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a  b  s  t  r  a  c  t

Feline  infectious  peritonitis  virus  (FIP  virus:  FIPV)  causes  a fatal  disease  in  wild  and  domestic  cats.  The
development  of an  FIP-preventive  vaccine  requires  an  antigen  that  does  not  induce  antibody-dependent
enhancement,  and T helper  (Th)1  activity  plays  an important  role  in protect  against  FIPV  infection.  In  the
present  study,  we  identified  synthetic  peptides  including  Th1 and  a linear  immunodominant  antibody-
binding  epitope  in  the S1 domain  and M protein  of  FIPV.  We  also  identified  peptides  that  strongly  induce
Th1  activity  from  those  derived  from  the  structural  proteins  (S, M, and  N proteins)  of  FIPV  based  on
this  and  previous  studies  (Satoh  et  al.  [19]).  No  Th1  epitope-containing  peptide  was  identified  in the
peptides  derived  from  the S1 domain  of  type  I  FIPV.  In contrast,  7 Th1  epitope-containing  peptides  were
identified  in  the  S1 domain  of  type II FIPV,  and no linear  immunodominant  antibody-binding  epitope  was
contained  in  any  of these  peptides.  Eleven  Th1  epitope-containing  peptides  common  to each  serotype

were  identified  in the  M protein-derived  peptides,  and  2 peptides  (M-11  and  M-12)  contained  the  linear
immunodominant  antibody-binding  epitope.  Of the  peptides  derived  from  the  S, M,  and  N  proteins  of
FIPV,  those  that  induced  significantly  stronger  Th1  activity  than  that  of the  FIPV  antigen  were rescreened,
and  4 peptides  were  identified.  When  3 of these  peptides  (M-9,  I-S2-15,  and  II-S1-24)  were  selected  and
administered  with  CpG-ODNs  to  SPF  cats, M-9  and  II-S1-24  induced  Th1  activity.  Our  results  may  provide
important  information  for  the  development  of  a peptide-based  vaccine  against  FIPV  infection.

© 2014  Elsevier  Ltd.  All rights  reserved.
. Introduction

Feline coronavirus (FCoV) belongs to Alphacoronavirus of the
amily Coronaviridae. FCoV is mainly composed of nucleocapsid
N) protein, membrane (M)  protein, and peplomer spike (S) pro-
ein [1]. FCoV is classified into serotypes I and II according to the
mino acid sequence of its S protein [2,3]. Both serotypes consist
f two biotypes: feline infectious peritonitis virus (FIPV) and feline
nteric coronavirus (FECV). FECV infection is asymptomatic in cats.
n contrast, FIPV infection causes a fatal disease called FIP. Cats that
eveloped FIP were affected in several organs, and central nervous
ystem, forming lesions accompanied by necrosis and pyogenic
ranulomatous inflammation [1]. Several studies have investi-

ated potential vaccines to prevent FIP. Virulence-attenuated live
r inactivated FIPV vaccines have been experimentally used for
he prevention of FIP. However, none of these have exhibited a

∗ Corresponding author. Tel.: +81 176 23 4371; fax: +81 176 23 8703.
E-mail address: hohdatsu@vmas.kitasato-u.ac.jp (T. Hohdatsu).
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sufficient preventive effect and actually enhanced the develop-
ment of FIP [4–10]. When anti-FCoV antibody-positive cats were
inoculated with FIPV, the onset time of FIP is earlier than that in
antibody-negative cats, and symptoms are severer [11]. This phe-
nomenon is known as antibody-dependent enhancement (ADE) of
FIPV infection.

Memory CD4+ and CD8+ T-cells were shown to rapidly produce
IFN-� in response to stimulation with inactivated-SARS corona-
virus (SARS-CoV) in patients who  recovered from SARS [12–18].
In contrast, IFN-� production was not induced by inactivated-
SARS-CoV in patients with a condition that progressed to a
serious state or death after SARS-CoV infection. Based on the
above findings, it was  suggested that memory CD4+ and CD8+ T
cells, i.e., the cellular immune response, may  participate in viral
clearance in recovered SARS patients. We  similarly showed that
peripheral blood mononuclear cells (PBMCs) obtained from FIPV-

infected non-FIP cats specifically and significantly produced feline
IFN-� (fIFN-�) against heat-inactivated FIPV stimulation, while
those from FIP cats did not [19,20]. These results support the pre-
vious finding that T helper (Th)1 activity plays an important role in

dx.doi.org/10.1016/j.vaccine.2014.01.074
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2014.01.074&domain=pdf
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cine 32

d
i
[

t
d
W
p
t
[

v
A
e
a
i
t
s

2

2

T
o
t
7
p
2
f
I
d
6
S
7
s
a

2

w
H
u
a
p
i
o
i
c

2

(
l
t
u
c
a
U

T. Takano et al. / Vac

efense against FIPV infection. Thus, the induction of Th1 activity
s essential for the development of vaccines against FIPV infection
1,21–24].

