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TCR USAGE IN THE BRAINS OF WNV-INFECTED MICE

TCRAV repertoire TCRBV repertoire
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B r<0.05
B C Brain frgqlgggs:y v N J J gene Brain frgc;ggglcy vV N J J gene
VA1-1 #1 11/52 CAAS  ERG YGGSGNKLIFG AJ32 § § #4  12/53 CAAS ERN YGGSGNKLIFG AJ3Z @
8/52 CAAS ERD YGGSGNKLIFG AJ32 9/53 CAAS ERS YGGSGNKLIFG AJ32 f
= 6/52 CA V  DSGYNKLTFG AJ11 6/53 CAAS ERG YGGSGNKLIFG AJ32 §
%@ 6/52 CA VD NINTGKLTFGDG AJ27 6/53 CAAS G GORALIFG AJI5
S 5/52  GAAS  ERY YGGSGNKLIFG AJ32 @ 5/53 CAAS  ERI YGGSGNKLIFG AJ32 W
=5 5/52 GAAS ERF YGGSGNKLIFG AJ32 2/53  CAAS P GGRALIFG AJ15
= 2/52 CAAS ERS YGGSGNKLIFG AJ32 ¢ 2/53  CAA IP NYNVLYFG  AJ21
= 1/52  CA VF MGYKLTFG  AJO9 2/53  CAAS W NRIFFG  AJ31
> 5 1/52  CA VSH MGYKLTFG  AJO9 1/53  CA PP NSAGNKLTFG AJ17
yHo 1/52  CAAS  VH NNRIFFG  AJ31 1/53  CA RT  NSAGNKLTFG AJ17
- & 1/52  GAAS  ERT  YGGSGNKLIFG AJ32 x 1/53 CAAS EGHT  ASLGKLOFG AJ24
< 1/52  CAAS  ERR YGGSGNKLIFG AJ32 1/53  CA V  DINAYKVIFG AJ30 &
1/52  CA VSG  GASGNKLIFG AJ32 1/53 CAAS ERSH  GGSGNKLIFG AJ32
1/52  CA V  SNYQLIWGSG AJ33 1/53  GAAS NTGNYKYVFG  AJ40
#1 1/52  CAA F NTGNYKYVFG  AJ40 1/53  CAAS  LDTG GADRLTFG  AJ45
1/52__CA G NNNNAPRFG__AJ43 1/53  CAAS  EHD  YGNEKITFG AJ48
#2  14/51 CAAS ERG YGGSGNKLIFG AJ32  § 1/53 _CAAS  .EGG  NYGNEKITFG AJ48
~— 9/51 GAAS ERN YGGSGNKLIFG AJ32 @ Jf #5  11/52 CAAS  ERG  YGSSGNKLIFG AJ32 §
L 6/51 CAA DINAYKVIFG AJ30 8/52  CA G NNAGAKLTFG AJ39
4/51 CAAS  ERI YGGSGNKLIFG AJ32 ¥ 7/52  CAAS  ERN YGSSGNKLIFG AJ32 @
#2 < 4/51 CAAS ERE YGGSGNKLIFG AJ32 6/52 GCAAS E GFASALTFG  AJ35
> 3/51 CAAS ERY YGGSGNKLIFG AJ32 © 5/52  CA vV DINAYKVIFG AJ30 &
_ 2/51 CAAS ERD YGGSGNKLIFG AJ32 5/52 CAAS EQR YGSSGNKLIFG AJ32
£ 2/51 CAAS  ERA  YGGSGNKLIFG AJ32 3/52  CA v NYAQG AJ26
o 2/51  CAAS ERP  YGGSGNKLIFG AJ32 2/52  CAAS  ERF  YGSSGNKLIFG AJ32
LSy 1/61 CM  RG QGGRALIFG  AJ15 1/52  CAAS KA GGYKVVFG  AJ12
> 1/51 CAAS  DP NAYKVIFG  AJ30 1/52  CA v TGGYKVVFG  AJ12
w 1/51  CAAS  ERT  YGGSGNKLIFG AJ32 x 1/52  CA VNP NYNVLYFG  AJ21
@ 1/51 GAA REG  SSNTNKWVFG AJ34 1/52  CMS N GFASALTFG  AJ35
/51 CA v NNNNAPRFG  AJ43 1/52 _ CA VS TGNTGKLIFG  AJ37
#3 30/50 CAAS 16D WGYKLTFG AJO9 -
#a 5/50 CAAS ERG YGGSGNKLIFG AJ32 §
3/50 CAAS EON YGGSGNKLIFG AJ32
3/50 CAAS ERN YGGSGNKLIFG AJ32 @
2/50 CAAS  ERV  YGGSGNKLIFG AJ32
2/50 CAAS ERD YGGSGNKLIFG AJ32
#5 1/50  CAAS  EQV  YGGSGNKLIFG AJ32
1/50 CAAS ERGH  GGSGNKLIFG AJ32
1/50  CAA H  YGSSGNKLIFG AJ32
1/50  CAAS  GA NTNKVVFG  AJ34
R e 1/50  CA ES NNNNAPRFG  AJ43

FIGURE 6. Comparison of TCR repertoires of brain-infiltrating T lymphocytes among WNV-, JEV-, and TBEV-infected mice. A, TCRAV and TCRBV
repertoires, which were increased in the brains by infection with WNV, JEV, or TBEYV, are indicated by filled boxes (p < 0.05, Student unpaired  test, n =
5). TCR repertoire of T cells in JEV-infected mouse brains was reported previously (7). B, CDR3 size spectratyping of T cells bearing VA1-1 in TBEV-
infected mouse brains. C, Amino acid sequences of CDR3 regions of VAl-1 in TBEV-infected mouse brains. Identical sequences detected in different

individual mice are marked by the symbols.

TBEV-, and JEV-infected mice, with the exception of VAI-1,
which increased significantly in WNV as well as TBEV (Fig.
6A). T cell clonality was examined in TBEV-infected mice brain,
with a VAl-1-specifc primer by CDR3 size spectratyping (Fig.
6B). Oligoclonal peak patterns of T cells were detected in all five
TBEV-infected mice. A dominant peak was identical in length
among five mice. However, the length of the dominant peak was
different between WNV- and TBEV-infected mice brain (Figs. 3B,
6B).

To examine whether these expanding T cells shared identical or
similar TCR repertoires between WNV- and TBEV-infected mice,
the nucleotide sequences of CDR3 were determined for VA1-1
cDNA clones from TBEV-infected mice (Fig. 6C). Nine clono-
types (CAAS-ERX-YGGSGNKLIFG; X of N region including G,
D,Y,E S, T, N, and I; and CA-V-DTNAYKVIFG) were detected
in different mice. These clonotypes had highly similar CDR3
sequences and differed in a single amino acid residue within the N
region. Additionally, preferential usage of AJ32 was observed in
VA1-1 of the TBEV-infected brains. However, there was no sim-
ilarity in CDR3 sequences between clonotypes obtained from
WNV-infected and TBEV-infected mice. These results indicated

that the brain-infiltrating T cells induced by closely related viru-
ses, namely WNV, JEV, and TBEV, did not use shared TCR
repertoires.

Cross-reaction of brain-infiltrating T cells between WNV and
JEV in vitro

The specificity and cross-reactivity of brain-infiltrating T cells were
examined. T cells isolated from either WNV- or JEV-infected C3H/
HeN (H-2k) mouse brains were cultured for 12 h with PECs
infected with WNV or JEV. Levels of IFN-y and TNF-a were
assessed by ELISA in the culture supernatant fluids (Table II).
High levels of IFN-y and TNF-a were detected in the supernatants
of T cells from WNV-infected mouse brains after stimulation with
WNV-infected PECs of C3H/HeN mice, but not after stimula-
tion with JEV-infected PECs of C3H/HeN mice or WNV-infected
PECs from mice with different MHC haplotypes. High IFN-y
and TNF-o production was also detected in the supernatants of
T cells from JEV-infected mouse brains only after stimulation
with JEV-infected PECs of C3H/HeN mice. Additionally, in vitro
stimulation of CD4" or CD8" cells isolated separately from
WNV-infected mouse brain was performed (Table III). The results
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Table II. IFN-y and TNF-a production by T cells isolated from WNV- or JEV-infected C3H/HeN mouse brains after in vitro

stimulation with WNV or JEV

IFN-y Production (pg/ml)

TNF-a Production (pg/ml)

T Cells Isolated
from WNV-Infected
C3H/HeN Mice Brain

PECs Isolated from Virus Infection

from JEV-Infected
C3H/HeN Mice Brain

T Cells Isolated T Cells Isolated
from WNV-Infected

C3H/HeN Mice Brain

T Cells Isolated
from JEV-Infected
C3H/HeN Mice Brain

C3H/HeNJcl (H-2%) WNV 1446.6 = 55.5
JEV 18.7 = 3.1
None 183 = 45

C57BL/6JIcl (H-2°) WNV 241+ 72
JEV 26.3 = 8.6
None 25.0 + 6.5

BALB/cAJcl (H-2%) WNV 157 £ 25
JEV 18.9 = 3.6
None 233 * 175

203 = 8.5 476.9 x 46.7 264 £ 938
1038.2 + 53.4 19.8 = 7.2 370.1 = 84.1
175 £ 6.5 227 £ 3.1 252 =49
22.1 = 44 219 = 6.1 25374
24.7 = 3.9 192 £ 43 242 * 54
20.1 = 42 233 *+59 262 = 6.2
21.1 £ 7.1 272 = 84 24.1 = 4.7
23.7 =538 26.3 = 6.0 244 =12
2477 £ 22 27.0 = 9.1 29.6 £ 3.3

Levels of IFN-y and TNF-a were assessed by ELISA in the supernatants of T cells isolated from WNV- or JEV-infected mouse brains (n = 8) after
in vitro stimulation for 12 h with PECs infected with WNV or JEV. Numbers indicate the mean £ SD of IFN-y and TNF-a production (pg/ml) in triplicate

wells.

indicate that CD8" cells isolated from the brains of mice infected
with WNV were virus-specific, but not cross-reactive, between
WNV and JEV, and that CD4" T cells were not WNV-specific.

