
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



I
t

T
L

a

A
R
R
A
A

K
F
F
P

1

t
a
M
v
a
e
g
i
o
s
b
c
F
t

t
(

h
0

Virus Research 204 (2015) 13–20

Contents lists available at ScienceDirect

Virus  Research

j ourna l h o mepa ge: www.elsev ier .com/ locate /v i rusres

dentification  of  the  peptide  derived  from  S1  domain  that  inhibits
ype  I  and  type  II  feline  infectious  peritonitis  virus  infection

omoyoshi  Doki, Tomomi  Takano,  Yusuke  Koyama,  Tsutomu  Hohdatsu ∗

aboratory of Veterinary Infectious Disease, School of Veterinary Medicine, Kitasato University, Towada, Aomori 034-8628, Japan

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 6 February 2015
eceived in revised form 3 April 2015
ccepted 8 April 2015
vailable online 18 April 2015

eywords:
eline coronavirus
eline infectious peritonitis
eptide

a  b  s  t  r  a  c  t

Feline  infectious  peritonitis  virus  (FIPV)  can  cause  a  lethal  disease  in  cats,  feline  infectious  peritonitis  (FIP).
A therapeutic  drug  that  is  effective  against  FIP  has not  yet  been  developed.  Peptides  based  on viral  protein
amino  acid  sequences  have  recently  been  attracting  attention  as  new  antiviral  drugs.  In  the present  study,
we  synthesized  30 overlapping  peptides  based  on  the  amino  acid sequence  of  the  S1  domain  of the  type
I FIPV  strain  KU-2  S protein,  and  investigated  their  inhibitory  effects  on  FIPV  infection.  To  evaluate  the
inhibitory  effects  on  type I FIPV  infection  of these  peptides,  we  investigated  a method  to  increase  the
infection  efficiency  of poorly  replicative  type  I FIPV.  The  efficiency  of  type  I FIPV  infection  was  increased
by  diluting  the  virus  with  medium  containing  a  polycation.  Of the  30  peptides,  I-S1-8  (S461-S480),  I-S1-9
(S471-S490),  I-S1-10  (S481-S500),  I-S1-16  (S541-S560),  and I-S1-22  (S601-S620)  significantly  decreased
the  infectivity  of  FIPV  strain  KU-2  while  I-S1-9  and  I-S1-16  exhibited  marked  inhibitory  effects  on  FIPV

infection.  The  inhibitory  effects  on FIPV  infection  of  these  2  peptides  on other  type  I and  type II FIPV  strains,
feline  herpesvirus  (FHV),  and  feline  calicivirus  (FCV)  were  also  examined.  These  2  peptides  specifically
inhibited  type  I and  type  II FIPV,  but did  FHV  or FCV  infection.  In  conclusion,  the possibility  of  peptides
derived  from  the S protein  of type  I FIPV  strain  KU-2  as anti-FIPV  agents  effective  not  only  for  type  I,  but
also  type  II FIPV  was  demonstrated  in vitro.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Feline coronavirus (FCoV) belongs to the alpha coronaviruses of
he family Coronaviridae. FCoV is classified into serotypes I and II
ccording to Spike (S) protein properties (Hohdatsu et al., 1991b;
otokawa et al., 1995, 1996). Each of these types consists of two

iruses: feline infectious peritonitis (FIP)-causing FIP virus (FIPV)
nd non-FIP-causing feline enteric coronavirus (FECV) (Pedersen
t al., 1981). FIPV and FECV of the same serotype cannot be distin-
uished by their antigenicity or at the gene level, and differ only
n their pathogenicity for cats (Pedersen, 2009). Cats that devel-
ped FIP were affected in several organs, including the liver, lungs,
pleen, and central nervous system, forming lesions accompanied
y necrosis and pyogenic granulomatous inflammation. In some

ats, pleural effusion and ascitic fluid accumulated. When anti-
CoV antibody-positive cats are inoculated with FIPV, the onset
ime of FIP is earlier than that in antibody-negative cats, and
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E-mail addresses: dv12003f@st.kitasato-u.ac.jp (T. Doki),
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Y. Koyama), hohdatsu@vmas.kitasato-u.ac.jp (T. Hohdatsu).