The S protein of FCoV exists as radially protruding trimers on
he envelope membrane, and can be structurally or functionally
ivided into two domains, namely the S1 and S2 domains [25].
e previously synthesized peptides in the S2 domain of S and N

roteins inducing fIFN-� production in PBMCs collected from cats
hat had recovered from FIPV infection (FIPV-infected non-FIP cats)
19].

It is important for the development of effective peptide-based
accines against FIPV infection to include Th1 epitopes, but not
DE epitopes. In the present study, we identified Th1 and lin-
ar immunodominant antibody-binding epitopes in the S1 domain
nd M protein of FIPV. We  also selected peptides that strongly
nduce Th1 activity from those derived from the structural pro-
eins (S, M,  and N proteins) of FIPV based on this study and previous
tudies.

. Materials and methods

.1.  Peptide synthesis

A  set of peptides were synthesized by Sigma–Aldrich (U.S.A.).
hirty peptides (I-S1-1 to I-S-30) were derived from the S1 domain
f the type I FIPV KU-2 strain (Table 1), and thirty peptides (II-S1-1
o II-S1-30) were derived from the S1 domain of the type II FIPV
9-1146 strain (Table 1), respectively. Twenty-five (I-M-1 to M-25)
eptides were derived from the M protein of the type I FIPV KU-

 strain (Table 1). Three (II-M-1 to II-M-3) peptides were derived
rom N-terminal end of the M protein (aa1 to aa40) of the type
I FIPV 79-1146 strain (Table 1). Th-1 activity-inducing peptides
erived from the S2 domain and N protein of FIPV (I-S2-4, I-S2-
, I-S2-15, II-S2-10, NP-7 to NP-9) were prepared as described by
atoh et al. [23]. All peptides were purified with purities higher than
0% and supplied as a lyophilized powder. The peptides were dis-
olved in 10% dimethyl sulfoxide at 1 mg/ml, aliquoted, and stored
t −80 ◦C.

.2. Viruses

The type I FIPV KU-2 strain was isolated in our laboratory,
hile the type II FIPV 79–1146 strain was supplied by Dr. M.C.
orzinek (University Utrecht). FIP did not develop in cats inoc-
lated oronasally with the FIPV KU-2 strain, but developed in
pproximately 50% of cats inoculated intraperitoneally. When cats
assively immunized with the anti-FCoV antibody were inoculated

ntraperitoneally with the FIPV KU-2 strain, approximately 80%
f them developed FIP. The FIPV 79-1146 strain inoculated orally
nduced FIP in approximately 90% of anti-FCoV antibody-negative
ats [19].

.3.  Experimental animals
We  used anti-FCoV antibody-negative specific pathogen-free
SPF) cats that were 2–5 years old in the present study. Cats inocu-
ated orally with the Type I FIPV KU-2 or type II FIPV 79-1146 strain
hat did not develop FIP were used [23]. Age-matched SPF cats were
sed as controls. These cats were maintained in a temperature-
ontrolled, isolated facility. All experiments were performed in
ccordance with the Guidelines for Animal Experiments of Kitasato
niversity (No. 12-039).
 (2014) 1834–1840 1835

2.4. Sandwich ELISA to detect fIFN-� in PBMCs culture
supernatants

PBMCs were prepared as described by Satoh et al. [19]. fIFN-
� was measured by sandwich ELISA, as described previously
[20], to evaluate Th1 immune activity in PBMCs. PBMCs (5 × 106