T cells from WNV-infected mouse brains were cultured with
PECs infected with WNV for 3 d. CDR3 sequences of VA1-1 and
VA2-1 were compared before and after in vitro stimulation (Table
IV). Before stimulation, the pooled T cells exhibited oligoclon-
ality with several TCR clonotypes that were identical to the dom-
inant TCR clonotypes found in five individual mice in Fig. 5.
After stimulation for 3 d, the T cells also showed extensive
clonality for both VA1-1 and VA2-1 (Table IV). The dominant
CDR3 sequences were maintained after stimulation, suggesting
the expansion of specific T cell clones.

Discussion

WNV (strain NY99-6922) induced encephalitis in C3H/HeN mice
after i.p. administration. Histopathological analysis demonstrated
encephalitic changes, CNS degeneration, and infiltration of CD3*
CD8* T cells in the brains of WNV-infected mice. This corre-
sponds to the fact that the expression level of CD3 and CDS8
positively correlated with viral RNA levels in the brains of WNV-
infected mice. These results suggest that CD8* T cells pre-
dominantly infiltrated in the brains as infection progressed. It has
been reported that tissue destruction and the presence of CD3*
CD8" T cells were found in the brains of JEV- and TBE V-infected
mice (7, 24). There are reports on human T cell responses fol-
lowing in vitro stimulation of PBMCs from WNV-infected pa-
tients with peptides derived from WNV Ags (25, 26). They indi-
cated a critical role of CD8" T cells and IFN-vy production in
responses to a limited number of epitopes with MHC restriction.
The similar nature of T cell immunity between humans and mice

supports the idea that the murine model in the present study
is useful for elucidating the characteristics of brain-infiltrating
T cells during flavivirus infection. This will lead to greater un-
derstanding of T cell immune responses in WNV-infected humans.

CD4* cells were stained and their transcripts were persistently
expressed at a high level in both mock and infected mouse brains.
This is probably due to the presence of microglia that express CD4
in CNS resident cells (27, 28). These results do not necessarily
mean that CD4" T cells are absent in the WNV-infected brains. It
has been reported that both CD4™ and CD8" T cells increase in the
brains after WNV infection (29). The CD4 transcripts expressed
by the microglia, which are abundantly present in the CNS, might
mask more CD4" T cells in the brains. Notably, the expression
level of the contents of cytotoxic granules, such as perforin,
granzyme A, and granzyme B, were positively related to the in-
crease in CD8 in the brain. These cytotoxicity-related genes were
mainly expressed in activated CD8" cells or NK cells, but not in
CD4™ cells. It is known that CD8" T cells are activated separately
from NX cells in WNV-infected mouse brains (30). These results
suggest that most of the brain-infiltrating T lymphocytes are cy-
totoxic CD8" T cells.

Thl-type cytokines were largely induced in the brains in re-
sponse to WNV infection. The increased expression of IFN-v,
TNF-a, and IL-2 were remarkable on day 10 after viral infection,
suggesting that Th1 cytokine-producing T cells contribute to anti-
viral response in the CNS. It is of interest that IL-10 was abun-
dantly expressed in both the spleens and brains. A recent report
demonstrated that IL-10 was mainly produced by CD4" cells and
was dramatically elevated in WNV-infected mice (31). Given
that IL-10 controls host immune responses by suppressing Thl
responses (32), elevated production of IL-10 impacts on WNV

Table III.  IFN-y and TNF-a production by CD8" cells, but not CD4" cells, isolated from WNV-infected
C3H/HeN mouse brains after in vitro stimulation with WNV- or JEV-infected PECs in C3H/HeN mice

Isolated Cells from WNV-Infected C3H/HeN Mice Brain

IFN-vy Production (pg/ml)

C3H/HeN PECs

TNF-a Production (pg/ml)

Infected with CD4* Cells CD8* Cells CD4* Cells CD8* Cells
WNV 154 £ 42 1358.1 = 74.5 264 + 3.9 623.6 = 49.2
JEV 17.1 = 4.7 19.8 + 8.2 239 = 5.8 23.1 = 6.1
None 16.6 = 6.1 247 + 6.9 24.1 = 7.7 285 =27

Levels of IFN-y and TNF-a were assessed by ELISA in supernatants of CD4* or CD8" cells isolated from WNV-infected
mouse brains (n = 8) after in vitro stimulation for 12 h with PECs infected with WNV or JEV. Numbers indicate the mean + SD

of IFN-vy and TNF-a production (pg/ml) in three wells.
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Table IV. T cell clonalities in WNV-infected mouse brains before and after in vitro stimulation with PECs

infected with WNV

Clonal Frequency v N J J Gene” Frequency”
VA1-1 (prestimulation)
12/55 CAVS IG NSGTYQRFG AJ13 # 2/5
10/55 CAVS LA NSGTYQRFG AJ13 $ 1/5
8/55 CAVS MG NSGTYQRFG AJ13 § 3/5
7155 CAVS KG NSGTYQRFG AJ13 2/5
6/55 CAV RPT ASLGKLQFG AJ24 1 1/5
4/55 CAVS PG NSGTYQRFG AJ13 2/5
4/55 CAVS TNAYKVIFG AJ30 0/5
2/55 CAVS RG NSGTYQRFG AJ13 1/5
1/55 CAVS RG QGGRALIFG AJ15 1/5
1/55 CAVS MG GYQNFYFG AJ49 2/5
VAI1-1 (poststimulation)”
37/52 CAVS IG NSGTYQRFG AJ13 # 2/5
10/52 CAVS MG NSGTYQRFG AJ13 § 3/5
3/52 CAVS KG NSGTYQRFG AJ13 § 2/5
1/52 CAVS LA NSGTYQRFG AJ13 $ 1/5
1/52 CAV RPT ASLGKLQFG AJ24 1 1/5
VA2-1 (prestimulation)®
14/51 CAAS EA GNYKYVFG AJ40 # 4/5
11/51 CAAS EG GNYKYVFG AJ40 $ 2/5
7/51 CAAS G GSALGRLHFG AJ18 1/5
6/51 CAA RG NNYAQGLTFG AJ26 § 1/5
4/51 CAAS VA GNYKYVFG AJ40 1/5
3/51 . CAAS G NNYAQGLTFG AJ26 1/5
2/51 CAAS NA NAYRVIFG AJ30 1/5
2/51 CAA I TGGNNKLTFG AJ56 1/5
1/51 CA PRG NNYAQGLTFG AJ26 1/5
1/51 CAAS P TNAYKVIFG AJ30 1/5
VA2-1 (poststimulation)d
35/54 CAAS EG GNYKYVFG AJ40 $ 2/5
16/54 CAAS EA GNYKYVFG AJ40 # 4/5
2/54 CAA RG NNYAQGLTFG AI26 § /5
1/54 CAAS VA GNYKYVFG AJ40 1 1/5

“Identical sequences observed in both pre- and poststimulation are marked by respective symbols in the column.
“The frequency indicates the number of mice, among a total of five, where the clones with the respective CDR3 sequences

were detected in Fig. 5.

“T cells were isolated from eight WNV-infected C3H/HeN mouse brains and pooled (n = 8). CDR3 regions of cDNA clones

containing VAI-1 and VA2-1 were sequenced.