ttp://dx.doi.org/10.1016/j.virusres.2015.04.011
168-1702/© 2015 Elsevier B.V. All rights reserved.
symptoms are severer (Baldwin and Scott, 1997; Barlough et al.,
1984; Pedersen, 2009; Pedersen et al., 1981; Stoddart et al., 1988;
Weiss and Scott, 1981). These results of experimented studies sug-
gest that antibody-dependent enhancement (ADE) of FIPV infection
can be a serious obstacle to the prevention of FIP by vaccination.

FCoV S protein is considered as a class I fusion protein, sim-
ilarly to those of other coronaviruses (severe acute respiratory
syndrome-coronavirus, mouse hepatitis virus, and transmissible
gastroenteritis coronavirus) (Bosch et al., 2003; Olsen, 1993). The S
protein exists as radially protruding trimers on the viral envelope,
and can be structurally or functionally divided into two  domains,
namely the S1 and S2 domains, representing the N-terminal globu-
lar head and C-terminal membrane-bound stalk, respectively. The
C-terminal S1 domain contains the receptor-binding domain (RBD),
neutralizing antibody-binding epitope, and ADE epitope (Corapi
et al., 1992, 1995; Hohdatsu et al., 1991a, 1993, 1998b; Kida et al.,
1999; Olsen et al., 1992). The N-terminal S2 domain sequentially
contains putative fusion peptide and is responsible for driving viral
and target cell membrane fusion.
Over the past forty years, several studies have investigated
potential treatments for FIP (Hartmann and Ritz, 2008). Antivi-
ral, immunostimulating, and immunosuppressive drugs have been
experimentally used for the treatment of FIP, but few of these

dx.doi.org/10.1016/j.virusres.2015.04.011
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2015.04.011&domain=pdf
mailto:dv12003f@st.kitasato-u.ac.jp
mailto:takanot@vmas.kitasato-u.ac.jp
mailto:tachikoma893@yahoo.co.jp
mailto:hohdatsu@vmas.kitasato-u.ac.jp
dx.doi.org/10.1016/j.virusres.2015.04.011


1 esearc

h
s
(
2
o
i
p
i
r
(
a
F
o
r
i
i
2
p
p
t
i

o
K
i
u
p

2

2

o
S
m

T
A

4 T. Doki et al. / Virus R

ave exhibited a sufficient therapeutic effect. Several agents that
ignificantly inhibit FCoV replication in vitro have been identified
Balzarini et al., 2006; Barlough and Shacklett, 1994; Hsieh et al.,
010; Kim et al., 2012; Takano et al., 2008, 2013). Peptides based
n viral protein amino acid sequences have recently been attract-
ng attention as new antiviral drugs. These peptides bind to viral
roteins or receptors on cells and inhibit viral infections. A HIV

nfection-inhibiting peptide with a HIV-derived sequence is cur-
ently used in the human medical field to treat patients with HIV
He, 2013). This peptide specifically binds to the HIV fusion protein
nd blocks cell membrane fusion induced by the fusion protein.
urthermore, a peptide with a sequence derived from the RBD
f Japanese encephalitis virus (JEV) specifically binds to the virus
eceptor on cells and competitively inhibits JEV infection, clarify-
ng that peptides with viral protein-derived sequences inhibit viral
nfections by binding to the virus and virus receptor (Li et al., 2012,
014). Liu et al. (2013) reported that an FIPV fusion protein-derived
eptide exhibited an antiviral effect. Although an FIPV RBD-derived
eptide may  exhibit antiviral activity, this has not yet been inves-
igated. If an RBD-derived peptide with antiviral activity can be
dentified, it may  be applicable as an antiviral agent against FIPV.