cells/ml) were cultured with each synthesized peptide (30 �g/ml),
heat-inactivated virus (FIPV KU-2 strain, 104.6 TCID50/ml; FIPV
79-1146 strain, 105.0 TCID50/ml) as a positive control, or culture
medium alone as a negative control at 37 ◦C for 9 days. FIPV culture
fluid heated at 56 ◦C for 30 min  was used for heat-inactivated FIPV.
ELISA plates (Thermo Fisher Scientific, U.S.A.) were coated with
100 �l of the unlabeled anti-fIFN-� MAb  (5 �g/ml) in carbonated
buffer at 4 ◦C overnight. The plates were blocked with a block-
ing buffer. After washing, 100 �l of the culture supernatants and
standard samples of recombinant fIFN-� (rfIFN-�) (R&D Systems,
U.S.A.) were added to each well and incubated at 37 ◦C for 1 h. After
another wash, 100 �l of the biotinylated anti-fIFN-� MAb  (1 �g/ml)
was added to each well and the plates were incubated at 37 ◦C for
1 h. An optimal dilution (1:1000) of horseradish peroxidase (HRP)-
conjugated streptavidin (Millipore, U.S.A.) was added and the plates
were incubated at 37 ◦C for 30 min. The substrate solution was
prepared by dissolving o-phenylenediamine dihydrochloride at a
concentration of 0.4 mg/ml  in 0.1 M citric acid and 0.2 M Na2HPO4
buffer (pH 4.8) and adding 0.2 �l/ml of 30% H2O2. The reaction was
stopped with 3 N H2SO4 solution, and the optical density (OD) at
492 nm was determined. The minimum detectable concentration
was defined by the standard deviation of the dose measurement
at a zero dose or the background. fIFN-� levels in the supernatants
were interpolated from the rfIFN-� standard calibration curve.

2.5.  Indirect ELISA

ELISA  plates (Sumitomo Bakelite, Japan) were coated overnight
at 4 ◦C with each peptide (1.0 �g/100 �l/well) diluted with 0.05 M
carbonate buffer. After washing with PBS containing 0.02% Tween-
20, the plates were blocked with a blocking buffer containing 25%
Block Ace (DS Pharma, Japan) in PBS at 25 ◦C for 120 min. Then, each
well of the plates received 100 �l plasma of FIPV KU-2-infected cats,
FIPV 79-1146-infected cats, or SPF cats. After 120 min incubation
at 25 ◦C, the plates were washed and peroxidase (POD)-conjugated
goat anti-cat IgG (MP  Biomedicals, U.S.A.) was  diluted to the opti-
mal  concentrations (1:8000), and then 100 �l of the dilution was
added to each well of the plates. After incubation at 37 ◦C for 30 min,
the plates were washed and each well received 100 �l of substrate
solution and was  incubated at 25 ◦C for 20 min in the dark. The
substrate solution was  prepared by dissolving o-phenylenediamine
dihydrochloride at a concentration of 0.4 mg/ml  in 0.1 M citric acid
and 0.2 M Na2HPO4 buffer (pH 4.8) and adding 0.2 �l/ml of 30%
H2O2. The reaction was stopped with 3 N H2SO4 solution, and the
optical density (OD) at 492 nm was determined.

2.6.  Design of the immunization procedure

Feline Th1-type immunity-induced CpG-ODN (fCpG-ODN Nos.
2, 5, and 10: fCpG-ODNs), identified by Satoh et al. [26], was used
for the vaccine adjuvant. Three peptides (I-S2-15, II-S2-24, and M-
9; 4.5 mg/ml  each) and 3 fCpG-ODNs (30 �g/ml each) were mixed,
respectively, and 800 �l of each mixture was then added to a
vial containing freeze-dried liposomes (COATSOME EL-01-C; NOF,
Japan) and mixed well. This solution was  diluted 5 times with PBS
and used as Peptide + CpG. The schedule of experiments is shown

below: Cats were separated into two  groups. Control group: Six
cats were administered with PBS (1 ml/head) on post 1st vaccina-
tion (Day)s 0 and 21. Peptide + CpG group: Six cats were vaccinated
by an s.c. injection on Days 0 and 21 with Peptide + CpG (1 ml/head).
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Table 1
Amino acid sequence of the peptides derived from the S1 domain and M protein of FIPV.

