Methods, B, Vero E6 cells were infected with mErVV-NMES or m8, Uninfected
Vero Ef cells were used as a negative control (NC). Structural proteins mOrVV-NHis, mOrVV-MHis, mOrVV-EHis, and mOrVV-5His were used as

ed with the internal ribosomal entry site sequence of hepatitis C virus (2a and 1h/2b) and fused with the 2

positive controls, SARS-CoV structural proteins were detected using mbhit polyclonal Abs and donkey anti-rabbit 1gG polyclonal Abs, which were
conjugated with HRP. The lane between m8rVV-NMES and the mOrVV-N, mOrVV-M. mOrVV-E. and mOrVV-S samples was left empty. o exclude the
possibility of leakage of sample solution between lanes. €, Vero E6 cells were infected with m8rVV-NMES at an MOl of 5 at 30°C for 4 h. The SARS-CoV
proteins in the fixed cells were visualized with the polyclonal Abs against the N, M, or E protein or mAb against the § protein (designated as 13B8). Nuclei
were stained with DAPT). Strucrural proteins mOrVV-NHis. mOrVV-MHis. mOrVV-EHis. and mOrVV-SHis were used as positive controls (PC). D, The
VLPs were isolated from the culture supematanis of RK13 cells infected with m8rVV-NMES at an MOT of 5 for 48 h at 30°C. After sucrose gradient
centrifugation. 20 fractions were collected, £, Equal amounts of the gradient fractions (nos. 3-16) were examined by Western blot analyses. m8, m8-infected
RK113 cell lysate: ppt. m8rVV-NMES-infected RK|3cell lysate; PC, RK13 cell lysates infected with mOrVV-NHis, mOrVV-MHis, mOrVV-EHis, or
mOrVV-SHis. F. A concentrated culture supemnatant was subjected to transmission electron microscopy. VLPs were probed with polyclonal Ab against the

S protein and incubated with 5-nm gold-conjugated anti-rabbit 1gG
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FIGURE 2. Immunogenicity of m8rVV-NMES in rabbits. A, New Zea-
land White rabbits (n = 3) were inoculated intradermally with 10* PFL/
body of mBrVV-NMES or m8 at 0 and 6 wk. Blood samples were collected
al the indicated time points. B, Induction of serum IgG specific for the four
structural proteins of SARS-CoV. The individual SARS-CoV strucrural
protein-specific 1gG titers are presented as the end point dilution Ab titers.
The end point titer was defined as the reciprocal of the highest dilution of
serum at which the absorbance at 490 nm (A ) ratio (A, of m8&rVV-
NMES-immunized serum/A,,, of m8-immunized serum (negative con-
trol)) was greater than 2.0, C. Induction of neutralizing Abs against SARS-
CoV. The neutralization titer of m8rVV-NMES-immunized rabbir sera was
defined as the end point dilution of the seram af which there was 50%
inhibition (NT,) of the SARS-CoV-induced cytopathic effect. Immuniza-
tion with m8rVVs or m& was conducted using the schedule described in
Fig. 3A. ND. Not detectable.

the formation of VLPs in the culture medium. After sucrose gradient
centrifugation, 20 fractions (500 ul each) were collected (Fig. 1D).
The four SARS-CoV structural proteins were monitored by Western
blot analysis. As shown in Fig. |E, fraction number 10 comtained all
the SARS-CoV proteins, and the buoyant density of this fraction was
~1.15 g/ml, a value that is consistent with previous reports (18, 24,
25). Moreover, we confirned the formation of VLPs in the concen-
trated culiure supematant using scanning electron microscopy and im-
munogold-labeling with the anti-S protein polyclonal Ab. The parti-
cles were 70=100 nm in diameter, which is consisient with the sizes
as reported previously (18, 24, 25), The panticles were positively
stained with immunogold (Fig. 1F).

Induction of Abs specific for SARS-CoV structural proteins in
rabbits immunized with m8rVV-NMES

To investigate the immunogenicity of m8rVV-NMES, | X 10° PFU/
body of either m8rVV-NMES or m8, its parental strain, was inocu-
lated intradermally on the backs of New Zealand White rabbits at 0
and 6 wk (Fig. 24). Rabbit antisera specific for the full-length struc-
tural proteins of SARS-CoV were detected by ELISA (Fg. 28). In
agreement with previous reports (26-28), the N and S proteins both
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FIGURE 3. SARS-CoV challenge to BALB/c mice immunized with
m8rVV-NMES or m&rVV-5. A, Four groups of eight BALB/c mice (seven
mice in the vehicle-immunized group) were inoculated intradermally with
mBrVV-NMES, m8rVV-S, m8, or vehicle and challenged 7-8 wk later
with | x 107 TCID,/body of SARS-CoV delivered via the intranasal
route. Blood and lung tissues samples were collected at the indicated time
points. B, After 2 and 9 days, the titers of SARS-CoV in the lungs of four
mice in each group (except for three mice of the vehicle-immumzed group,
which were examined 2 days later) were determined. Virus titers are ex-
pressed as log,, TCID./g of tssue. C. At 2 and 9 days after SARS-CoV
infection, the serum neutralization titers of all groups were measured us
described in Materials and Methods, +, p < 005; #+, p < 001, as com-
pared with both the vehicle- and m8-immunized groups.

exhibited strong immunogenicity in rabbits. IgG-specific for the N or
S protein was induced as early as | wk after mErVV-NMES immu-
nization, and the titer exceeded 1:10000 2 wk later. The titers of Abs
against the N and S proteins were dramatically increased by booster
immunization with m8rVV-NMES, It was also observed that the Ab
titer of the N protein, but not that of the S protein, decreased after
reaching the peak titer. Immunization with m8rVV-NMES did not
induce Abs specific for the E and M proteins, even after booster im-
munization (Fig. 28). The antigenicity of the purified E and M pro-
teins coated onto the ELISA plates was confirmed using each rabbit
anti-E or anti-M peptide Ab (data not shown). Therefore, we believe
that the lack of induction of Abs specific for the E and M proteins in
the rabbit sera results from the poor immunogenicity and lower ex-
pression levels of these proteins.