In the present study, we synthesized overlapping peptides based
n the amino acid sequence of the S1 domain of the type I FIPV strain
U-2 S protein, in which the presence of RBD is expected. We  also

nvestigated the inhibition of type I FIPV infection by these peptides
sing a plaque assay. The inhibition of type II FIPV infection by these
eptides was also examined.

. Materials and methods

.1. Peptide synthesis
Thirty different peptide sequences derived from the S1 domain
f type I FIPV strain KU-2 (Table 1) were synthesized at
igma–Aldrich (U.S.A.). Peptides were synthesized as 20-mer frag-
ents with 10-amino-acid overlap. The peptides were dissolved in

able 1
mino acid sequence of the peptides derived from the S1 domain of FIPV.

Peptide no. Amino acid sequence Start position Isoelectric point

I-S1-1 VTDFQPANNSVSHIPFGKTA S 391 7.37
I-S1-2 VSHIPFGKTAHFCFANFSHS S 401 8.412
I-S1-3 HFCFANFSHSIVSRQFLGIL S 411 8.413
I-S1-4 IVSRQFLGILPPTVREFAFG S 421 10.185
I-S1-5 PPTVREFAFGRDGSIFVNGY S 431 6.459
I-S1-6 RDGSIFVNGYKYFSLPAIRS S 441 9.986
I-S1-7 KYFSLPAIRSVNFSISSVEE S 451 6.517
I-S1-8 VNFSISSVEEYGFWTIAYTN S 461 3.475
I-S1-9 YGFWTIAYTNYTDVMVDVNG S 471 3.268
I-S1-10 YTDVMVDVNGTAITRLFYCD S 481 3.732
I-S1-11 TAITRLFYCDSPLNRIKCQQ S 491 8.615
I-S1-12 SPLNRIKCQQLKHELPDGFY S 501 8.338
I-S1-13 LKHELPDGFYSASMLVKKDL S 511 7.344
I-S1-14 SASMLVKKDLPKTFVTMPQF S 521 10.324
I-S1-15 PKTFVTMPQFYHWMNVTLHV S 531 9.219
I-S1-16 YHWMNVTLHVVLNDTEKKYD S 541 6.259
I-S1-17 VLNDTEKKYDIILAKAPELA S 551 4.608
I-S1-18 IILAKAPELAALADVHFEIA S 561 4.483
I-S1-19 ALADVHFEIAQANGSVTNVT S 571 4.167
I-S1-20 QANGSVTNVTSLCVQARQLA S 581 8.37
I-S1-21 SLCVQARQLALFYKYTSLQG S 591 9.243
I-S1-22 LFYKYTSLQGLYTYSNLVEL S 601 6.34
I-S1-23 LYTYSNLVELQNYDCPFSPQ S 611 3.355
I-S1-24 QNYDCPFSPQQFNNYLQFET S 621 3.355
I-S1-25 QFNNYLQFETLCFDVNPAVA S 631 3.355
I-S1-26 LCFDVNPAVAGCKWSLVHDV S 641 5.235
I-S1-27 GCKWSLVHDVQWRTQFATIT S 651 8.38
I-S1-28 QWRTQFATITVSYKHGSMIT S 661 10.369
I-S1-29 VSYKHGSMITTHAKGHSWGF S 671 10.156
I-S1-30 THAKGHSWGFQDTSVLVKDE S 681 6.26
h 204 (2015) 13–20

100% dimethyl sulfoxide (DMSO) at 10 mM,  aliquoted, and stored
at −80 ◦C. As the solvent control, DMSO was diluted with medium
using the same method as for the preparation of peptide stock
solutions.

2.2. Cell cultures

Felis catus whole fetus-4 (fcwf-4) cells, Crandell feline kidney
(CrFK) cells (ATCC CCL-94), and swine kidney (CPK) cells were
grown in Eagles’ minimum essential medium containing 50% L-
15 medium, 10% fetal calf serum (FCS), 100 unit/mL penicillin and
100 mg/mL  streptomycin. The cells were maintained in a humidi-
fied 5% CO2 incubator at 37 ◦C. Fcwf-4 cells were supplied by Dr. M.
C. Horzinek of State University Utrecht, The Netherlands. CPK cells
were supplied by Kitasato Institute, Tokyo, Japan.