T cells were stimulated in vitro with PECs infected with WNYV at 37°C for 3 d and were subjected to CDR3 sequence

analysis.

pathogenesis by preventing the host from inducing a hyper-
inflammatory immune reaction. It is known that chemokines and
chemokine receptors are important to the pathogenesis of WNV
infection. Microglia and astrocytes secrete the chemokines CCL5
and CXCL10 (33), which recruit effector T cells via the chemo-
kine receptors CXCR3 (19, 34) and CCRS (29) in C57BL/6J mice,
respectively. The expression levels of the chemokines CCLS5 and
CXCL10 increased >100-fold in the brains, whereas the increases
in their receptors, CCRS5 and CXCR3, were not as pronounced in
C3H mice. As has been previously reported (35), the expression
levels of early (CD25) and late (CD69) T cell activation mark-
ers were increased with time. Thus, it is likely that the brain-
infiltrating T lymphocytes are mostly supplied by local expan-
sion of CD8" T cells, rather than by the recruitment of CCR5" or
CXCR3" T cells across the blood-brain barrier by the CCL5 and
CXCL10.

TCR mRNA was below detectable levels in the mock brains
because of poor infiltration of T cells. In contrast, TCR expression
was ~100-fold higher in WNV-infected brains on day 10 com-
pared with mock-infected brains. There is a possibility that the
accumulation of T cells in the brains is caused by nonspecific
migration from peripheral organs and random leakage from pe-

ripheral blood. However, the T cells showed high oligoclonality in
their TCR repertoires that were completely different between
WNV-infected mice and JEV-infected mice. Moreover, a few
T cells that resided within the brains increased drastically from
day 7 to day 10. These results suggest that the increase in the
number of CD8" T cells in the brains is mainly due to local ex-
pansion of T cells that recognize different Ags among closely
related viruses.

TCR usage was found to be completely different between WNV-
and JEV-infected mice brains; this is not, however, consistent with
cross-reactivity of Abs between WNV and JEV (15). MHC-
restricted cytotoxic T cells against WNV-infected target cells
were detected in mice (36, 37), and mouse spleen cells immunized
with JEV partially lysed WNV-infected target cells (38, 39).
Peptide variants derived from 9-aa residues of NS4b elicit cross-
reactive CD8" T cells in both JEV and WNV, whereas their
functional and phenotypic properties were different between JEV
and WNYV (40). In our studies, the brain-infiltrating CD8" T cells
showed a similar characteristic, namely a Th1/Tcl phenotype,
between WNV- and JEV-infected mice. CD8" T cells isolated
from virus-infected mouse brains produced IFN-y and TNF-«
after coculture in vitro with virus-infected PECs with syngeneic
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MHC haplotype, suggesting that the CD8* T cells within brains
are virus-specific and not cross-reactive with other flaviviruses.
Moreover, dominant T cells with a high clonality were detected in
the brains of different individual mice, suggesting that they were
not induced by bystander activation of nonspecific T cells. These
results strongly suggest that the dominant T cells elicited in
brains by in vivo primary WNV infection are virus-specific and
not crossreactive. It is possible that the cross-reactive T cells are
subdominant in the brain following primary WNV infection.
Cellular cloning techniques or sequential stimulation in vitro with
Ag probably induce a skewed hierarchy of T cells and may not
be genuinely representative of the in vivo T cell populations. The
direct cloning of TCR genes from local inflammatory sites would
be a powerful tool for understanding T cell-mediated immuno-
pathology and recovery in WNV encephalitis.

CDR3 sequence analysis revealed interesting results on Ag
specificity. Most TCR clonotypes obtained from the brains of
flavivirus-infected mice showed preferential usage of AJ segments
(AJ13 for VA1-1 of WNV, AJ40 for VA2-1 of WNV, AJ32 for
VA1-1 of TBEV). For WNV-infected mice, TCR clonotypes derived
from VA1-1 contained rich hydrophobic amino acids such as al-
anine, glycine, isoleucine, leucine, methionine, and proline in the N
region (126 of 154 residues). TBEV-infected mice frequently used
an ERX motif (for glutamate, arginine, and X, which represents any
amino acid), which contains polar amino acids in the N region. The
dissimilarity in CDR3a sequences suggests the expansion of T
cells with different Ag specificities between WNV-infected mice
and TBEV-infected mice. The brain-infiltrating T lymphocytes did
not share identical TCR repertoires between WNV-infected and
JEV-infected mice (7).

In contrast to the very restricted TCRAV repertoire, the brain-
infiltrating T lymphocytes exhibited relatively broad TCRBV
repertoires. In VB5-2, CDR3 sequences varied considerably among
individual mice, although BJ usage was limited to BJ2.1 and BJ2.7.
Similarly, a common CDR3 sequence was not found in VB8-2
among individual mice. This contrasting result probably reflects
a different role of TCR a- and B-chains in Ag recognition. The
difference in the extent of repertoire restriction between TCR -
and B-chains has been shown in mice infected with JEV, a closely
related flavivirus (7). Usage of restricted TCRAV and broad
TCRBYV has been reported in infection with other viruses, such as
herpesvirus (41). Moreover, several reports have also described
a dominant and essential role of the TCR «a-chain in Ag recog-
nition by T cells (42-44). It has been reported that TCRa het-
erodimers bearing a restricted TCR «-chain and diverse TCR
B-chains have the potential to specifically recognize a single Ag
in vitro (45). The dominant role of TCR a-chain is reflected to the
restriction of the TCR B-chain repertoire observed in the brain-
infiltrating T lymphocytes of WNV-infected mice.

We defined day 10 as the humane endpoint because this WNV-
infected encephalitis mouse model was produced by administration
of a lethal dose of the virus. Therefore, we could not observe CD8"
T cell immune responses at later time points in animals that had
recovered or not. It is known that the mortality rate is higher in
CDS8KO mice than in control mice and that CD8" T cells within
the brain could play a protective role in the hosts (5). We recently
reported that T cells that migrated into the brain following ad-
ministration of a low dose of TBEV were different between living
and dying mice (46). Further studies are needed to clarify the
protective or immunopathological role of CD8* T cells by using
low-dose administration of WNV.

In conclusion, Thi-like cytotoxic CD8* T cells with high clon-
ality infiltrate into the brains of WNV-infected mice. These oligo-
clonal brain-infiltrating T cells use unique TCR repertoires, which
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are generated by a limited TCRa and diverse TCR(3 genes. More-
over, the dominant brain-infiltrating CD8" T cells elicited in vivo by
primary WNV infection are virus-specific, but not cross-reactive,
among related flaviviruses. The present study provides important
information on Ag specificity and diversity of WNV-specific CD8"
T cells, as well as a new insight into the critical role of brain-
infiltrating T cells in the recovery from WNV infection.
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Abstract

Tick-borne encephalitis virus (TBEV), a representative acute central nervous system disease-inducible virus, is
known to elicit dose-independent mortality in a mouse model. We ]greviously reported that subcutaneous
infection with a wide range of TBEV Oshima strain challenge doses (10°~10° PFU) produced an approximately
50% mortality rate. However, the factors playing critical roles in mortality and severity remain unclear. In this
study, we distinguished surviving and dying mice by their degree of weight loss after TBEV infection, and
investigated qualitative differences in brain-infiltrating T cells between each group by analyzing T-cell receptor
(TCR) repertoire and complementary determining region 3 (CDR3) sequences. TCR repertoire analysis revealed
that the expression levels of VA8-1, VA15-1, and VB8-2 families were increased in brains derived from both
surviving and dying mice. CDR3 amino acid sequence characteristics differed between each group. In dying
mice, high frequencies of VA15-1/AJ12 and VB8-2/BJ1.1 gene usage were observed. While in surviving mice,
high frequencies of VA8-1/AJ15 or VA8-1/AJ23 gene usage were observed. VB8-2/BJ2.7 gene usage and short
CDR3 were observed frequently in both surviving and dying mice. However, no differences in T-cell activation
markers and apoptosis-related genes were observed between these groups using quantitative real-time PCR
analysis. These results suggest that TBEV-infection severity may be involved in antigen specificity, but not in the
number or activation level of brain-infiltrating T cells.

Introduction

TICK—BORNE ENCEPHALITIS VIRUs (TBEV) is a positive-
sense single-stranded RNA virus of the family Flavivir-
idae that also includes Japanese encephalitis virus (JEV), West
Nile virus (WNYV), St. Louis encephalitis virus, and Murray
Valley encephalitis virus. TBEV is an important causative
agent of acute central nervous system disease in humans (8,
27). TBEV is distributed widely throughout Europe and Asia,
and is genetically divided into three closely-related subtypes:
the European, Siberian, and Far Eastern subtypes (9,20). The
Far Eastern subtype is also distributed in southern parts of
Hokkaido, Japan (38-40).

Clinical manifestations caused by TBEV range from in-
apparent infections and fevers, with complete recovery of

patients, to debilitating or fatal encephalitis. While such di-
verse manifestations can be caused by any of the three sub-
types (16,17), the percentage of severe cases differs among
each subtype. We previously reported that differences exist
in the severity of symptoms among individual mice after
peripheral infection with the Oshima strain of TBEV, a
member of the Far Eastern subtype (6,18,21). Following
subcutaneous infection with a wide range of challenge doses
(10°-10° PFU), the mortality rate was consistently approxi-
mately 50% (21). Although a dose-independent mortality
pattern is shown in several encephalitic flavivirus infection
models, the causative biological mechanisms have yet to be
defined (24,26,35,42,44,45). Thus, we investigated the im-
munological and biological responses in surviving and dying
mice, so that increased corticosteroid serum levels and TNF-«
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expression levels in the serum and the brains were observed
in dying mice (21). However, as there was no significant
difference in viral loads and the levels of cellular infiltration
in the brains between the two groups, the fate of infected
mice was not likely to be determined by neuro-invasiveness
or the number of brain-infiltrating cells.