Induction of SARS-CoV-neutralizing serum Abs in rabbits by
immunizing with m8rVV-NMES

We determined the neutralization titers against SARS-CoV us-
ing the same rabbit antisera, The neutralization titer was ~:30
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FIGURE 4. Pulmonary histopathology of m8rVV-5S-
preimmunized BALB/c mice after SARS-CoV chal-
lenge. At 7-8 wk after immunization with m8rVV-
NMES, m8rVV-5, m8. or vehicle, the mice were
infected intrnasally with 1 % 10* TCID,/body of
SARS-CoV. A, Four mice from each group (three mice
from the vehicle-immunized group were killed 2 days
later) were sacrificed 2 and 9 days later. Extirpated lung
tissues were fixed with 10% formalin and embedded in
paraffin. Paraffin block sections (4-pm thickness) were
stained with H&E stining. Histopathologic sections
were prepared for vehicle-immunized mice at 2 days
postinfection (dpi) (a) and 9 dpi (e), mB-immunized
mice at 2 dpi (b) and 9 dpi (1), m8rVV-NMES-immu-
nized mice at 2 dpi (c) and 9 dpi (g), mBrVV-S-immu-
nized mice at 2 dpi (d) and 9 dpi (h), and uninfected
mice (i), 8. The degree of pulmonary inflammation was
determined in a blinded fashion on a subjective 27-
point scale (0, minimal inflammation; 26, massive in-
flammation) as described in Marerials and Methods. B 25
Each symbol represents an individual mouse, », p <
0.05, C, Representative lung sections from m8-immu- E
nized mice (a) and mBrVV-NMES-immunized mice (b)

after staining with Luna method (for eosinophils and i
neutrophils) and H&E (for plasma cells), Armows indi- E
cate neutrophils (yellow), eosinophils (red), and plas-
ma-like cells (green). D, The numbers of neutrophils,

o
cosinophils, and plasma-like cells that infilrated the v

lung were counted using Luna method and H&E stain-
ing. Data are mean = 8D for n = 5 mice. Fields viewed
at a magnification of X400, », p < 0,05; ==, p < 0.01,
for significant differences evaluated using the Bonfer-
o lest

(range, 1:25 to 1:36) after 2 wk, and was sustained for 6 wk
(Fig. 2C). Booster immunization with m8rVV-NMES further
increased the neutralization titer more than 10-fold 2 wk later,
These values are somewhat lower than those induced by
m8rVV-S in our previous report (17), In contrast, the antisera
from rabbits immunized with m8 did not exhibit any neutraliz-
ing activity against SARS-CoV (Fig. 20).

SARS-CoV challenge of BALB/c mice having prior
immunization with m8rVV-NMES or m8rVV-§

As m8rVV-NMES and m8rVV-S could induce high levels of neu-
tralizing Abs against SARS-CoV (Fig. 20), we investigated the
influences of m8rVV-NMES and m8rVV-8 on SARS-CoV chal-
lenge of BALB/c mice (Fig. 3A). The m8VV-NMES and
m&rVV-§ constructs were inoculated intradermally on the backs of
BALB/c mice at 1 X 107 PFU/body. At 7-8 wk after this single
immunization, the mice were infected intranasally with SARS-
CoV at | X 10° TCIDy/body. After 2 and 9 days. the lung, liver,
small intestine, and spleen were extirpated from the mice under
anesthesia, and the SARS-CoV titers were measured. As shown in
Fig. 38, 200- and 100-fold reductions in pulmonary virus titers
were observed in the m8rVV-NMES-immunized and m8rVV.S5-
immunized groups 2 days after infection. The virus titers in the

ImfFermtnd cell ramiser
|eacinfurwal
o8 NHS

=]
1 *

lungs of the m8rVV-NMES-immunized and m8rVV-S-immunized
groups were 540 X 10® and 1.52 X 10 TCID, /g of lung, re-
spectively. In contrast, the vehicle-immunized and LC16m8-im-
munized groups exhibited virus titers of 1.07 X 10® and 1.18 X
10* TCIDG/g of lung, respectively. The virus was not detected in
the lungs of any group 9 days later, as reported previously (11, 15)
In contrast. virus titers in other organs. including liver. small in-
testine, and spleen, were lower than that of the detection limit 2
and 9 days after infection (data not shown),

We also measured the neutralization titers in these mice sera 2
and 9 days after SARS-CoV infection (Fig. 3C). Two days postin-
fection, the neutralization titers of the m8rVV-NMES-immunized
and m8rVV-S-immunized groups were 1:11.1 = 1.01 and 1:14 =
3.94, respectively, whereas those of the negative control groups
were below the limit of detection. At 9 days postinfection, the
serum neutralization titers of m8rVV-NMES-immunized and
m8rVV-S-immunized groups had increased to 1:838.0 = 681.0
and 1:367.9 = 132.1, respectively. In contrast, the serum neutral-
izing titers of the vehicle-immunized and m8-immunized groups
were 1:59.7 = 354 and 1:67.8 = 18.6, respectively. These results
suggest that both the m8rVV-NMES- and m8rVV-S-immunized
groups could elicit neutralizing Abs against SARS-CoV and alle-
viate SARS-CoV infection.
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FIGURE 5.

Identification of SARS-CoV structural protein implicated in severe pulmonary inflammation. A, Five groups of six BALB/c mice were

inoculated intradermally with mOrVV-NHis. mOrVV-MHis, mOrVV-EHis, mOrVV-SHis, or mO and challenged 4 wk later with 1 X% 107 TCID/body
of SARS-CoV via the intranasal route. B. After 2 days. the titers of SARS-CoV in the lungs of three mice in each group were determined. Virus titers are
expressed as log,, TCID/g of tissue. », p < 0.05, as compared with the mO-immunized group using the Dunnett test. C. Histopathologic findings for all
the groups 9 days after SARS-CoV infection. Extirpated lung tissues were fixed with 10% formalin and embedded in paraffin. Paruffin block sections (4-um
thickness) were subjected 1o H&E staining. D, The degree of pulmonary inflammation was determined in a blinded fashion on a subjective 27-point scale
{0, minimal inflammation; 26, massive inflammation). Each symbol represents an individual mouse. «, p < 0.05. E, Representative lung sections from
mO-immunized mice () and mOrVV-N-immunized mice (b) after staining with Luna method (for ¢osinophils and neutrophils). Arrows indicate neutrophils

(yellow) and eosinophils (red)

Histopathologic findings in the lungs of m8rVVs-immunized
BALB/c mice after SARS-CoV infection