2.3. Monoclonal antibodies (MAbs)

MAb  5-6-2 (IgG1) and MAb  F19-1 (IgG1) were used in the
present study. MAb  5-6-2 and MAb  F19-1 were developed in our
laboratory and respectively recognize S protein and M protein
of virus, as demonstrated by immunoblotting (Hohdatsu et al.,
1991b,c).

2.4. Viruses

Type I FIPV strain KU-2, strain Black, strain UCD-1, type II FIPV
strain 79-1146, TGEV strain To-163, CCoV strain 1-71, feline her-
pesvirus (FHV) strain C7301, and feline calicivirus (FCV) strain F4
were used in this study. FIPV strain KU-2 was isolated in our labo-
ratory. FIPV strain Black was  supplied by Dr. J. K. Yamamoto of the
University of Florida. FIPV strain UCD-1 was supplied by Dr. N. C.
Pedersen of the University of California, Davis. FIPV strain 79-1146
was supplied by Dr. M.  C. Horzinek of State University Utrecht, The
Netherlands. TGEV strain To-163 was  supplied by National Insti-
tute of Animal Health of Japan. FHV strain C7301, and FCV strain
F4 were supplied by Dr. E. Takahashi of the University of Tokyo,
Japan. FIPV and TGEV, were passaged in fcwf-4 cells and CPK cells,
respectively, FHV and FCV were passaged CrFK cells. Virus was pas-
saged two or three times in our laboratory and used in subsequent
experiments. Strain KU-2 with a potency of 2.4 × 104 pfu/mL was
used in all experiments.

2.5. Influences of polycations and polyanions on FIPV infection

DEAE-dextran (GE Healthcare UK Ltd., England), polybrene
(Sigma–Aldrich, U.S.A.), and protamine (Sigma–Aldrich, U.S.A.)
were used as polycations. Dextran sulfate (GE Healthcare UK Ltd.,
England) and heparin (Ajinomoto, Japan) were used as polyanions.
FIPV strain KU-2 was  diluted with medium containing a poly-
cation or polyanion at various concentrations. fcwf-4 cells seeded
on 6-well plates were inoculated with 10 �L of a 1000 pfu/mL viral
suspension and incubated at 37 ◦C for 60 min. After incubation, cells
were washed with medium and 1 mL  of medium containing 2%
FCS and 1.5% carboxymethyl cellulose was  added to each well. The
cultures were incubated at 37 ◦C for 2 days, fixed in 10% buffered
formalin, and stained with 1% crystal violet.

2.6. Plaque inhibition test

A peptide stock solution was diluted with medium containing
2% FCS and DEAE-dextran (25 �g/mL), and 90 �L of this solution

was added to fcwf-4 cells seeded on 24-well plates, followed by
their incubation at RT for 30 min. Cells were sensitized with DMSO
diluted to the same fold as peptide stock solutions as the sol-
vent control. The cells were then inoculated with 10 �L of an
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ig. 1. Amino acid sequence homology of the alpha coronavirus S protein. An alignm
lack,  and UCD-1) and type II FIPV strain 79-1146 was  performed using ClustalW.

000 pfu/mL viral suspension without washing and incubated at
7 ◦C for 30 min. After incubation, cells were washed with medium
nd 1 mL  of medium containing 2% FCS and 1.5% carboxymethyl
ellulose was  added to each well. The cultures were incubated at
7 ◦C for 2 days, fixed in 10% buffered formalin, and stained with 1%
rystal violet. The percent plaque inhibition was calculated by the
ollowing formula: Plaque inhibition (%) = {(plaque number of well
ontaining virus alone − plaque number of well containing peptide
r DMSO)/plaque number of well containing virus alone} × 100.