S1 domain of type I FIPV S1  domain of type II FIPV M  protein of type I and type II FIPV

Peptide no. Amino acid sequence Position Peptide no. Amino acid sequence Position Peptide no. Amino acid sequence Position

I-S1-1 VTDFQPANNSVSHIPFGKTA S 391 II-S1-1 EIPFGITDGPRYCYVLYNGT S 391 II-M-1 MKYILLILACIIACVYGERY M 1
I-S1-2  VSHIPFGKTAHFCFANFSHS S 401 II-S1-2 RYCYVLYNGTALKYLGTLPP S 401 II-M-2 IIACVYGERYCAMQDSGLQC M 11
I-S1-3  HFCFANFSHSIVSRQFLGIL S 411 II-S1-3 ALKYLGTLPPSVKEIAISKW S 411 II-M-3 CAMQDSGLQCINGTNSRCQT M 21
I-S1-4  IVSRQFLGILPPTVREFAFG S 421 II-S1-4 SVKEIAISKWGHFYINGYNF S 421 I-M-1 MKYVVFILACILACAFGERY M 1
I-S1-5  PPTVREFAFGRDGSIFVNGY S 431 II-S1-5 GHFYINGYNFFSTFPIGCIS S 431 I-M-2 ILACAFGERYCAMQDAVSTS M 11
I-S1-6  RDGSIFVNGYKYFSLPAIRS S 441 II-S1-6 FSTFPIGCISFNLTTGVSGA S 441 I-M-3 CAMQDAVSTSCVNKTDNSCQ M 21
I-S1-7  KYFSLPAIRSVNFSISSVEE S 451 II-S1-7 FNLTTGVSGAFWTIAYTSYT S 451 I-M-4 CVNKTDNSCQTCFERGDLIW M 31
I-S1-8  VNFSISSVEEYGFWTIAYTN S 461 II-S1-8 FWTIAYTSYTEALVQVENTA S 461 I-M-5 TCFERGDLIWHLANWNFSWS M 41
I-S1-9  YGFWTIAYTNYTDVMVDVNG S 471 II-S1-9 EALVQVENTAIKNVTYCNSH S 471 I-M-6 HLANWNFSWSVILIVFITVL M 51
I-S1-10  YTDVMVDVNGTAITRLFYCD S 481 II-S1-10 IKNVTYCNSHINNIKCSQLT S 481 I-M-7 VILIVFITVLQYGRPQFSWL M 61
I-S1-11  TAITRLFYCDSPLNRIKCQQ S 491 II-S1-11 INNIKCSQLTANLNNGFYPV S 491 I-M-8 QYGRPQFSWLVYGIKMLIMW M 71
I-S1-12  SPLNRIKCQQLKHELPDGFY S 501 II-S1-12 ANLNNGFYPVASSEVGFVNK S 501 I-M-9 VYGIKMLIMWLLWPIVLALT M 81
I-S1-13  LKHELPDGFYSASMLVKKDL S 511 II-S1-13 ASSEVGFVNKSVVLLPSFFT S 511 I-M-10 LLWPIVLALTIFNAYSEYQV M 91
I-S1-14  SASMLVKKDLPKTFVTMPQF S 521 II-S1-14 SVVLLPSFFTYTAVNITIDL S 521 I-M-11 IFNAYSEYQVSRYVMFGFSV M 101
I-S1-15  PKTFVTMPQFYHWMNVTLHV S 531 II-S1-15 YTAVNITIDLGMKLSGYGQP S 531 I-M-12 SRYVMFGFSVAGAVVTFALW M 111
I-S1-16  YHWMNVTLHVVLNDTEKKYD S 541 II-S1-16 GMKLSGYGQPIASTLSNITL S 541 I-M-13 AGAVVTFALWMMYFVRSIQL M 121
I-S1-17  VLNDTEKKYDIILAKAPELA S 551 II-S1-17 IASTLSNITLPMQDNNTDVY S 551 I-M-14 MMYFVRSIQLYRRTKSWWSF M 131
I-S1-18  IILAKAPELAALADVHFEIA S 561 II-S1-18 PMQDNNTDVYCIRSNQFSVY S 561 I-M-15 YRRTKSWWSFNPETNAILCV M 141
I-S1-19  ALADVHFEIAQANGSVTNVT S 571 II-S1-19 CIRSNQFSVYVHSTCKSSLW S 571 I-M-16 NPETNAILCVNAVGRSYVLP M 151
I-S1-20  QANGSVTNVTSLCVQARQLA S 581 II-S1-20 VHSTCKSSLWDNIFNQDCTD S 581 I-M-17 NAVGRSYVLPLDGTPTGVTL M 161
I-S1-21  SLCVQARQLALFYKYTSLQG S 591 II-S1-21 DNIFNQDCTDVLEATAVIKT S 591 I-M-18 LDGTPTGVTLTLLSGNLYAE M 171
I-S1-22  LFYKYTSLQGLYTYSNLVEL S 601 II-S1-22 VLEATAVIKTGTCPFSFDKL S 601 I-M-19 TLLSGNLYAEGFKMAGCLTI M 181
I-S1-23  LYTYSNLVELQNYDCPFSPQ S 611 II-S1-23 GTCPFSFDKLNNYLTFNKFC S 611 I-M-20 GFKMAGGLTIEHLPKYVMIA M 191
I-S1-24  QNYDCPFSPQQFNNYLQFET S 621 II-S1-24 NNYLTFNKFCLSLSPVGANC S 621 I-M-21 EHLPKYVMIATPSRTIVYTL M 201
I-S1-25  QFNNYLQFETLCFDVNPAVA S 631 II-S1-25 LSLSPVGANCKFDVAARTRT S 631 I-M-22 TPSRTIVYTLVGKQLKATTA M 211
I-S1-26  LCFDVNPAVAGCKWSLVHDV S 641 II-S1-26 KFDVAARTRTNEQVVRSLYV S 641 I-M-23 VGKQLKATTATGWAYYVKSK M 221
I-S1-27  GCKWSLVHDVQWRTQFATIT S 651 II-S1-27 NEQVVRSLYVIYEEGDNIVG S 651 I-M-24 TGWAYYVKSKAGDYSTEART M 231
I-S1-28  QWRTQFATITVSYKHGSMIT S 661 II-S1-28 IYEEGDNIVGVPSDNSGLHD S 661 I-M-25 AGDYSTEARTDNLSEHEKLL M 241
I-S1-29  VSYKHGSMITTHAKGHSWGF S 671 II-S1-29 VPSDNSGLHDLSVLHLDSCT S 671
I-S1-30 THAKGHSWGFQDTSVLVKDE S 681 II-S1-30 LSVLHLDSCTDYNIYGRTGV S 681
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Fig. 1. Screening of Th1 and linear immunodominant antibody-binding epitopes in the S1 domain of the type I FIPV KU-2 strain and type II FIPV 79-1146 strain. (A) PBMCs
obtained from five FIPV KU-2-infected non-FIP cats (gray bar) and five SPF cats (white bar) were cultured with each synthesized peptide, heat-inactivated FIPV KU-2 strain
as  a positive control, or culture medium alone as a negative control. The concentration of fIFN-� in the supernatants was  measured using sandwich ELISA (upper panel). The
reactivity  of plasma collected from five FIPV KU-2-infected cats (gray bar) and five SPF cats (white bar) against these peptides or the heat-inactivated FIPV KU-2 strain were
examined by ELISA (lower panel). (B) PBMCs obtained from five FIPV KU-2-infected non-FIP cats (black bar) and five SPF cats (white bar) were cultured with each synthesized
peptide, heat-inactivated FIPV 79-1146 strain as a positive control, or culture medium alone as a negative control. The concentration of fIFN-� in the supernatants was
measured using sandwich ELISA (upper panel). The reactivity of plasma collected from five FIPV 79-1146-infected cats (black bar) and five SPF cats (white bar) against these
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eptides or the heat-inactivated FIPV 79-1146 strain were examined by ELISA (lowe
IFN-�  levels (upper panel) or each OD value (lower panel) of SPF cats.