We performed histopathologic analyses of lung tissues. Two
days after SARS-CoV infection, the vehicle-, m8-, and m8rvVV-
S-immunized groups showed only slight pulmonary inflamma-
tion (Fig. 4A. a, b, and d). whereas the m8rVV-NMES-immu-
nized group showed infiltration of lymphocytes into the areas
surrounding the bronchi and slight thickening of the alveolar
epithelium (Fig. 4A, ¢). We scored pulmonary inflammation in
all the groups 2 days after SARS-CoV infection as follows (Fig
4B): in the mBrVV-NMES-immunized group, 5.00 = 2.71; in
the vehicle-immunized group, 2.00 £ 2.00; in the m8-immu-

nized group. 1.33 = 0.82; and in the m8rVV-S-immunized
group, 2.50 = 1.00. At 9 days postinfection, the vehicle-, m8-,
and m8rVV-NMES-immunized groups exhibited severe pulmo-
nary inflammation, i.e., infiltration of inflammatory cells and
thickening of alveolar epithelia (Fig. 4A, e, f, and g). In contrast,
the m8rVV-S-immunized group showed only slight pulmonary in-
flammation (Fig. 4A. h). As shown in Fig. 48, the pulmonary in-
flammation score for the m8rVV-NMES-immunized group
(12,75 = 2.87) 9 days after SARS-CoV infection was significantly
higher than that for the m8rVV-S-immunized group (3.50 = 3.00),
In contrast, this score was comparable to those obtained for the
vehicle-immunized and mB-immunized groups (9.75 = 2.87 and
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FIGURE 6. Cywkine profiles of the
lungs of BALB/c mice preimmunized with
each SARS-CoV structural protein and chal-
lenged with SARS-CoV, Three mice from
each group were sacrificed 2 and 9 days
postinfection. The total RNA of the lung
was extrocted. Quantitative RT-PCR was
conducted as described in Marerials and
Methods. The fold change in copy number
of each cywoking or chemokine mRNA was
calculated by the 2724 method using 18 S
RNA us an endogenous calibrator. =, p < B
005, ++, p < 001, as compared with the
uninfected control group using the Bonfer-
roni rest. A, The levels of mRNA for proin-
fAlammatory cytokines und chemokines 2
days after SARS-CoV infection. 8, The
mRNA expression levels of cyokines re-
lated to T cell activation 2 days after SARS-
CoV infection. €, The mRNA expression
levels of anti-inflammatory cytokines 9 days
after SARS-CoV infection,
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8.33 = 231, respectively). The mBrVV-NMES-immunized group
exhibited as severe inflammation as the control groups, although
m8rVV-NMES contains the S protein and protects as well as
m8rVV-S against SARS-CoV infection. In addition, marked infil-
tration of neutrophils, eosinophils, plasma-like cells, and lympho-
cyles was observed in the m8rVV-NMES-immunized group, as
compared with the control groups, after SARS-CoV infection (Fig.
4C, b and D).

These results suggest that the severe pulmonary inflammation
seen in m8rVV-NMES-immunized mice after SARS-CoV infec-
tion results from host immune responses rather than a direct cy-
topathic effect of SARS-CoV, because the virus titers for all the
group were negligible 9 days after SARS-CoV infection and the
virus titer of the m8rVV-NMES-immunized group was signifi-
cantly decreased 2 days postinfection.

ldentification of the factor that results in the exacerbation of
pitl v infl fon in mSrVV-NMES-immunized BALB/¢
mice after SARS-CoV infection

We hypothesized that the severe pulmonary inflammation seen in
the m8rVV-NMES-immunized mice resulted from the host im-
mune responses to SARS-CoV components expressed by m8rVV-
NMES. This notion was supported by the observation of negligible
virus titers 9 days after SARS-CoV infection. Therefore, we in-
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vestigated the influence of recombinant VV expressing each struc-
tural protein of SARS-CoV (mOrVV-NHis, mOrVV-MHis,
mOrVV-EHis, and mOrVV-SHis) on subsequent intranasal infec-
tion with SARS-CoV. BALB/c mice were immunized with
mOrVV-NHis, -MHis, -EHis, and -SHis at | X 107 PFU/body, and
4 wk later infected intradermally with 1 % 10° TCID., of SARS-
CoV (Fig. 5A). After 2 and 9 days, three mice from each group
were sacrificed following blood collection under anesthesia. and
their lungs were extirpated. Consistent with earlier results, a sig-
nificant reduction of pulmonary virus titer was observed after 2
days in only the mOrV V-SHis-immunized group (Fig. 58). In con-
trast, immunization with the other SARS-CoV structural proteins,
including the N, M, and E proteins, did not confer protection
against the subsequent SARS-CoV infection. As shown in Fig. 5C,
the alleviation of pulmonary inflammation was also observed in
the mOrVV-SHis-immunized group. Severe infiltration of lym-
phocytes and thickening of the alveolar epithelia were observed in
the lung tissues of the mOrVV-NHis-immunized mice 9 days after
SARS-CoV infection (Fig. 5C), The pulmonary damage in the
mOrVV-NHis-immunized mice (15.00 £ 5.56) was significantly
more severe than that in the mOrVV-SHis-immunized mice
(5.67 * 2.52) (Fig. 5D). However, there were no significant dif-
ferences among the other groups. Furthermore, infiltration of neu-
trophils, eosinophils, and lymphocytes was observed in the
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zed with the comt ion of N protein and § protein of SARS-CoV. A, Five

groups of BALB/c mice (n = B-10 per group) were inoculated intradermally with the combinations of mOrVV-NHis and mOrVV-SHis (mOrVV-N+§j,
mOrVV-MHis and mOrVV-SHis (mOrVV-M + ), mOrVV-EHis and mOrVV-SHis (mOrVV-E +S), mOrVV-SHis, and mO, and challenged 7 wk later
with | x 10* TCID./body of SARS-CoV via the intranasal route. After 2 days. the titers of SARS-CaV in the lungs of n = 3-5 mice from each group
were determined. Virus titers are expressed as log,, TCTD /g of tissue. *, p < 0.05, ++, p < 0.01, as compared with the mO-immunized group using the
Bonferroni test. 8, Histopathologic findings for all the groups 9 days afier SARS-CoV infection. Extirpated lung tissues were fixed with 10% formalin and
embedded in paraffin, Paraffin block sections (4-um thickness) were subjected 1o HEE staining. C, The degree of pulmonary inflammarion was determined
in a blinded fashion on a subjective 27-point scale (0, minimal inflammation; 26. massive inflammation). Each symbol represents an individual mouse. +,
p < 005 . p < 001, as compared with the mO-immunized group using the Bonferroni test. =, p < 0.05; ==, p < (101, as compared with the mOrVV-N +

S-immunized group using the Bonferroni test.

mOrVV-NHis-immunized mice after SARS-CoV infection (Fig.
5E. b), although the extent of infiltration of these cells into the
lungs of these mice was somewhat lower than that observed in
the mBrVV-NMES-immunized mice after SARS-CoV infection
(Fig. 4D). This may explain the observed differences in the
histopathologic findings for the mOrVV-NHis-immunized mice
and m8rVV-NMES-immunized mice.