To investigate whether or not changes of peptides influence the
ffect of polycation, a plaque inhibition test was  performed using
edium containing DEAE-dextran (0, 25, or 250 �g/mL).

.7. Reaction conditions for peptides to exhibit inhibitory effect
n FIPV infection

To investigate the reaction conditions needed by peptides to
xhibit inhibitory effect on FIPV infection, peptide-treated cells
ere washed and then inoculated with the virus. Cells were

ombined with a diluted peptide solution (100 �M)  or 1% DMSO
solvent control) and reacted at RT for 30 min. These cells were
hen washed and combined with 90 �L of medium containing
% FCS and DEAE-dextran, followed by inoculation with 10 �L
f the 8000 pfu/mL virus suspension. The procedure thereafter
as the same as described above. At the same time, whether the
eptide exhibited inhibitory effect on FIPV infection without the
re-sensitization of cells was investigated: Cells were combined
ith 90 �L of medium containing 2% FCS and DEAE-dextran and

ept standing at RT for 30 min. The medium was then removed and
he cells were inoculated with a mixture of the virus and peptide
r DMSO.

.8. Flow cytometric analysis

A mixture of the peptide (100 �M)  and type II FIPV strain
9-1146 (MOI = 40) was added to 5 × 104 cells and reacted at
◦C for 1 h. A mixture of 1% DMSO (solvent control) and the
irus was added to cells as a control. The cells were washed
hree times in ice-cold medium containing 0.1% NaN3, and
ncubated with MAb  5-6-2 and MAb  F19-1 at 4 ◦C for 30 min.
he cells washed and resuspended with fluorescein isothio-
yanate (FITC)-conjugated F(ab)′2 of goat anti-mouse IgG antibody
MP  Biomedicals, LLC-Cappel Products, U.S.A.). After incuba-

ion at 4 ◦C for 30 min, cells were washed and the fluorescein
ntensity of cells were determined by counting about 5000 cells on

 flow cytometer (Cytomics FC500, Beckman Coulter, U.S.A.). The
ercent inhibition of fluorescein intensity was calculated by the
omparison of the S protein amino acid sequences among type I FIPV strains (KU-2,

following formula: inhibition of fluorescein intensity (%) = {(mean
fluorescein intensity (MFI) of sample containing virus alone − MFI
of sample containing peptide or DMSO)/MFI of sample containing
virus alone} × 100.

2.9. Protein sequence

The amino acid sequences of the coronavirus S protein were
referred to Genbank. The accession numbers were AAB47503.1
(type I FIPV strain KU-2), AB088223.1 (strain Black), AB088222.1
(strain UCD-1), and AGZ84516.1 (type II FIPV strain 79-1146). An
alignment comparison of the amino acid sequence of the full-length
S protein was  performed using ClustalW (http://clustalw.ddbj.nig.
ac.jp/). The results of the alignment comparison are shown in Fig. 1.

2.10. Statistical analysis

Data from two  groups were analyzed by the Student’s t test and
multiple groups were analyzed by Tukey–Kramer method or Dun-
nett’s test. The Tukey–Kramer method was only used to investigate
the reaction conditions needed by peptides to exhibit inhibitory
effect on FIPV infection. Multiple groups in other experiments were
analyzed using Dunnett’s test.

3. Result

3.1. Influences of polyanions and polycations on Type I FIPV
infection

The influences of the polyanions and polycations on Type I FIPV
infection were investigated. When the polyanions, dextran sulfate
and heparin, were added to culture medium, the infection efficiency
of FIPV strain KU-2 was decreased (Fig. 2). In contrast, when the
polycations, DEAE-dextran, polybrene, and protamine, were added,
its infection efficiency was  markedly enhanced as the polycation
concentration was increased.