BMCs were collected on day 35, and fIFN-� production was  mea-
ured.

.7. Statistical analysis

Data  from two groups were analyzed by the Student’s t-test, and
ultiple groups were analyzed by a one-way ANOVA.

.  Results

.1. Screening of Th1 and linear immunodominant
ntibody-binding epitopes of the S1 domain and M protein of FIPV

PBMCs obtained from five FIPV KU-2-infected non-FIP cats (3
ales and 2 females) and five SPF cats (3 males and 2 females) were

ultured with each peptide derived from the S1 domain of the FIPV
U-2 strain (Fig. 1A upper panel). In FIPV KU-2-infected non-FIP
ats, the concentration of fIFN-� in the supernatants of PBMCs cul-
ured with heat-inactivated FIPV KU-2 was significantly higher than
hat of PBMCs cultured with medium alone. However, no significant
ncrease was observed in the fIFN-� level in the culture supernatant
f PBMCs cultured with the peptides. In SPF cats, the concentration
f fIFN-� in the supernatant did not increase even in PBMCs cul-

ured with either peptide. The reactivity of plasma collected from
ve FIPV KU-2-infected non-FIP cats and five SPF cats against these
eptides was examined by indirect ELISA (Fig. 1A lower panel). The
D values of plasma from FIPV KU-2-infected cats against three
el). The results are expressed as means ± SEM. *p < 0.01, significantly different from

peptides  (I-S1-11 to I-S1-13) and heat-inactivated FIPV KU-2 were
significant higher than those of SPF cats.