Pulmonary cytokine responses of SARS-CoV-infected BALB/c
mice previously immunized with recombinant VV expressing
each structural protein of SARS-CoV

To elucidate the reason for the severe pulmonary inflammation
observed in the mOrVV-NHis-immunized mice after SARS-CoV
infection, we measured by quantitative RT-PCR the mRNA levels
for various cytokines and chemokines in the lungs of BALB/c
mice preimmunized with mOrVV-NHis, -MHis. -EHis, -SHis, or
mO. Several proinflammatory cytokine and chemokine mRNAs,
including those for IL-6, CXCL10. CCL2. and CCL3, were in-
creased in all the groups, with the exception of the mOrVV-SHis
group, 2 days after SARS-CoV infection (Fig. 6A). In contrast, the
mOrVV-SHis-immunized group showed low levels of mRNA ex-
pression for these proinflammatory cytokines or chemokines. es-
pecially IL-6, resulting in reduced lung pathology after immuni-

zation. The mRNA levels for IFN-y, IL-2, IL-4, and IL-5 were
highest in the mOrVV-NHis-immunized group (Fig. 6, A and B).
None of the other groups showed up-regulation of these cytokines.
with the exception of the IL-5 mRNA level in the mOrVV-SHis-
immunized group. Furthermore, the mRNA expression levels of
anti-inflammatory cytokines (IL-10 and TGF-$) in the mOrvV-
NHis-immunized group were markedly lower than expression lev-
els in any of the other groups, which exhibited high virus titers.
and were comparable to those of the mOrVV-SHis group. in which
pulmonary inflammation was alleviated (Fig. 6C),

Verification of exacerbating effect of prior immunization with
N pratein in SARS-CoV-infected Ball/c mice

To verify the exacerbating effect of N protein immunization, we
investigated the pulmonary virus titers and histopathology in
BALB/c mice that were previously immunized with the
combination of mOrVV-N and mOrVV-S (mOrVV-N+S-immu-
nized group) 2 and 9 days after SARS-CoV infection, and com-
pared them to those of all other groups, including the mO-,
mOVV-M+8-, mOrVV-E+5-, and mOrVV-S-immunized groups.
The mOrVV-N+S-immunized group showed significantly decreased
pulmonary virus titers compared with the mO-immunized group (Fig.
7A). However, the mOrVV-N+S-immunized group exhibited as
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severe pneumonia as the mO-immunized group (Fig. 7. B and €). In
contrast, both the mOrVV-M+S-immunized group and the mOrVV-
E+S-immunized group were protected against SARS-CoV infection
to the same extent as the mOrVV-S-immunized group (Fig. 7. A-C).

Discussion

SARS-CoV is newly identified as an agent of SARS. However, the
detailed mechanism by which SARS-CoV causes severe pneumo-
nia remains unclear. The uncontrolled release of immune media-
tors has been implicated in the pathogenesis of SARS, whereas the
cytokine profiles of SARS patients have not elucidated the
cause the pneumonia owing to their diversity. Tt seems likely
that the diverse cytokine profiles noted among adult SARS pa-
tients are related to patient anamnesis.

In the present study, we observed severe pulmonary inflamma-
tion in m8rVV-NMES-immunized BALB/c mice 9 days after
SARS-CoV infection (Fig. 44, g), even though the initial virus titer
was significantly lower than those of the control groups, which
included vehicle- and m8-immunized mice (Fig. 3B). The severity
of pulmonary inflammation did not correlate with the virus titer in
the mBrVV-NMES-immunized mice, in contrast to the correlations
observed for the vehicle-, m8-, and m8rVV-S-immunized groups.
We identified the N protein of SARS-CoV as the cause of the
severe pneumonia observed during SARS-CoV infection (Fig. 5, C
and D, and 7, B and ©). To date, no studies have been reported to
our knowledge regarding SARS patients with severe pneumonia
who were previously immunized with either SARS-CoV or a
highly related species. In contrast, there are several reports of an-
tisera against human CoV (229E and OC43) and host factor IL-11
cross-reacting with the SARS-CoV Ag (29, 30). Furthermore, the
N protein of SARS-CoV has been shown to induce both cellular
and humoral immune responses (31-33). Taken together, these
results raise the possibility that a percentage of SARS patients
already possess the adaptive immune response elemenis that can
interact with SARS-CoV components, including the N protein, and
that their adaptive immune response may be involved in the ex-
acerbation of pneumonia. The temporal changes in immune re-
sponse and the pathogenesis after SARS-CoV infection of an an-
imal model that had previously been immunized with SARS-CoV
components are not well understood, as almost all the previous
studies reported only protection within a few days of SARS-CoV
infection (34-39). In the present study, we demonstrate that
mOrVV-NHis-immunized mice after SARS-CoV infection exhibit
an imbalance between T cell activation (high expression levels of
TFN-vy, IL-2, IL-4, and IL-5) and subsequent suppression (low ex-
pression levels of TL-10 and TGF-B), as well as high-level pro-
duction of proinflammatory cytokines (IL-6 and TNF-a) and che-
mokines (CCL2, CCL3. and CXCL10). Jiang et al. (40) reported
elevation of CXCLI0 or IP-10 production in the pneumocyles,
CD3™ T cells, and monocytes and macrophages of the lungs of
patients with SARS. CXCL10 may be responsible for the infiltra-
tion of activated T cells and monocytes or macrophages, which is
a pathologic finding in SARS patients (41-43). It has been re-
ported that elevated expression of monocyte or macrophage acti-
vation factors (CCL2 and CCL3) was observed in SARS patients
(8. 44). Furthermore, the highest expression of IL-6 in mOrVV-
NHis-immunized mice is reasonable (Fig. 6A), as the elevation of
TL-6 levels is considered one of the causes in the severe pneu-
monia of SARS patients. Zhang et al. (45) reported recently the
molecular mechanism of IL-6 expression induction by the N
protein of SARS-CoV. In contrast, both IL-10 and TGF-3 play
important roles in suppressing inflammatory responses (46).
Thus. the reduced production of both anti-inflammatory cyto-
Kines in the mOrVV-NHis-immunized mice after SARS-CoV