Multiple complex factors are associated with encephalitis
pathogenesis. Recent studies indicate that brain-infiltrating T
cells play an important role in viral encephalitis (24,26,34,45).
T cells potentially contribute to both recovery and im-
munopathogenesis, and the functional balance between these
differs among virus species and experimental conditions. For
example, it is widely thought that T-cell responses are es-
sential for viral clearance in WNV infection (4,5,15,32,36,37),
although differences in responses between surviving and
dying mice under identical inoculation conditions have not
been determined. We further reported no differences in the
number of brain-infiltrating CD8* T cells in our previous
study (21), but did not compare immunological markers.

We previously demonstrated that T cells with selected
T-cell receptors (TCRs) accumulate in JEV-infected mouse
brains using TCR repertoire analysis and nucleotide se-
quencing of the complementary determining region 3
(CDR3) (10). These are efficient methods for analyzing rela-
tive expression levels of each TCR family and the frequency
of each T-cell clone, which allows us to better understand
the pathological and/or protective mechanism in our TBEV-
infected mouse model. By determining the TCR repertoire
and frequencies of T-cell clones we can assess if different
patterns exist between surviving and dying mice. Identical
patterns would indicate that disease severity is independent
of T cells, whereas different patterns would indicate that
T-cell antigen recognition pattern is related to severity. The
purpose of our study was therefore to clarify whether T cells
influence the severity of TBEV-induced encephalitis.

Materials and Methods
Virus and cells

Stock virus of TBEV Oshima 5-10 strain (accession no.
AB062063) was prepared from the medium used to culture
baby hamster kidney (BHK) cells after five passages through
suckling mouse brains (20). BHK cells were maintained in
Eagle’s Minimal Essential Medium (EMEM; Nissui Pharma-
ceutical Co., Tokyo, Japan) containing 8% fetal calf serum
(FCS). All experiments using live TBEV were performed in a
biosafety level three (BSL3) laboratory at the Tokyo Me-
tropolitan Institute for Neuroscience according to the stan-
dard BSL3 guidelines.

Mice

Five-week old female C57BL/6j mice were subcutane-
ously inoculated with 10*> PFU of TBEV diluted in EMEM
containing 2% FCS. Mock-infected mice were inoculated
with EMEM from the supernatant medium of BHK cells.
Mice were weighed daily and observed for clinical disease
symptoms including behavioral symptoms and signs of pa-
ralysis. Morbidity was determined as relative weight loss
compared with day 0. Thirteen days post-infection (dpi),
mice exhibiting more than 25% or less than 10% weight loss
were recognized as dying or surviving mice, respectively

FUJII ET AL.

(21). The Animal Care and Use Committee of the Tokyo
Metropolitan Institute for Neuroscience approved all exper-
imental protocols.

Isolation of total RNA from tissues

Mice injected with mock or TBEV were anesthetized and
perfused with cold PBS at 13 dpi. Brains and spleens were
excised and immediately submerged in RNAlater® RNA
Stabilization Reagent (Qiagen, Hilden, Germany). Total RNA
was then isolated using an RNeasy Lipid Tissue Mini kit
(Qiagen) according to the manufacturer’s instructions. Iso-
lated total RNA was used for TCR repertoire analysis, CDR3
sequencing, and quantification of viral RNA and gene ex-
pressions using quantitative real-time PCR.

Adaptor ligation-mediated polymerase
chain reaction (AL-PCR)

AL-PCR methodology was previously reported (30,41,48).
Briefly, isolated total RNA was converted to double-stranded
cDNA using the Superscript cDNA synthesis kit (Invitrogen,
Carlsbad, CA), according to the manufacturer’s instructions,
except that a specific primer (BSL-18E) was used (48). The
P10EA/P20EA adaptors were ligated to the 5" end of cDNA
and this adaptor-ligated cDNA was cut with Sph I. PCR was
performed using TCR o-chain or f-chain constant region-
specific primers (MCA1l or MCB1) and P20EA. The second
PCR was performed with MCA2 or MCB2 and P20EA. Bio-
tinylation of PCR products was performed using both P20EA
and 5'-biotinylated MCA3 or MCB3 primers.

TCR repertoire analysis

TCRAV and TCRBV repertoires were analyzed using a
microplate hybridization assay (MHA) (48). In brief, 10 pmol
of amino-modified oligonucleotides specific for TCRAV
and TCRBV segments were immobilized onto carboxylate-
modified 96-well microplates with water-soluble carbodii-
mide. Prehybridization and hybridization were performed in
GMCF buffer (0.5M Na,HPO,, pH 7.0, 1mM EDTA, 7%
SDS, 1% BSA, and 7.5% formamide) at 47°C. One-hundred
microliters of denatured 5'-biotinylated PCR products were
mixed with an equivalent volume of 0.4N NaOH/10 mM
EDTA, and added to 10mL of GMCF buffer. Hybridization
solution (100 uL) was added to each well of the microplate
containing immobilized oligonucleotide probes specific for
the V segment. After hybridization, the wells were washed
four times with washing buffer (2xSSC, 0.1% SDS) at room
temperature. The plate was incubated at 37°C for 10 min for
stringency washing. After washing four times with 2xSSC,
0.1% SDS, 200 uL. of TB-TBS buffer (10mM Tris-HC], 0.5M
NaCl, pH 7.4, 0.5% Tween 20, and 0.5% blocking reagent;
Boehringer Mannheim, Mannheim, Germany) were added to
block non-specific binding. Next, 100 uL of 1:1000-diluted
alkaline phosphatase-conjugated streptavidin in TB-TBS was
added, and the sample was incubated at 37°C for 30 min.
The plates were washed six times in T-TBS (10mM Tris-
HCl, 0.5M NaCl, pH 7.4, and 0.5% Tween 20). For color
development, 100uL of substrate solution (4mg/mL p-
nitrophenylphosphate in 10% diethanolamine, pH 9.8) was
added and the absorbance was determined at 405nm. The
ratio of the hybridization intensity for each TCRV-specific
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probe to that of a TCRC-specific probe (V/C value) was
determined using the TCR cDNA concentrated samples that
contained the corresponding V segment and the universal C
segment, respectively. Absorbances obtained for each TCRV-
specific probe were divided by the corresponding V/C
value. The relative frequency was calculated using the cor-
rected absorbencies by the formula: relative frequency
(%) = (corrected absorbance of TCRV-specific probe/the sum
of corrected absorbencies of TCRV-specific probes)x100.

T-cell clonality analysis with CDR3 size spectratyping

PCR was performed for CDR3 size spectratyping (23) for
30 cycles in a 20 uL volume under the same conditions as
described above. PCR assays used 1 uL of 1:20 or 1:50 diluted
second PCR product, 0.1 uM of 5'-Cy5 MCA3/MCB3 primer,
and 0.1 uM of the primer specific for each variable segment.
Oligonucleotide probes for hybridization were used as
primers specific for each variable segment (as described

3

above). Two microliters of 1:20-diluted PCR product in
sample loading solution was analyzed using a CEQS8000
Genetic Analysis System (Beckman Coulter, Brea, CA).
Spleen cells from mock-infected mice were used as a control
for the peak patterns of peripheral blood.

Determination of nucleotide sequence
of CDR3 regions

PCR was performed with 1 uL of 1:20 diluted second PCR
product, using a forward primer specific to the variable re-
gion and a reverse primer specific to the constant region
(MCA4 or MCB4) under the conditions described above.
Primers VA8-1 (5-ACGCCACTCTCCATAAGAGCA-3),
VA15-1 (5-GTGGACAGAAAACAGAGCCAA-3'), and VB8-
2 (5-GGCTACCCCCTCTCAGACAT-3') were used in this
study. After elution from the agarose gel, PCR products were
cloned into the pGEM-T Easy Vector (Promega Corp., Ma-
dison, WI). DH50-competent cells were transformed with the
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FIG. 1. Fatality of TBEV-infected mice is characterized by weight loss rather than brain viral replication. (A) Individual
daily weight changes of TBEV-infected mice. Mice were monitored daily for signs of disease, and the ratio of weight change
of individuals at each time point was compared with those at day 0 and recorded following subcutaneous infection with
TBEV Oshima strain (10* PFU) in C57BL/6 mice (n=13). Individuals with intermediate weight loss (10-25%) at 13 dpi are
shown as gray lines, and mock-infected mice are not shown. (B) Average weight change ratios for surviving (ratio of weight
change >0.90) and dying (<0.75) mouse groups at 13 dpi (n =4). Error bars represent standard deviations. Asterisk indicates
statistically significant (p < 0.05) differences between surviving and dying mice by Student’s t-test. (C) Quantification of viral
RNA in brains at 13 dpi. qPCR was performed using primers specific for TBEV NS1. Viral RNA copy number per 1 ng of total
RNA is shown (n=4). Statistically significant differences were not observed between surviving and dying mice.
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FIG. 2. TCR repertoire analysis of spleens and brains from TBEV-infected or mock-infected mice. TCRAV and TCRBV
repertoires were analyzed by MHA as described in the materials and methods section. Mean percent frequencies & SD
(standard deviation) of 4 mice are indicated. Gray bars indicate a significant increase compared with mock-infected spleens

(p <0.05 by Student’s t-test).

recombinant plasmid DNA. Sequence reactions were per-
formed with a GenomeLab DTCS Quick Start Kit (Beckman
Coulter) and analyzed using the CEQ8000 Genetic Analysis
System (Beckman Coulter).