PBMCs obtained from five FIPV 79-1146-infected non-FIP cats (4
males and 1 female) and five SPF cats (3 males and 2 females) were
cultured with an individual peptide derived from the S1 domain
of the FIPV 79-1146 strain (Fig. 1B upper panel). In FIPV 79-1146-
infected non-FIP cats, fIFN-� levels in the supernatants of PBMCs
cultured with seven peptides (II-S1-5, -14, -15, -19, -23, -24, and
-27) and heat-inactivated FIPV 79-1146 were significantly higher
than those of PBMCs cultured with medium alone. In SPF cats, the
concentration of fIFN-� in the supernatant did not increase even if
PBMCs were cultured with either peptide. The reactivity of plasma
collected from five FIPV 79-1146-infected non-FIP cats and five SPF
cats against these peptides was  examined (Fig. 1B lower panel). The
OD values of plasma from FIPV 79-1146-infected cats against three
peptides (II-S1-2, -10, and -12) were significantly higher than those
of plasma from SPF cats.

PBMCs obtained from five FIPV KU-2-infected non-FIP cats, five
FIPV 79-1146-infected non-FIP cats, and five SPF cats were cultured
with each peptide derived from the M protein of the FIPV KU-2
strain (I-M-1 to I-M-3, M-4  to -25) and 79-1146 strain (II-M-1 to
-3). In FIPV KU-2-infected non-FIP cats, the concentration of fIFN-�
in the supernatants of PBMCs cultured with sixteen peptides (I-
M-1, M-6  to -10, M-11 to -19, -21, and -22) and heat-inactivated

FIPV KU-2 were significantly higher than those of PBMCs cultured
with culture medium alone (Fig. 2A upper panel). In FIPV 79-
1146-infected non-FIP cats, fIFN-� levels in the supernatants of
PBMCs cultured with seven peptides (M-6, -8, -9, M-11 to -14)
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Fig. 2. Screening of Th1 and linear immunodominant antibody-binding epitopes in the M protein of FIPV. (A) PBMCs obtained from five FIPV KU-2-infected non-FIP cats (gray
bar)  and five SPF cats (white bar) were cultured with each synthesized peptide, heat-inactivated FIPV KU-2 strain as a positive control, or culture medium alone as a negative
control. The concentration of fIFN-� in the supernatants was measured using sandwich ELISA (upper panel). The reactivity of plasma collected from five FIPV KU-2-infected
cats (gray bar) and five SPF cats (white bar) against these peptides or the heat-inactivated FIPV KU-2 strain were examined by ELISA (lower panel). (B) PBMCs obtained from
five  FIPV KU-2-infected non-FIP cats (black bar) and five SPF cats (white bar) were cultured with each synthesized peptide, heat-inactivated FIPV 79-1146 strain as a positive
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f plasma collected from five FIPV 79-1146-infected cats (black bar) and five SPF c
xamined by ELISA (lower panel). The results are expressed as means ± SEM. *p < 0.

nd heat-inactivated FIPV 79-1146 were significantly higher than
hose of PBMCs cultured with culture medium alone (Fig. 2B upper
anel). In SPF cats, the concentration of fIFN-� in the supernatant
id not increase even if PBMCs were cultured with either peptide.
he reactivity of plasma collected from five FIPV KU-2-infected
on-FIP cats, five FIPV 79-1146-infected non-FIP cats, and five
PF cats against these peptides was examined. The OD values of
lasma from FIPV KU-2- and FIPV 79-1146-infected cats against
hree (I-M-2, -3, and M-4) and four peptides (II-M-2, -3, -11, -
2), and heat-inactivated virus, respectively, were significantly
igher than those of the plasma from SPF cats (Fig. 2A lower panel:
U-2-infected non-FIP cats, Fig. 2B lower panel: 79-1146-infected
on-FIP cats).