infection may be related to the severity of the pulmonary in-
Mlammation in these mice. Weingartl et al. (47) and Czub et al,
(48) reported that immunization with S protein expressing-recom-
binant modified VV Ankara (rMVA-S) induced stronger inflam-
matory responses and focal necrosis in liver tissues after SARS-
CoV challenge than in control animals. However, the precise
mechanism underlying this liver inflammation has not been clari-
fied. Feline infectious peritonitis virus, which is another member
of the coronavirus family, exhibits enhanced infection into mono-
cytes or macrophages through virus-specific Ab binding to the Fe
receptors of these cells and causes enhanced inflammation (49). It
has also been reported for dengue virus that secondary infection
with a different genotype results in more severe symptoms, includ-
ing dengue hemorrhagic fever and dengue shock syndrome. The
exacerbation of this symptom is also positively associated with
pre-existing Abs with specificity for dengue virus (50). In the case
of SARS-CoV, Ab-dependent enhancement of infection has not
been reported previously. We hypothesized that the severe pneu-
monia observed in mOrVV-NHis-immunized mice after SARS-
CoV infection does not result from Ab-dependent enhancement
because the virus titers in the mouse lungs 9 days later were below
the detection limit. Deming et al. (51) reporied recently the inten-
sive infiltration of eosinophils as well as lymphocytes after SARS-
CoV infection of aged BALB/c mice previously immunized with
the N protein of SARS-CoV. It has also been reported that immu-
nization with formalin-inactivated respiratory syncytial virus vac-
cine and VV that expresses the G glycoproiein of respiratory syn-
cytial virus correlates with the augmentation of Th2-type immune
responses and enhanced pulmonary disease (52, 53). Therefore. the
authors speculated that the Th2-biased responses of vaccinated
hosis afier SARS-CoV infection might aggravate pulmonary in-
flammation, although the main host response remains unknown. In
contrast, our current data suggest that N protein-immunized mice
exhibit activation of both Thl and Th2 responses after SARS-CoV
infection, In agreement with our data, Jin et al. (54) have demon-
strated that prior immunization with N protein generates stronger
Ag-specific Thl and Th2 responses than immunization with M or
E protein. In addition, we demonstrate the suppression of anti-
inflammatory cytokine responses in N protein-immunized mice.
Interestingly. Shi et al. (55) demonstrated that coinjection of M
protein with N protein not only enhanced the production of Thi
cytokines (TFN-vy and TL-2), but also reduced the rates of mortality
and pathologic change in SARS-CoV-infected voles. These results
suggest that further studies, including epitope analysis, are re-
quired to reveal the precise mechanism underlying the severe pul-
monary inflammation that results from SARS-CoV infection of
BALB/c mice immunized with the N protein of SARS-CoV.

In contrast, intradermal immunization of aged BALB/c mice
with m8rVV-S at 1 X 107 PFU/body significantly reduced the
pulmonary virus titer 2 days after SARS-CoV infection (Fig. 38),
Furthermore, the m8rVV-S-immunized group exhibited alleviation
ol the pulmonary histopathology, as compared with both control
groups after 9 days. To date, various types of SARS vaccine, in-
cluding recombinant vaccines, inactivated vaccines, and DNA vac-
cine, have been reported (34-39). There are only a few reports on
the effect of a single immunization with recombinant SARS vac-
cines, namely SARS-CaV § protein-expressing vaccines based on
rabies virus (56), vesicular stomatitis virus (39), and adeno-asso-
ciated virus (57). It is noteworthy that a single i.m. immunization
with recombinant adeno-associated virus that expresses the recep-
tor-binding domain of $ protein conferred long-term protection
against SARS-CoV infection (57). In the present study, we also
show that a single immunization with m8rV V-8 reduces viral load
and improves the histopathologic findings in the lungs of BALB/c
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mice infected with high-titer (1 X 10° TCID./body) SARS-CoV,
although a relatively low titer of SARS-CoV was used in the pre-
vious study conducted by Du et al. (57). These resulls suggest that
the systemic immune responses induced by a single immunization
with SARS vaccine successfully protect the animal model against
intranasal SARS-CoV infection.

In summary, we demonstrate that the immunization of BALB/c

mice with the N protein of SARS-CoV causes severe pulmonary
inflammation upon subsequent SARS-CaV infection, probably via
the imbalance created between T cell activation and suppression.
as well as by massive proinflammatory cytokine production. These
results provide new insights into the mechanisms involved in the
pathogenesis of SARS and help in the development of safc
vaccines.
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Research Article

Reference strand-mediated conformation
analysis-based typing of multiple alleles in
the rhesus macaque MHC class | Mamu-A
and Mamu-B loci

The rhesus macaque exhibits individual differences in susceptibility and resistance to
infectious agents such as simian immunodeficiency virus (SIV) under experimental con-
ditions, and these may be genetically determined at least in part by major histocompatibility
complex (MHC) class | polymorphism. Although the importance of defining MHC class |
polymorphism is well recognized, development of a generic and comprehensive molecular
typing method of MHC class 1 alleles of the rhesus macaque has been hampered because,
during the evolution of this species, multiple copies of similar DNA sequences have been
generated by duplication events including the coding sequences of Mamu-A and Mamu-B
loci. We report here a newly developed reference strand-mediated conformation analysis
(RSCA)-based typing method of multiple Mamu-A and Mamu-B cDNAs that allowed us to
estimate the number of expressed alleles. This technique detected 1-7 Mamu-A signals and
2-12 Mamu-B signals in a single sample, indicating that the number of functional alleles
may vary. By comparing the data from the parents with those from the descendants in the
breeding colony, several MHC class 1 haplotypes consisting of variable numbers of func-
tional Mamu-A and Mamu-B alleles could be assigned.

Keywords:
MHC class | / Polymorphism / Reference strand-mediated conformation analysis /
Rhesus macaques DOI 10.1002/elps. 200600586

ing and other functional activities [1, 2]. Because MHC class |
molecules encoded by different alleles exhibit different
binding properties to peptides. it is necessary to consider
MHC polymorphisms when evaluating an antigen or anti-
genic peptide as a vaccine to induce efficient protective
immunity [3]. The rhesus macaque, Macaca mulatta, is an
established preclinical animal model for studying prevention
and/or treatment of human diseases, including acquired
immunodeficiency syndrome (AIDS) [4-6], Orthologs of
HLA-Aand HLA-B, MHC class | genes, were identified in the
rhesus macaque and designated Mamu-A and Mamu-B,
respectively. These genes, like the HLA genes, are highly

polymorphic [7].

Major histocomnpatibility complex (MHC; HLA in humans)
class | molecules are cell surface glycoproteins that present
antigenic peptides to CD8-positive T lymphocytes with kill-
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Recent studies on the genomic DNA sequence of the
rhesus MHC region have demonstrated that there are multi-
ple tandem gene duplications in the class I region [8, 9].
Genomic genes of Mamu-A and Mamu-B have reached up to
4 and 19, respectively [8], but it is not known how many of
them are transcribed, Because of multiple similar sequences,
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the analysis of Mamu-A and Mamu-B polymorphisms is much
more complicated than that of HLA class | genes, This was the
reason that the allele-specific PCR method has been used to
analyze the Mamu class [ loci, but the allele-specific PCR was
able to detect only the presence of specific alleles [10, 11]. In the
present study, we aimed to develop a novel typing method
based on reference strand-mediated conformation analysis
(RSCA) that allowed the resolution of multiple similar but dif-
ferent sequences [12, 13]. Our RSCA-based typing system
enabled us to discriminate multiple Mamu-A and Mamu-B
alleles and to estimate the number of transcribed alleles. Using
this typing systemn enabled us to assign several haplotypes, i.e.,
combinations of Mamu class 1 alleles, in a breeding colony.
These results demonstrated that the number of expressed
Mamu alleles is variable in the rhesus macaque population.

2 Materials and methods
2.1 Animals

Peripheral blood samples were collected from more than 150
rhesus macaques, derived from a breeding colony main-
tained in Japan to establish B-lymphoblastoid cell lines
(BLCLs). Founders of the breeding colony originated from
Myanmar (Burma) and Laos.