Quantitative real-time PCR (qPCR)

mRNA expression levels of T-cell-related antigens, acti-
vation markers, and apoptosis-related genes for brains ex-
cised from TBEV-infected or mock-infected mice were
determined by qPCR using a LightCycler (Roche Diagnostics
Corp., Indianapolis, IN). Previously reported primer pairs
specific for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), CD3, CD4, and CDS8 (10) were used in this study.

The following additional primer pairs were designed for our
study: CD25 (forward: 5-AAGATGAAGTGTGGGAAAA
CGG-3/, reverse: 5-GGGAAGTCTGTGGTGGTTATGG-3'),
CD69 (forward: 5-AGGATCCATTCAAGTTTCTATCCC-3,
reverse: 5-CAACATGGTGGTCAGATGATTCC-3'), Gran-
zyme (Gym) A (forward: 5-CCTGAAGGAGGCTGT
GAAAG-3, reverse: 5'-GAGTGAGCCCCAAGAATGAA-3),
Gym B (forward: 5-CCATCGTCCCTAGAGCTGAG-3,
reverse: 5-TTGTGGAGAGGGCAAACTTC-3), Perforin
(forward: 5'- GCCTGGTACAAAAACCTCCA-3/, reverse: 5'-
AGGGCTGTAAGGACCGAGAT-3) and Fas ligand (FasL)
(forward: 5- GGGCAGTATTCAATCTTACCAG-3', reverse:
5-GTGCCCATGATAAAGAATAGTAGA-3'). Freshly iso-
lated RNA was converted to cDNA using a PrimeScript” RT
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1/12.CA ATS SGOKLVF AJ16
1712 CA N SNNRIFF AJ31
B
VA15-1 (surviving mice) VA15~1 (dying mice)
CDR3 CDR3_
mouse freq. VN J J gene mouse freq. V¥V N J J gene.
#4715 CAAS MDY NQGKLIF AJ23 #5  11/13 CAAR T GGYKWF AJ12 [¥]
11715 CAAG N AGAKLTF AJas 2/13 CAAS GA GBYKVVE AJ12 [#]
#2  5/14 CAAS TGA NTGKLTF AJ52 #  5/10 CAAS GA GGYKWF AJ12 [¥]
-3/14 CAAK EA SNYQLIW AJ33 [§] 5/10 CAAS TSS GSWALIF AJ22 1Y)
3/14 CAAS 1G SNYQLIW AJ33 ,
2/14 CAAS. T GYONFYF AJ4g #7  5/13 CAAS GA GGYKWF AuJ12 [+
1/14 CAAS IWGA NTGKLTF  AJS52 4/13 CAAS TA (GBYKVVF AJ12 ‘%
, o 3/13 CAAS KA GGYKWWF AJ12 *
#3  6/15 CAPG GATA SLGKLOF AJ24 1713 CAAR T GGYKVVE AJ12 [x]
4715 CAMT N YAQGLTF AJ26 ‘ o
1/15 CAAS WAS GSWOLIF AJ22 9 #  7/13 CAAR D MGYKLTF AJe 4
1/15 CAAS WSS GSWALIF AJ22 ¥ 2/13 CAAS GA GGYKWF AJi2 ¥
1/15 CAAS TSS GSWOLIF  AJ2z (4] 1/13 CAAS DGT GGYKVVF AJ12 »
1/15 CAAS S NYNVLYF AJ21 1/13 CAAS P MGYKLTF AJ9 [3
1/15 CAAG T GBYKWF AJ12 = 1/13 CAAS TN SGTYORF AJ13
R ' 1713 CAAT PPSS GSWOLIF AJ22 ¢
#4 10714 CAAR D MOYKLTF AJg [§
1/14 CAAS P MGYKLTF AJ9 [3]
2/14 CAAK EA SNYOLIW AJ33 [§]
1/14 CAAS TSS GSWALIF AJ22 [4]

FUJII ET AL.

FIG. 4. Amino acid sequences of TCR CDR3 regions of cDNA clones derived from TBEV-infected mouse brains. For the
VAS8-1 (A), VA15-1 (B) or VB8-2 (C) families, predicted amino acid sequences are shown with their frequencies of cDNA
clones in each individual mouse. ] gene usage is shown at the right side of each sequence. V, N (N-D-N), and J gene segments
are not strictly divided. Each symbol indicates a group of identical or similar sequences, and brackets indicate an identical
sequence among individuals.
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Cc
VB8~2 (surviving mice) VB8-2 (dying mice)
CDR3 CDR3
mouse freq. V N-D-N.  d  Jgene mouse freq.  V N-D-N J  Jpgene
#1 8/17 CASGD _EQYF BJ27 [ #5  5/14 CASGT PGGNT EVFF BJ1.1
4/17 CASSD APPNTG OLYF ‘BJ22 3714 CASGD 1RV EVFF BJ1a I3l
3/17 CASGD LGGRGNYA EQFF BJ2.1. [§] 3714 CASGD VRV EVFF BJ11 +
1717 CASRA PUGEGTG OLYF BJ22 2/14 CASED AWGKD TOYF BJ25
1/17 CASGD  ASFY EQYF BJ27 1/14 CASSD APTSAE TLYF BJU2.3
#2 4715 CASGD ATGY EGYF BJ2.7 [9] #6 8713 CASGD ATAIT EVFF BJ1.1
3/15 CASGE LGAY EQYF BJ27 1/13 .CASGG DWGANTG QLYF BJ2.2'
3715 CASGD MGOKD. TQYF BJ25 [f£] 1/13 CASSD LGYNYA EQFF Bu2.1
2/15 CASGD AQLSY EQYF BJ27 1/13 CASGD NRV EVFF BJ1.1 [
2/15 CASGD - EQYF BJ27 [¥ 1/13 CASGD TOYF BJ25 *
1715 CASGD AGDRGV EVFF BJ1.1 1/13 CASGD EQYF BJ2.7 [¥
#3 2/10 CASGD LGGRGNYA EQFF BJ2.1 [§1 #7.  2/13 CASGD AGTG EQYF BJ2.7
1710 CASGD LWGALNGD TQYF BJ25. 2713 CASGA G LGIF BJ27 =
1/10 CASGV PGQGTTG QLYF BJ2:2 1/13 CASGD IRV EVFF BJ1.1 [H
1/10. CASSG -QGAGNQ - APLF BJ1.5 1/13 CASGA -GST EVEF BU1A ¥
1710 CGASSD ATISNE RLFF BJ1.4 1/13 CASGG GOKNS DYTF BJ1.2
1/10 CASGG TGVAE TLYF BJ23 1/13 CASGE VGGRSA EQFF BJ2.1
1/10° GASGE GGVBN TLYF BJ13 1/13 CASGD ALV EQYF BJ2.7
1/10 CASGS R EQYF BJ27 = 1/13 CASSD AGW EQYF BuU2.7
1/10 CGASGD EQYF BJ27 [ 1/13 CASGE SEYF BJ27 #
- , , 1/13 CASGD GPYF BJ27 *
#4  2/10 CASGD VRGDS DYTF BJ1.2 1/13 CASGA LEYF BJ27 *
1/10 . GASGD MGUKD TQYF BU25 [£] )
1710 CASGK LANGD TQYF BJ25 #8 3/15 CASGY PY EQYF BJ27
1/10 ‘CANSE WGADHD TOYF BJ2.5 2/15 CASGD EQYF Bu27 ¥
1/10 CARGD AGGSAE TLYF BJ2.3 1/15 CASGD ARGNQD TQYF BJ25
1710 CASKS  1GD° TQYF BJ25 1715 CASGD NRV EVFF BJ1.1 1]
1/10 CASGD  ATGY EQYF BJ27 [Y] 1/15 CASGE AW GGAF BJ25
1/10. CASGD G GEYF BJ27 * 1715 CASGD AGHSY EQYF BJ2.7
1/10 - CASGD EQYF BJ27 [¥] 1/15 CASGD LGAD EQYF BJ27
1715 CASGD G GEYF BJ27 =
1/15 CASGD FOYF BJ27 =
1/15 CASGD TLYF BJ1.3
1/15 CASGD EVFF BJ1.1
FIG. 4. (Continued).

reagent kit (Takara Bio Inc., Shiga, Japan), and the PCR re-
action was performed using SYBR® Premix TaqTM (Takara
Bio) for SYBR Green I according to the manufacturer’s in-
structions. The expression level of each gene was measured
by qPCR as demonstrated previously (10). Expression levels
were normalized based on the housekeeping gene GAPDH
copy number. Relative quantification was expressed as a
ratio between TBEV-infected and mock-infected brains.