.2.  Rescreening of Th1 epitopes of the S (S1 and S2 domain), M,
nd  N proteins of FIPV

Several  peptides derived from the S, M,  and N proteins of FIPV
ontaining Th1 epitopes, but no linear immunodominant antibody-
inding epitope were identified in this and previous studies [19].
rom these findings, 10 peptides (I-S2-4, -6, -15, M-6, -9, -12, -13,
P-7, -8, and -9) that strongly induced fIFN-� production in PBMCs
ollected from FIPV KU-2-infected non-FIP cats were selected. Simi-

arly, 10 peptides (II-S1-5, -24, II-S2-10, M-6, -9, -12, -13, NP-7 to -9)
hat strongly induced fIFN-� production in PBMCs collected from
IPV 79-1146-infected non-FIP cats were selected. A peptide that
nduced significantly stronger Th1 activity than that by the FIPV
e supernatants was  measured using sandwich ELISA (upper panel). The reactivity
hite bar) against these peptides or the heat-inactivated FIPV 79-1146 strain were
nificantly different from fIFN-� levels or each OD value of SPF cats.

antigen  was  searched for in these peptides. The experiment was
repeated 3 times using an increased number of cats to improve the
experimental accuracy. In FIPV KU-2-infected non-FIP cats (n = 7; 5
males and 2 females), fIFN-� levels in PBMCs cultured with I-S2-
15 and M-9  were significantly higher than those in PBMCs cultured
with heat-inactivated FIPV KU-2 (Fig. 3A). In FIPV 79-1146-infected
non-FIP cats (n = 7; 6 males and 1 female), fIFN-� levels in PBMCs
cultured with II-S1-24, M-6, and M-9  were significantly higher
than those in PBMCs cultured with heat-inactivated FIPV 79-1146
(Fig. 3B). In SPF cats (n = 7; 5 males and 2 females), the concentra-
tion of fIFN-� in the supernatant did not increase even if PBMCs
were cultured with either peptide.

3.3. Th1-type immune response to the peptides of PBMCs isolated
from  cats vaccinated with 3 peptides and fCpG-ODNs in liposomes

Of the peptides containing Th-1 epitopes, I-S2-15, which
strongly induced Th1 activity in FIPV KU-2-infected non-FIP cats,
II-S1-24, which strongly induced Th1 activity in FIPV 79-1146-
infected non-FIP cats, and M-9, which strongly induced Th1 activity
in both FIPV KU-2-infected and FIPV 79-1146-infected non-FIP cats,
were investigated for their applicability as a vaccine to induce
FIPV antigen-specific Th1 cells. Each peptide was mixed with Th1

activity-inducing fCpG-ODNs and subcutaneously administered
twice to SPF cats. PBMCs were collected from these cats and cul-
tured with the peptide, and the induction of fIFN-� production was
then investigated (Fig. 4). In vaccinated cats (Peptide + CpG group;
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Fig. 3. Rescreening of the Th1 epitopes of the S (S1 and S2 domain), M,  and N pro-
teins of FIPV. PBMCs were obtained from seven FIPV KU-2-infected non-FIP cats and
seven FIPV 79-1146-infected non-FIP cats. The cells were cultured with individual
synthesized  peptide, heat-inactivated FIPV as a positive control, or culture medium
a
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s a negative control. The concentrations of fIFN-� were measured using sandwich
LISA.  (A) FIPV KU-2-infected non-FIP cats. (B) FIPV 79-1146-infected non-FIP cats.
ars represent the mean ± SEM.

 = 6; 4 males and 2 females), fIFN-� levels in PBMCs cultured with
I-S1-24 and M-9  were significantly higher than those in PBMCs
btained from non-vaccinated cats (Control group; n = 6; 4 males
nd 2 females).

.  Discussion

The development of an FIP-preventive vaccine requires an
ntigen that does not induce ADE to be selected, i.e., a region con-
aining the Th1 epitope and no antibody-binding epitope needs
o be identified. To achieve these conditions, we  searched for a

egion containing the Th1 epitope, but no linear immunodomi-
ant antibody-binding epitope of the FIPV structural proteins using
ynthesized peptides. The amino acid sequence of the S1 domain
f the S protein differs markedly between type I FIPV and II FIPV

ig. 4. Th1-type immune response to the peptides of PBMCs isolated from cats vac-
inated with 3 peptides and fCpG-ODNs in liposomes. Th1 activity-inducing I-S2-15,
I-S1-24, and M-9  were mixed with fCpG-ODNs and subcutaneously administered
wice  to SPF cats (black bar) (n = 6). As a control, PBS was administered twice to SPF
ats (white bar) (n = 6). PBMCs were subsequently collected from these cats. The
ells were cultured with individual synthesized peptide, heat-inactivated FIPV as a
ositive control. The concentrations of fIFN-� were measured using sandwich ELISA.
ars represent the mean ± SEM.
 (2014) 1834–1840 1839