2.2 Amplification and cloning of Mamu-A and Mamu-
BcDNA

Total cellular RNA was isolated from BLCL using TRIzol
reagent (Invitrogen). Oligo (dT)-primed cDNA was synthe-
sized using Superscript I1 reverse transcriptase (Invitrogen)
according to the manufacturer's recommendations. Full-
length ¢DNAs of Mamu-A and Mamu-B were amplified by
PCR with locus-specific primer pairs; Mamu-A forward
(5"-ATGGCGCCCCGAACCCTCCTCCTGG-3') with Mamu-
A reverse (5-TCACACTTTACAAGCCGTGAGAGA-3') and
Mamu-B forward (5-ATGGCGCCCCGAACCCTCCTCCT-
GC-3¥) with Mamu-B reverse (5-TCAAGCCGTGAGAGA-
CACATC-3'), respectively. PCR was carried out in a standard
25 pL mixture containing 10 pmol of each primer, 0.2 mM
dNTPs (Pharmacia), 0.5 units of Tag DNA Polymerase
(TaKaRa) and 2.5 pL of 10 x PCR Buffer (TaKaRa), and con-
sisted of 34 cycles of: 95°C for 30 s, 55°C for 30 s, and 72°C
for 1 min after initial incubation at 95°C for 2 min, and final
extension at 72°C for 5 min. The RT-PCR products (cDNAs)
were cloned into pGEM-T Easy vector (Promega) and intro-
duced in Escherichia coli DH10B (Invitrogen) for sequencing
analysis.

2.3 cDNA clones
In addition to the cDNA clones obtained in this study, cDNA

clones for Mamu alleles, A*01, A*02, A*03, A*0402, A*0504,
A*0602, A*07, A*08, A*11. B*01, B*03, B*04. B*0702, B*11,

& 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhaim

B*12, B*20, B*22, B*26, B*27, and B*29 (kindly provided by
Dr. David Watkins, University of Wisconsin [7, 14)), were
used to evaluate the power of allele discrimination by the
RSCA-based typing method.

2.4 RSCA

The sample for RSCA, i.c.. the test cDNA fragment, was a
725 bp-long DNA fragment encoding extracellular domains
of the MHC dass | molecule, and was prepared by two-step
PCR as follows: Mamu class | cDNAs were amplified by PCR
using a primer pair of Mamu forward (5-ATGGCGCCCC-
GAACCCTCCTCCTG-3') and Mamu reverse (5-TCA-
CACTTTACAAGCCGTGAGAGA-3') with 25 cydes of: 95°C
for 30 5, 58°C for 30 5, and 72°C for 1 min. The PCR products
were diluted and a small aliquot was subjected to nested
PCR. The PCR condition was the same as above except that
the locus-specific primers were used; primer pairs for Mamu-
A and Mamu-B were Mamu-A forward and Mamu-B forward,
respectively, in combination with Mamu 4R (5-CCAGGT-
CAGTGTGATCTCCG-3').

Fluorescence-labeled reference (FLR) was prepared from
the cDNA clone of Mamu-B*G66 (FLR#1, GenBank Accession
#A]844597) and from the ¢DNA clone of Mamu-B*39
(FLR#2, GenBank Accession #A]556890) as templates by
PCR using a 5-fluorochrome CyS-labeled forward primer
(5{CyS]ATGGCGCCCCGAACCCTC-3) and Mamu 4R, The
PCR conditions were as described in Section 2.2, except that
the annealing temperature was 58°C. To form heteroduplex
DNAs between FLR and test cDNA fragments [12, 13], 1 pL
of FLR was added to 3-6 pL of test cDNA fragments and the
mixture was denatured at 95°C for 4 min, annealed at 55°C
for 5 min, and cooled to 15°C for 5 min. Before applying to
polyacrylamide gel, 1 pL of 6 x Ficoll loading buffer (con-
taining 18% Ficoll 400, Pharmacia) and electrophoresis
markers were added to the sample. The electrophoresis
markers (M#1, M#2, M#3, M#4, M#5, M#6) were Cy5-
labeled DNA fragments prepared from the Mamu-A*08
c¢DNA clone by PCR using the 5'-Cy5-labeled primer in
combination with different reverse primers, The following
reverse primers were used to prepare the markers (product
size is in parentheses after the marker name); 4R for M#1
(585 bp), GEMT257R (5GGCTTTACACTTTATGCTTCC-
3') for M#2 (1298 bp), GEMTS20R (5-ATGTTCTTTCCIG-
CGTTATCC-3') for M#3 (1561 bp), GEMT698R (5-GCG-
CACGAGGGAGCTTCC-3) for M#4 (1739 bp), GEMT941R
(5-GTTACCAGTGGCTGCTGCC-3) for M#5 (1918 bp),
GEMTIS54R (5"-CAGGACCACTTCTGCGCTC-3) for M#6
(2595 bp). These markers were used as external standards,
while M#1 and M#6 were used as internal standards.

The heteroduplex DNAs were subjected to 6% Long
Ranger gel (Cambrex BioScience Inc.) in 1 x TBE (89 mM
Tris-boric acid, 2 mM EDTA-Na,, pH 9.0) mounted on ALF
express 11 automated sequencing apparatus (Amersham
Biosciences) [12, 13] at 30 W constant power for 480 min. Gel
temperature was kept at 40°C during electrophoresis and the
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running buffer was 1 x TBE. Data were analyzed with ALF-
win Fragment Analyzer software (Amersham Biosciences).
Relative mobility of fluorescent DNA was calculated auto-
matically and expressed arbitrarily as a dimensionless num-
ber equal to the size of double strand DNA with equivalent
mobility. Run-to-run variation in relative mobility values did
not exceed 3, which corresponds to RSD of 0.0018 (see foot-
note of Table 1). Measurements of peak heights and peak
areas were used for automatic peak detection but not for

Table 1. Mobility of h dupl b Mamu-A and
Mamu-8 alleles and FLH:
Allale R bilityof C
heteroduplex with*'
FLR1 FLR2
Known Mamu-A alleles
Mamu-A*01 1242 1151
Mamu-A*02 1278 1000
Mamu-A*03 1348 134
Mamu-A*0402 1245 1052
Mamu-A*0504 1063 1056 =Mamu-A"m30120b3
Mamu-A*0602 1224 103
Mamu-A"07 na 1079
Mamu-A"08 1280 137
Mamu-A*11 1051 1160
Known Mamu-8 alleles
Mamu-B*01 1000 1446
Mamu-B*03 1041 B
Mamu-B*04 1042 1085
Mamu-B*05 1ms 956
Mamu-B*0702 852 1200
Mamu-B8*12 984 1043
Mamu-B*20 1008 1061
Mamu-B*22 915 [F74]
Mamu-B*26 912 1]
Mamu-B*27 1058 918
Mamu-B*29 nn 1007
Alleles isolated in the present study
Mamu-A*m30120al 74 918
Mamu-A*m30120b2 1M 1030
Mamu-A*m30120b3 1061 1054 =Mamu-A"0504
Mamu-A*m80120a4 113 s
Mamu-A*m30120a5 1035 1180
Mamu-A"m80122c1 1059 966
Mamu-A*m30122c2 1359 1186  =Mamu-A*m30010e4