Viral RNA levels of TBEV were examined with NSI-
specific primers (forward: 5-CGGCTAGCCACACTATCGA
CAA-3, reverse: 5-GGCGAGTACTTCCATGGTCCTT-3').
Reverse transcription and PCR reactions were conducted as
described above. Viral RNA was quantified as copy number
per 1ng of total RNA. Copy number in each sample was
determined on the basis of a standard curve.

Statistical analysis

Student’s t-test was used for statistical analysis to assess
significant differences in weight change ratio, the degree of
the relative expression in TCR repertoire analysis, and the
expression levels of genes in qPCR analysis. The Mann-
Whitney U test was used to evaluate frequencies of CDR3
sequences. A p value <0.05 was determined to be statistically
significant.

Results
Discrimination of surviving and dying mice

Thirteen C57BL/6 mice were subcutaneously inoculated
with 10° PFU of TBEV and weighed daily (Fig. 1A). Four mice
from each of the surviving and dying groups were used in the
experiments. Dying mice were defined as those exhibiting
more than 25% weight loss at 13 dpi, and surviving mice were
defined as those with less than 10% weight change. Mock-
infected mice (n=4) exhibited negligible weight change (data
not shown). Weight percentage at 13 dpi, compared with that
on day 0, was significantly different between the surviving
and dying mouse groups (Fig. 1B). However, the amounts of
viral RNA in the brains at the 13dpi were no different be-
tween these two groups of mice (Fig. 1C). These data indicate
that the virus propagation level is not the main factor that
determines the fatality of TBEV-infected mice.

TCR repertoire analysis

TCRAV and TCRBV repertoires were analyzed using
brains and spleens collected from TBEV-infected dying mice,
surviving mice, or mock-infected mice at 13dpi (Fig. 2).
Using TCR repertoire analysis, significant expressions of
TCRAV and TCRBV were detected in TBEV-infected brains

—214—

<F]

<4r2



F3p

F4 b

8

both in surviving and dying mice. Frequencies of T cells
bearing VAS8-1, VA15-1, and VB8-2 were significantly in-
creased in brains compared with mock-infected spleens.
However, there was no significant difference between sur-
viving and dying mice. VA14-1, known as the family ex-
pressed on NKT cells (3), was expressed at very low levels in
virus-infected brains. No difference between mock-infected
and TBEV-infected mouse spleens was observed for both
TCRAV and TCRBV repertoires, and this suggests that
systemic T-cell response changes were below the detectable
level in our analysis. In mock-infected mouse brains, the
expression of TCRAV and TCRBV was not detected (data not
shown) due to the low lymphocyte numbers.

CDR3 size spectratyping

We performed CDR3 size spectratyping analysis to con-
firm the clonalities of T cells expressing VA8-1, VA15-1, and
VB8-2 families in TBEV-infected mouse brains (Fig. 3). Dif-
ferent patterns were observed between TBEV-infected brains
and mock spleens for all three families. Furthermore, VA15-1
clonalities for dying mice were higher than those for sur-
viving mice. A short VB8-2 size peak was also observed in
surviving mice.

Amino acid sequences of CDR3

Because differences in T-cell clonality were observed
between surviving and dying mice, nucleotide sequences of
the CDR3 were determined for the above-mentioned TCR
families, using PCR-amplified and randomly-selected
cDNA clones. Predicted amino acid sequences are shown
along with the frequencies of cDNA clones derived from the
brains of individual mice infected with TBEV (Fig. 4). Cy-
steine (C) at the N-terminal portion and phenylalanine (F)
or tryptophan (W) at the C-terminal portion are not con-
tained within CDR3. Despite the fact that we analyzed more
than 30 clones in mock-infected spleens, we did not find any
clones with identical sequence (data not shown). Mean-
while, in TBEV-infected brains, many clones with identical
sequences were found. VAS8-1 (Fig. 4A) surviving mice were
divided into two groups: individuals with high frequency
of AJ23 gene usage (#1 and #3) or AJ15 gene usage (#2 and
#4). Although dying mice also produced some clones
bearing AJ23 or AJ15, the frequency of these clones was
lower than in surviving mice. For VA15-1 (Fig. 4B), a high
frequency of AJ12 gene usage was observed in dying mice.
In addition, clones with identical amino acid sequences to
CDR3 (CAAS GA GGYKVVEF) were detected in all four
dying mice. Identical clones bearing AJ9 and AJ22 were
detected in both surviving and dying mice. For VB8-2 (Fig.
4C), a high frequency of BJ2.7 genes with short CDR3
consisting of seven amino acids (aa) was characteristic for
both surviving and dying mice. Clones with such a short
CDR3 were rare in TCR f chains. Some clones bearing BJ1.1
with 10aa CDR3 (CASGD XRV EVFF, X =1, V or N) were
found in every dying mouse. As shown for VA8-1, VB8-2
surviving mice were also divided into two groups: indi-
viduals (#1 and #3) that obtained clones with BJ2.1 (CASGD
LGGRGNYA EQFF), or individuals (#2 and #4) that ob-
tained clones with BJ2.7 (CASGD ATGY EQYF) and BJ2.5
(CASGD MGQKD TQYF). The frequencies of these three
clones were not high in each individual, but were specific
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for each group. In mouse #5, there was no clone bearing
BJ2.7 or short CDR3, therefore the frequency of these clones
might be high but not necessary in TBEV-infected mice. As
illustrated by mice #7 and #8, a high single peak in CDR3
size spectratyping analysis does not necessarily indicate
monoclonal expansion. Clones were also sometimes in-
cluded that were the same size as CDR3, yet had different
sequences. However, several reports have shown that the -
chain | region of CDR3 does not specifically interact with
antigen peptides (7,11,13,14,43). The sequence of the N-
terminal half of CDR3 (V segment, D segment, and N
addition) rather than ] gene usage might therefore be
important, as potentially each clone with a short CDR3
recognizes an identical antigen peptide. To organize se-
quence data, clone frequencies with more than 10% J gene
usage in the total number of clones analyzed for each V
family were individually plotted in Fig. 5. CDR3 length was
considered for the ff chain. Using the Mann-Whitney U test,
the frequency of VA8-1/AJ15 was significantly higher in
surviving mice, and the frequencies of VA15-1/AJ12 and
VB8-2/BJ1.1 (10 aa) were significantly higher in dying mice.
This suggests that these T-cell clones might be closely as-
sociated with disease severity in TBEV-infected mice.

Levels of cell surface markers and cytokines
determined by gPCR

Differential patterns of T-cell clones can indicate that
brain-infiltrating cells may play different roles between
surviving and dying mice. To investigate the active state of
the infiltrating cells, we studied the expression levels of T-
cell antigen markers, lymphocyte activation markers, and
apoptosis-related genes: CD3, CD4, CD8, and CD25 (ex-
pressed on activated T cells and B cells) (28), CD69 (ex-
pressed rapidly after lymphocyte activation) (47), and Gzm
A, Gzm B, perforin, and FasL using qPCR analysis (Fig. 6).
The resulting expression levels for all genes in TBEV-
infected brains studied were significantly increased when
compared with mock infection. This was especially the case
for the expression of CD69, Gzm A, and Gzm B, which were
increased more than 100 times. No significant differences
were observed between mouse groups, indicating that
equivalent CD8" T-cell infiltration into TBEV-infected
brains occurs in surviving and dying mice with similar ac-
tivation state levels.

Discussion

Understanding the clinical variability caused by enceph-
alitic flavivirus infection is important in explaining differ-
ences between severe and subclinical human cases. It may
also further elucidate the mechanism of pathogenesis for
viral encephalitis. Previous reports showed that the TBEV
Oshima strain elicited dose-independent mortality following
peripheral infection in some mouse strains (6,21). We there-
fore distinguished surviving and dying mice by their degree
of weight loss after TBEV infection according to our previous
study (21), as a simple and effective method to evaluate the
severity.

Based on the amount of viral RNA in brain tissue, we
found no difference in virus replication between surviving
and dying mice. This result suggests that direct virus-
induced neuronal injury cannot completely explain the
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FIG. 5. Differential patterns of TCR gene usage between surviving and dying mouse brains. Frequencies for characteristic
combinations of V and J gene usages were individually plotted. CDR3 length was taken into consideration for § chain: BJ2.7
(long) indicates CDR3 consisted of more than 9aa, and short CDR3 indicates CDR3 consisted of 7 or 8aa. Open circles
indicate surviving mice, and closed circles indicate dying mice. Bars indicate the median for each group. Asterisks denote
statistically significant (p < 0.05) differences between surviving and dying mice using the Mann-Whitney U test.

severity of TBEV infection. In our previous study (21), large
numbers of CD8" T cells infiltrated the brains of TBEV-in-
fected mice, yet no significant difference was observed be-
tween surviving and dying mice. We therefore investigated
the individual characteristics of brain-infiltrating T cells in
this study.