[2,3]. Thus, 30 peptides of each serotype were synthesized for the
experiment. No Th1 epitope-containing peptide was identified in
the peptides derived from the S1 domain of type I FIPV. In contrast,
7 Th1 epitope-containing peptides were identified in the S1 domain
of type II FIPV, and no linear immunodominant antibody-binding
epitope was  contained in any of these peptides. Twenty-two pep-
tides covering the consensus amino acid sequence (40aa–260aa)
between the serotypes were synthesized for the M protein based
on the sequence of type I FIPV. Three peptides were synthesized
for the N-terminal region (1aa–40aa) of the M protein for each
serotype. Seven Th1 epitope-containing peptides common to each
serotype were identified in the M protein-derived peptides, and 2
peptides (M-11 and M-12) contained the linear immunodominant
antibody-binding epitopes.

Based on this study and the previous study [19], several peptides
containing Th1 epitopes, but no linear immunodominant antibody-
binding epitope were identified in peptides derived from the S, M,
and N proteins of FIPV. Peptides applicable for vaccine-inducing
FIPV antigen-specific Th1 cells were then selected. When a peptide
that induced significantly stronger Th1 activity than that of the FIPV
antigen was searched for, 4 peptides (M-6, M-9, I-S2-15, and II-
S1-24) were subsequently identified. M-9  induced Th1 activity at
a level similar to that of the initial screening. Whereas M-6  only
weakly induced Th1 activity in type I FIPV-infected non-FIP cats,
which differed from that of the initial screening. That is, the Th1
activity of M-6  might be unstable. Thus, M-6  was excluded from
the experiment.

It  has been reported that no cellular immunity was  induced
when only peptides were administered to animals [27], and cellular
immunity was  inhibited, which indicated that a vaccine adjuvant is
necessary for the peptide-based vaccine to induce cellular immu-
nity. We  used fCpG-ODNs as a vaccine adjuvant. The administration
of a peptide-based vaccine with CpG-ODN(s) was previously shown
to efficiently induce cellular immunity in humans and mice [28,29].

M-9, I-S2-15, and II-S1-24 combined with fCpG-ODNs were
encapsulated in liposomes and subcutaneously administered twice
to SPF cats, and the fIFN-�-producing response to each peptide was
measured. Th1 activity was significantly induced in response to
M-9  and II-S1-24, suggesting that M-9  and II-S1-24 may  be appli-
cable to a vaccine inducing FIPV antigen-specific Th1 cells. On the
other hand, Th1 activity was not induced in response to I-S2-15.
The reason why only I-S2-15 out of the 3 peptides did not induce
Th1 activity was unclear. It is necessary to investigate the induction
of Th1 activity in cats inoculated with I-S2-15 alone using the same
method. Moreover, unlike the responses of FIPV-infected non-FIP
cats, no fIFN-� production in response to heat inactivated-FIPV
antigen was  noted in cats administered with the peptides and fCpG-
ODNs. We  recently reported similar findings obtained in SPF cats
immunized with peptides derived from N protein of FIPV KU-2 with
fCpG-ODNs [30]. It is unclear why heat-inactivated FIPV antigen
did not induce fIFN-� production in cats immunized with peptides
with fCpG-ODNs. Further investigation is necessary to identify the
reason.

5. Conclusion

We  identified synthetic peptides including Th1 and linear
immunodominant antibody-binding epitopes in the S1 domain
and M protein of FIPV. We  also selected peptides that strongly
induced Th1 activity from the synthetic peptides derived from
FIPV structural proteins. For the future, it is necessary to investi-

gate the reproducibility of these experimental results and analyze
CD4+ fIFN-�+ and CD8+ fIFN-�+ cell populations in cats treated
with peptides with fCpG-ODNs using flow cytometry. Ultimately,
it is desirable to inoculate cats with type I or II FIPV after being
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mmunized with fCpG-ODN-combined peptides and confirm
hether FIP development is actually inhibited.
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