Mamu-A*m30010e4 1358 185 =Mamu-A*m30122c2

a) Mean value rounded to an integer from at least three different
gels. Relative mobility value was obtained from a dard
curve of the mobility (in bpl ofa dwbie mrmd DNA ladder
subj d to electroph d in ALF-
win Fragment Analyzer somurel Rnlatlw maobility did not
vary by three or more between differant gels. If this range of
variation (namely, 841-847 for the peak of 844 at the relative
mability, Mamu-B*03 with FLR#2) is taken as 95% confi-
dence interval, RSD can be estimated thus: (3/844)x
(1/1.96) = 0.0018.

£ 2007 WILEY-VCH Vertag GmbH & Co. KGaA, Weinheim
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maolecular typing. They did not show sufficient reproducibil-
ity and adjustment of threshold for peak detection was
required for each run.

3 Results

3.1 RSCA of Mamu-A and Mamu-B alleles
using two FLRs

We first analyzed 20 cDNA clones from known Mamu alleles
(Mamu-A*01, -A*02, -A*03, -A*0402, -A*0504, -A*0601,
-A*07, -A*08, -A*11, -B*01, -B*03, -B*04, -B*0702, -B*11,
-B*12, -B*20, -B*22, -B*26, -B*27, and -B*29) and eight
c¢DNA clones obtained in this study from three different
BLCLs (derived from R90120, R90010, and R208 [a grandson
of R90122]) by RSCA using two FLRs, FLR#1 and FLR#2,
Relative mobility values are listed in Table 1 and the variation
between different gels was negligible, as described in Section
2.4. A Cartesian plot of the mobility values obtained by two
different FLRs (Fig. 1A) revealed that the method could dis-
criminate all the analyzed alleles. Two pairs of cDNA clones
with indistinguishable mobility values, i.c.. not differing by
three in mobility value, were found to be identical in nucleo-
tide sequence; Mamu-A*m90120b3 was identical to Mamu-
A*0504, and Mamu-A*m90122c2 was identical to Mamu-
A*90010e4, even though they were derived from different
individuals, These were hidden duplicates by chance, and
demonstrate the power of allele typing by the RSCA method.

When RT-PCR products (cDNA samples) from BLCLwere
analyzed, multiple fluorescent peaks with different mobility
and intensity were observed, suggesting that there were mul-
tiple alleles of Mamu-A and Mamu-B with different expression
levels at least in BLCL. To take an example, upon analysis of
Mamu-A of R90120, five peaks were detected (a-e in Fig. 1B},
and of these, peaks b, d, and e were predominant while a and ¢
were minor. Analysis of different individuals in the colony
demonstrated that the number of peaks detected by this
method was variable: for Mamu-A from as few as one to as
many as seven; for Mamu-B, from 2 to 12 (data not shown), As
the multiple peak signals with variable content could not be
explained by a fixed number of gene copies, we next attempted
to determine combinations of alleles (haplotypes) that were
transmitted together from parents to offspring,

3.2 Determination of MHC class | haplotypes
by RSCA

Assignment of alleles to a haplotype was based on the coap-
pearance of peaks between a breeder and its descendants. In
the case of breeder R90120 and its offspring (Fig. 2), three
Mamu-A and four Mamu-B alleles found in R90120 were
transmitted to descendants #1, #2, #6, and #7, indicating
that these Mamu-A and Mamu-B alleles reside on the same
chromosome, and this combination was designated as hap-
lotype-a (hap-a). Alleles carried on this haplotype were
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Figure 1. RSCA of Mamu-A and Mamu-8 alleles. (A) Relative mability of heteroduplex DNA between MHC class | alleles and either FLR#1
(x-axis) or FLR#2 (p-axis). Alleles isolated in the present study (a, Mamu-A*m90120a1; b, Mamu-A*m30120b2; ¢, Mamu-A*m30120b3; d,
Mamu-A*m90120a4; e, Mamu-A*m90120a5; f, Mamu-A*m90122¢1; g, Mamu-A*m80122c2; h, Mamu-A*m90010e4) are shown as gray
circles (@), along with known Mamu-A alleles (<) and Mamu-8 alleles (). Nate that alleles that could not be distinguished by RSCA,
Mamu-A*m3012063 (c) and Mamu-A*0504, as well as Mamu-A*m90122c2 (g} and Mamu-A"m90010e4 (h), were found to be identical by
saquance analysis. (B) Curve view of electrophoresis of heteroduplexes among Mamu-A cDNAs derived from R80120 and FLR#2. Peaks

indicated by a through e correspond to respective data points on the plot in panel [A),
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Figure 2. Segregation of Mamu-
A and Mamu-8 alleles. A male
breeder (R90120) and his eight
descendents were analyzed.
Three Mamu-A and four Mamu-
B alleles possessed by R90120
|7} were transmitted to off
spring #1, #2, #6, and #7, while
the other two Mamu-A and five
Mamu-8 alleles (W) were trans-
mitted to the offspring #3, #4, #5,
and #8. This is in accordance
with Mendel's law of segrega-
tion. Thus, hap-a, which is com-
posed of Mamu class | alleles
indicated by open triangles, and
hap-b, indicated by filled trian-
gles, could be assigned.
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Figure 3. MHC class | haplotype
and antiviral response. Induc-
tion of cytotoxic T-cell response

against SIV gag 207-216 epitope
after inoculation of the virus and

arimals b+ b/ | ars | ars al+
CTL responsa i
0 oaT7-21k =) (=) ] + (£
Vid mutation [ R ) W ®
at gagPl7-21b

named as Mamu-A*m90120al. -A*m90120a4, -A*m9%0120a5,
-B*m90120al, -B*m90120a6. -B*m90120a8, and
-B*m90120a9. The other two Mamu-A and five Mamu-B
alleles were transmitted together as haplotype-b (hap-b) to
descendants #3, #4, #5, and #8, and were named as
A*m90120b2, A*m90120b3, B*m90120b2. B*m90120b3,
B*m90120b4, B*m90120b5. and B*m90120b7. As men-
tioned in the previous section, one of the Mamu-A alleles
from R90120, A*m90120b3 that exhibited relatively weak
expression in BLCL, was found to be identical to A*0504 by
nucleotide sequencing.