TCR repertoire analysis revealed that the frequencies of T
cells bearing VA8-1, VA15-1, and VB8-2 were significantly
increased in TBEV-infected mouse brains compared with
those of spleens. However, there was no significant differ-
ence between surviving and dying mice. This indicated that
once a certain amount of virus was inoculated, T cells with
selected TCR V families accumulate in the brain regardless
of disease severity. In contrast, clonality results and CDR3
sequencing analysis indicated a distinct difference between

mouse groups, with frequencies of VA15-1/AJ12 and VB8-
2/BJ1.1 gene usage higher in dying mice. One clone with an
identical CDR3 sequence (CAAS GA GGYKVVF) was de-
tected in all four dying mice, strongly suggesting that this
clone was associated with severe encephalitis. High fre-
quencies of VA8-1/AJ15 gene usage were characteristic of
surviving mice, while high frequencies of VB8-2/BJ2.7 gene
usage and clones with short CDR3 were observed in both
surviving and dying mice. We therefore observed a unique
increase of T-cell clones for each mouse group. Specific
clones were found only in dying mice, while other clones
were frequently found in surviving mice or were commonly
found in every infected mouse. Thus, there are several T-cell
clones that may be associated with the severity of TBEV
infection, while the remaining clones may be different in
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FIG. 6. Quantification of mRNA expression of T-cell-related antigens, activation markers, and apoptosis-related genes in
brains using JPCR. Sample RNAs were extracted from brains of mock-infected and TBEV-infected surviving and dying mice
at 13dpi (n=4). The mRNA expression levels in TBEV-infected brains were normalized by GAPDH expression and are
shown as the relative expression levels compared with mock-infected brains. Vertical error bars indicate the standard

deviation of three independent experiments.
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each mouse. T cells associated with surviving mice may also
be variable and were divided into two groups based on
CDR3 sequence patterns for VA8-1 and VB8-2. Thus, spe-
cific mechanisms to overcome TBEV infection may exist. It
is therefore further worthwhile to investigate the roles of
the distinct clones identified in our study, especially clones
with VA15-1/AJ12, VB8-2/BJ2.1 (10aa), and VA8-1/AJ15,
that exhibited different patterns between surviving and
dying mice.

The large sequence variation observed in our data can be
explained by multiple reasons. First, TCR-peptide MHC
(pMHC) recognition is flexible (1), and different TCRs with
similar binding capabilities can recognize identical antigen
peptides. Such flexibility may therefore produce variations in
induced T-cell clones in TBEV-infected brains. Another pos-
sible reason relates to the presence of quasispecies. Non-
cloned RNA viruses generally exist as a quasispecies (22,25),
and it has been reported that the virus stock used in our
study was a complex of quasispecies (19). Consequently, the
different amino acids for the antigen peptides among the
quasispecies might produce T-cell clone variations in TBEV-
infected brains.

We must also consider why different characteristics be-
tween surviving and dying mice were observed despite of
an absence of differences between these groups in TCR
repertoire analysis. Common V gene usage means that the
TCR could recognize identical or similar antigen peptides
(12,33). However, as described above, TCR-pMHC recog-
nition can allow for some cross-reactivity; for example,
different TCRs can bind to the same pMHC, and a single
TCR can bind to a different pMHC (29,46). Therefore, TBEV
infection can induce multiple T-cell clones with certain V
genes that recognize specific antigens, yet only a few may
play a critical role.

Different roles may also exist for the distinct T-cell clo-
notypes found in surviving and dying mice. However, gPCR
analysis failed to identify any difference in T-cell function-
associated markers between these groups, and apoptosis-
associated genes were almost equivalently expressed in both
surviving and dying mice. As this was the result for total
brain expression, further studies of each T-cell clonotype are
needed. We also need to investigate if the difference in target
antigens recognized by T cells has an impact on severity and
fatality rather than activation level. Or perhaps the difference
in T-cell clonotype resulted from encephalitis progression
and requires further investigation.

We must exercise care, because virulent and host im-
mune responses can be very different in experimental
models, depending upon the subtype and strain of virus,
the mouse strain, and so on. In addition, because our data
are based on analysis at 13 dpi only, we may need to in-
vestigate immune responses at earlier time points post-
infection. We previously reported increased levels of serum
corticosterone in dying mice (21). Glucocorticoids are
known to exert immunomodulatory effects by activating
the hypothalamic-pituitary-adrenal axis and/or cytokine
expression (2,31). Thus, the relationship between T-cell
clone bias and the level of corticosterone is interesting and
warrants further investigation.

In conclusion, we have revealed an association between
brain-infiltrating T-cell clones and severity in TBEV-in-
fected mice, although the cause of this relationship is still

FUJII ET AL.

unclear. Specifically, as the brain is originally free from
adaptive immunity, it is unknown whether particular T-
cell accumulation determines disease severity, or if a cer-
tain type of disorder induces particular T-cell accumulation
by changing antigen presentation patterns. Further exper-
iments are needed to elucidate which factor causes the
difference in induced T-cell clones. Although our results
are complicated, we believe our data are an initial step
in better understanding of the mechanisms of viral en-
cephalitis.
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Introduction

The raccoon (Procyon lotor) is a medium-sized mammal
that is widely distributed in North America. Raccoons
were introduced into Japan in the 1970s and have become
naturalized in at least 42 of 47 prefectures (Ikeda et al,

424

Summary

To estimate the public and animal health risk that alien species pose, the preva-
lence of Salmonella, Yersinia, and Campylobacter spp. in feral raccoons (Procyon
lotor, n = 459) and masked palm civets (Paguma larvata, n = 153), which are
abundant alien species in Japan, was investigated in urban and suburban areas
of Japan. Salmonella enterica was detected from 29 samples [26 raccoons, 5.7%,
95% confidence interval (CI) 7.8-3.5%; three masked palm civets, 2.0%, 95%
CI 4.2-0%]. Many of the isolates belonged to serovars that are commonly iso-
lated from human gastroenteritis patients (e.g. S. Infantis, S. Typhimurium, and
S. Thompson). The antimicrobial susceptibility test showed that 26.9 % of the
isolates from raccoons were resistant to at least one antimicrobial agent, whereas
none of the isolates from masked palm civets were resistant. Yersinia sp. was
detected from 193 samples (177 raccoons, 38.6%, 95% CI 43.0-34.1%; 16
masked palm civets, 10.5%, 95% CI 15.3-5.6%). All virulent Yersinia strains
belonged to Yersinia pseudotuberculosis, which was isolated from seven (1.5%,
95% CI 2.6-0.4%) raccoons and six (3.9%, 95% CI 7.0~0.8%) masked palm
civets. According to the detection of virulence factors, all the Y. pseudotuber-
culosis isolates belonged to the Far Eastern systemic pathogenicity type.
Campylobacter spp. was detected from 17 samples (six raccoons, 1.3%, 95% CI
2.3-0.3%; 11 masked palm civets, 7.2%, 95% CI 11.3-3.1%). Among these,
three isolates from raccoons were identified as C. jejuni. These results showed
that these pathogens can be transmitted by human activities, other wild animals,
and the environment to feral raccoons and masked palm civets, and vice versa.
As these animals have omnivorous behaviour and a wide range of habitats, they
can play an important role in the transmission of the enteric pathogens.

2004). In urban areas, raccoons often use human houses
for their dens. Raccoons use the feed stores of domestic
animals as nests, and thus also have close contact with
such animals (Zeveloff, 2002). It has been reported that
the raccoon is a reservoir of various kinds of zoonotic
pathogens in its place of origin, including the raccoon
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roundworm (Baylisascaris procyonis) (Gavin et al., 2005),
rabies virus (Finnegan et al, 2002), Leptospira spp.
(Hamir et al., 2001), and Francisella tularensis (Berrada
et al., 2006). Bigler et al. (1975) found that raccoons are
so adaptive that they can bridge the gaps among avian,
terrestrial, and aquatic environments, and thus they are
appropriate as an indicator of the prevalence of various
infectious diseases and pollutants. The masked palm civet
(Paguma larvata) is also a medium-sized carnivore and is
distributed widely in Asia. Masked palm civets are
thought to have been introduced into Japan, although
this contention is controversial (Abe, 2005). Masked palm
civets often live in similar places as raccoons and can be
carriers of human and animal pathogens, such as severe
acute respiratory syndrome (SARS) virus (Tu et al., 2004)
and canine distemper virus (Machida et al., 1992).

In Japan, attention has been focused on the role of
these highly adaptive mammals in the transmission of
zoonotic pathogens, including Trichinella T9 (Kobayashi
et al., 2007), Babesia microti-like parasite (Kawabuchi
et al., 2005), Ehrlichia spp., Anaplasma phagocytophilum
(Inockuma et al., 2007), Strongyloides procyonis (Sato and
Suzuki, 2006), and canine distemper virus (Machida
et al.,, 1992). Pathogens carried by these animals can present
serious public and animal health problems in the habitats
to which they have been introduced. However, in spite of
the fact that these two species often inhabit urban and
suburban areas, there have been few reports on the pre-
valence of enteric pathogens among them.

.The objective of this study was to determine the pre-
valence of the causal agents of enteric diseases including
Salmonella spp., Yersinia spp., and Campylobacter spp. in
feral raccoons and masked palm civets. We then assessed
antimicrobial resistance in the isolates and analysed them
using polymerase chain reaction (PCR) to elucidate their
virulence factors and transmission routes.

Materials and Methods

Sample collection and transport

From March 2006 to May 2007, 459 feral raccoons and
153 feral masked palm civets were captured in Kanagawa,
Gunma, and Tokyo Prefectures by each municipality as a
part of the local governmental control and eradication
programmes. The animals were caught using box traps
and were killed by humanitarian methods (Japan Veteri-
nay Medical Association, 2007). Of 459 feral raccoons,
229 (49.9%) were males, 211 (46.0%) were females, and
19 (4.2%) were of unknown sex. Of 153 feral masked
palm civets, 72 (47.1%) were males, 79 (51.6%) were
females, and two (1.3%) were of unknown sex. The age
of the feral raccoons and masked palm civets was deter-
mined on the basis of tooth eruption and cranial suture

© 2011 Blackwell Verlag GmbH e Zoonoses Public Health. 58 (2011) 424-431
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obliteration by the method of Montgomery (1964) and
Junge and Hoffmeister (1980). Of 459 feral raccoons, 71
(15.5%) were juveniles (<5 months), 357 (77.8%) were
sub-adults or adults, and 31 (6.9%) were of unknown
age. Of 153 feral masked palm civets, 47 (30.7%) were
juveniles (<6 months), 104 (68.0%) were sub-adults or
adults, and 2 (1.3%) were of unknown age. Faecal
samples were collected and preserved in Cary and Blair
transport medium (Eiken Chemical Co. Ltd., Tokyo,
Japan) or sterile centrifuge tubes. The samples were then
transported to the laboratory. The samples were
suspended in 4 ml of sterile phosphate-buffered saline
(PBS; pH 7.2) and tested within a week after collection.

Isolation and identification of Salmonella

One millilitre of each specimen was inoculated into 10 ml
of buffered peptone water (BPW; Becton Dickinson,
Franklin Lakes, NJ, USA). After incubation at 37°C for
24 h, 1 ml of BPW culture was transferred to 10 ml of Ha-
jna-tetrathionate broth (Eiken Chemical). The broth was
incubated at 37°C for 24 h, then one loopful of each tube
was inoculated onto a plate of desoxycholate hydrogen sul-
fide lactose agar (DHL; Nissui Pharmaceutical Co. Ltd.,
Tokyo, Japan) and mannitol lysine crystal violet brilliant
green agar (MLCB; Nissui). These plates were incubated at
37¢C for 24 h, and at least two suspicious colonies mor-
phologically similar to Salmonella spp. from each plate
were subcultured for biochemical examinations. Biochemi-
cal characteristics were examined on triple sugar iron med-
ium (Nissui) and lysine indole motility medium (Nissui).
The subspecies of Salmonella isolates were confirmed by
biochemical examinations and the multiplex PCR assay
(Popoff and Le Minor, 2005; Lee et al., 2009). Serotyping
for Salmonella isolates was accomplished with commercial
O and H antisera (Denka Seiken Co. Ltd., Tokyo, Japan)
according to the method of Popoff and Le Minor (2001).

Isolation and identification of Yersinia

Specimens were incubated at 4°C for 4 weeks. After alkali
treatment (Aulisio et al., 1980), a loopful of sample sus-
pension was spread on virulent Yersinia enterocolitica
(VYE) agar (Fukushima, 1987) and Irgasan-Novobiocin
(IN) agar containing 2.5 mg/l of irgasan and novobiocin in
Yersinia Selective Agar Base (Difco Laboratories, Detroit,
MI, USA) (Schiemann, 1979). All plates were incubated at
25°C for 48 h. Colonies morphologically similar to Yersinia
spp. were subcultured for biochemical examination. The
identification of yersiniae was performed by the methods
of Wauters et al. (1988). All isolates identified as yersiniae
were subjected to autoagglutination tests to evaluate their
potential pathogenicity (Laird and Cavanaugh, 1980).
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Then, virulent isolates were subjected to further analysis.
Serotyping of Y. pseudotuberculosis was accomplished by
slide agglutination with commercial antisera (Denka
Seiken). Isolates identified as Y. pseudotuberculosis were
genotyped by the presence patterns of the gene encoding Y.
pseudotuberculosis-derived mitogen typeA (YPMa) and
high-pathogenicity island (HPI) so as to analyse their geo-
graphical origin using PCR assay (Fukushima et al., 2001).

Isolation and identification of Campylobacter

One millilitre of the specimen was inoculated into 5 ml
of Preston enrichment broth (OXOID CMO0067 +
SRO117E + SR0232E) containing 5% defibrinated horse
blood. After incubation at 37°C for 24 h, one loopful of
each tube was inoculated onto a skirrow blood agar plate
(OXOID CMO0271 + SRO069E + SR0232E) containing 5%
defibrinated horse blood. All skirrow blood agar plates
were incubated for 48 h at 37°C under microaerobic con-
ditions and examined for the presence of characteristic
_colonies of Campylobacter. Confirmation and character-
ization of the isolates were performed on the basis of
microscopic morphology, an oxidase test, a catalase test,
growth at 25°C and 42°C, and a multiplex PCR assay for
C. jejumi, C. coli, C. lari, C. upsaliensis, and C. fetus
(Wang et al., 2002; Vandamme et al., 2005)

Antimicrobial susceptibility test

Antimicrobial  susceptibility testing was performed
according to the disc diffusion method (National Com-

K. Lee et al.

mittee for Clinical Laboratory Standards, 2002; Luang-
tongkum et al, 2007). The following antimicrobial
paper discs (Sensi-Disc; Becton Dickinson) were used:
ampicillin (10 ug/disk), cefazolin (30 ug/disk), ceftriax-
one (30 ug/disk), ciprofloxacin (5 pg/disk), chloramphe-
nicol (30 pg/disk), gentamicin (10 pg/disk), kanamycin
(30ug/disk), nalidixic acid (30 pg/disk), oxytetracycline
(30 pg/disk), and streptomycin (10 ug/disk) for Salmonella
and Y. pseudotuberculosis; and ampicillin, ciprofloxacin,
clindamycin (2 pg/disk), erythromycin (15 pg/disk),
gentamicin, kanamycin, nalidixic acid, norfloxacin
(10 pg/disk), oxytetracycline, and streptomycin for Cam-
pylobacter.

Statistical analysis

Differences of the prevalence were analysed by the
chi-squared test in SPSS software (SPSS Inc., Chicago, IL,
USA).

Results

The raccoons and masked palm civets were essentially
normal except for various external parasites. No discern-
ible pathological evidence or signs of disease were
observed. There were no significant sex- and age-specific
differences in Salmonella spp., Yersinia spp., and Campy-
lobacter spp prevalence in both animals (Table 1). There
was no sample which was positive for more than two bac-
terial species or serotypes tested in this study, except non-
pathogenic Yersinia spp.

No. positive sample (%)

Table 1. Prevalence of Salmonella enterica,
Yersinia pseudotuberculosis, and Campylo-

bacter sp. in raccoon and masked palm civets

Salmonella Campylobacter  °
Origin Sex/age Sample size  enterica Y. pseudotubeculosis  spp. in each sex or age groups
Raccoon Female 211 11 (5.2) 2 (0.9) 2 (0.9
Male 229 15 (6.6) 5(2.2) 3(1.3)
Unknown 19 0 0 1(5.3)
Juvenile 71 2(2.8) 1(1.4) 0
Sub-, Adult 357 24.(6.7) 6(1.7) 5(1.4)
Unknown 31 0 0 1(3.2)
Total 459 26 (5.7) 7(1.5) 6 (1.3)
Masked Female 79 1(1.3) 3(3.8) 7 (8.9)
palm civet Male 72 2(2.8) 3(4.2) 4 (5.6)
Unknown 2 0 0 0
Juvenile 47 1(2.7) 3(6.4) 5(10.6)
Sub-, Adult 104 2(1.9 3(2.9) 6 (5.8)
Unknown 2 0 0 0
Total 153 3(2.0) 6(3.9) 11 (7.2)
426 © 2011 Blackwell Verlag GmbH e Zoonoses Public Health. 58 (2011) 424-431
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