Similar family studies allowed us to assign another hap-
lotype, hap-c. that was originally possessed by another bree-
der R90122. Hap-c carried three Mamu-A and three Mamu-B
alleles. Two other haplotypes, d and e, possessed by R90010,
carried two Mamu-A and two Mamu-B alleles and three
Mamu-A and three Mamu-B alleles, respectively. The num-
ber of alleles composing each haplotype is summarized in
Table 2. Hap-c and hap-e could not be distinguished from
each other by RSCA-based typing. Sequencing data of a
cDNA clone from each haplotype (Mamu-A*m90122¢2 and
Mamu-A*90010e4) showed that they were identical, as
described in the Section 3.1. Therefore, hap-c and hap-e
appeared identical, though it was unclear whether sharing of
the same haplotype by two different individuals was due to
close kinship or due to the fact that this haplotype was rela-
tively common in the rhesus population in which at least 12
different haplotypes were observed (Table 2).

3.3 Relationship between MHC class | haplotype and

epitope-specific T cell response to simian
immunodeficiency virus (SIV)

In the rhesus macaque SIV-gag vaccine, gag-specific T cell

responses were evoked after challenge by infection with SIV
[5]. We observed individual differences among F1 and F2

@ 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

][] [#]
the emargence of escape
L mutant (L2165 mutation in SIV
@ag) [6] were cosegregated with
(=) haplotype a, derived from a
male breeder, RB0120.

+) =)

Table 2. Number of Mamu-A and Mamu-8 alleles transmitted

together as haplotype
Haplotype Number of MHC Comments
class | alleles
Mamu-A  Mamu-B
Hap-a 3 4 Possessed by R90120
Hap-b 2 5 Possessed by R90120
Hap-c 3 3 Possessed by R90122*, (=Hap-a)
Hap-d 2 2 Possessed by R90010
Hap-e 3 3 Possessed by R80010, (=Hap-c)
Hap-f 1 5 Possessed by R90029
Hap-g 3 ] Possessed by R90030
Hap-h 1 2 Possessed by R90030
Hap-j 2 L] Possessed by R90088
Hap-k ] ] Possessed by R90083
Hap-p 2 4 Possessed by RBI002"'
Hap-q 2 k] Possessed by R89002
Hap-s 3 6 Possessed by R1010°/
Hap-t 2 L} Possessed by R91010
Hap-u 4 2 Possessed by R96063°
Hap-z 3 3 Possessed by RI5014°

a) R90122 was not analyzed directly but its offspring R208 and
others were examined.

b) R89002 originated from Laos.

¢} A91010, R96063, and R95014 were breeders bom in the colony
whase parents originated from Myanmar.

offspring of R90120 in the induction of cytotoxic T cell re-
sponse against SIV gag207-216 epitope and in the emergence
of escape mutant virus at 216th amino acid residue of gag
protein. The phenotype of cytotoxic T lymphocyte response
and emergence of escape mutant was completely segregated
together with hap-a, suggesting that at least one of the MHC
class I alleles carried by hap-a induced antiviral immune re-
sponse in the vaccine and neither hap-b nor hap-c had com-
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parable immunogenic activities. When the pocket structures
of alleles from hap-a were deduced [15, 16}, one of the Mamu-
A alleles, A*m90120a4 (Ala77-Asn80-Leu81-Tyr116), resem-
bled HLA-B*0702 and B*0801 (Ser77-Asn80-Leu81-Tyr116)
at F-pocket. This pocket structure showed preference for
motifs of aliphatic hydrophaobic amino acids as the C-termi-
nal anchor residue (Pc), in comparison with the two order
difference in binding coefficient values between Leu and Ser.
Thus this allele was predicted to be a restriction molecule for
SIV gag207-216 epitope, and mutation of Ser in the place of
Leu at 216 (Pc anchor site) allowed the virus to evade host
immune surveillance [5).

4 Discussion

Rhesus macaques serve as important models for preclinical
studies such as developing vaccines for infectious diseases.
Characterization of MHC in the experimental animals is
required if the epitope-specific response is to be evaluated. It
is known that the classical MHC class | lodi of the rhesus
macaque, Mamu-A and Mamu-B, exhibit a high degree of
allelic variation and complexity due to gene duplication
events [7-9]. To date, as many as 42 Mamu-A and 81 Mamu-B
alleles have been isolated from macaques in breeding colo-
nies maintained in North America and Europe [17]. Foun-
ders of the colonies originated from India and China, giving
rise to the names Indian macaque and Chinese macaque,
respectively (18], In the present study, we analyzed rhesus
macaques originating from Myanmar (Burma) or Laos. Only
part of our ¢DNA isolates matched previously reported
alleles. This may reflect either the vast sequence variations
among the gene pool of the rhesus population or a distant
relationship between the original mating groups that diver-
sified due to geographic isolation, as suggested by the mito-
chondrial DNA sequence divergence [19].

Recently, a method for determining the genotype of
MHC class I loci of cynomolgus macaque, Mafa-A and Mafa-
B, by RSCA was published [20), in which the authors devel-
oped a typing method using a multicolor DNA sequencer.
We also tried to develop a similar method using a multicolor
sequencer AB1-377 (Applied Biosystems) in the initial course
of the present study, but we found that the sensitivity and
S/N were not as good as the ALF sequencer system with Cy5-
labeled probes which we then employed here. For example,
the signal of Mamu-A*m90120b3 in the R90120 RT-PCR
sample was buried by noise level in the ABI system, whereas,
it was consistently detected using the ALF sequencer system
{peak c of Fig, 1B},

Conventional typing methods were based on PCR using
allele-specific oligonucleotide primers. Coverage of detecting
Mamu alleles by the conventional methods was limited be-
cause the sequences available were not sufficient to design
primers. In addition, determination of haplotype configura-
tion would have required a laborious procedure of cloning
and sequencing alleles from several related individuals. Our

' 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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typing method, however, was robust enough to find novel
alleles, as they can be found simply by measuring difference
in mobility on RSCA gel. Haplotype configurations could be
assigned easily by comparing the peak view. Another advan-
tage of our method concerns the expression level. Judging by
the frequency of isolated cDNA clones, Otting et al. [17] sug-
gested an uneven expression of Mamu-A alleles belonging to
different sublineages. In our system using a single locus-
specific primer pair, we observed a considerable difference in
signal intensity among alleles comprising the haplotypes
shown in Figs. 1 and 2. The difference in intensity may well
be correlated with the difference in expression. For example,
the smaller peak (labeled as «c» in Fig. 2) encoded by hap-b
(identical to Mamu-A*0504) was classified into Mamu-A2
lineage, the alleles of which tend ta exhibit lower expression
level as compared with alleles of Mamu-Al lineage [17). The
RSCA-based typing system may therefore have sufficienmt
power to discriminate different sequences among rhesus
MHC class 1 alleles, as well as the ability to provide additional
information on the relative expression level of the alleles
under study.
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