3.2. Search for type I FIPV S protein-derived peptides inhibiting
FIPV infection

We synthesized overlapping peptides based on the amino
acid sequence of the S1 domain of the type I FIPV strain KU-
2 S protein, in which the presence of RBD is expected. The

inhibitory effects of peptides on infections with homologous strain
KU-2 were investigated using the plaque assay. Based on the
polycation-induced enhancement of infection observed above,
MEM  containing 25 �g/mL of DEAE-dextran was used. fcwf-4 cells

http://clustalw.ddbj.nig.ac.jp/
http://clustalw.ddbj.nig.ac.jp/
http://clustalw.ddbj.nig.ac.jp/
http://clustalw.ddbj.nig.ac.jp/
http://clustalw.ddbj.nig.ac.jp/
http://clustalw.ddbj.nig.ac.jp/
http://clustalw.ddbj.nig.ac.jp/
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Fig. 2. Influences of polycations and polyanions on type I FIPV infection efficiency. Serial dilutions of polycations or polyanions were added to culture medium and used to
dilute  type I FIPV strain KU-2. fcwf-4 cells were then inoculated with these viral suspensions. After allowing 1 h for viral adsorption, the cells were washed, and medium
containing 2% FCS and 1.5% carboxymethyl cellulose was  added to each well. The cells were cultured at 37 ◦C for 2 days and then stained with 1% crystal violet. The plaque
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ormation rate was  calculated by the following equation: Percentage of the plaque =
r  polyanion-containing medium/number of plaques in a well inoculated with a
xperiments were performed in triplicate, and the figure shows mean ± standard e

eeded on 24-well plates were combined with 90 �L of peptide
olution diluted to 100 �M and reacted at RT for 30 min. The cells
ere then inoculated with 10 �L of an 80 pfu/10 �L viral suspension

ithout washing. Of the 30 peptides tested, I-S1-8, I-S1-9, I-S1-10,

-S1-16, and I-S1-22 significantly inhibited the infectivity of FIPV
train KU-2 (Fig. 3A) in a dose-dependent manner (Fig. 3B and C).

ig. 3. Search for type I FIPV S protein-derived peptides that inhibit FIPV infection.
A)  Rates of plaque reductions by type I FIPV S protein-derived peptides. fcwf-4 cells
ere incubated with peptide (100 �M)  or 1% DMSO (solvent control) for 30 min  at
T. Then, cells were infected with type I FIPV strain KU-2 in the presence of pep-
ide  or 1% DMSO (solvent control). After washing, the number of plaque reduction
as  calculated. Experiments were performed in triplicate, and the figure shows
ean ± standard errors. (B) Morphology of type I FIPV strain KU-2-induced plaques

n  fcwf-4 cells infected with the virus in the presence of the peptide adjusted to
60, 80, and 40 �M or DMSO (solvent control). (C) Rates of plaque reductions by
erial dilutions of peptides. fcwf-4 cells were reacted with peptides adjusted to 160,
0,  and 40 �M and then inoculated with type I FIPV strain KU-2. Experiments were
erformed in triplicate, and the figure shows mean ± standard errors. *p < 0.05 vs.
MSO **p < 0.01 vs. DMSO.
ber of plaques in a well inoculated with a viral suspension diluted with polycation-
suspension diluted with medium containing no polycation or polyanion)} × 100.

The isoelectric points of peptides that inhibited FIPV infection
were acidic, particularly, I-S1-8, 9, and 10, suggesting that viral
infection was inhibited through reduction of the effect of polycation
(DEAE-dextran) by the peptides. Thus, we  changed the DEAE-
dextran concentration and investigated the infection-inhibitory
effects of the peptides (Fig. 4). I-S1-9 and I-S1-16 inhibited viral
infection regardless of the DEAE-dextran concentration. In contrast,
I-S1-18 did not inhibit infection at any concentration of DEAE-
dextran, although its isoelectric point was as low as that of I-S1-8.

3.3. Reaction conditions for peptides to exhibit inhibitory effect
on FIPV infection

The reaction conditions needed by peptides to exhibit inhibitory
effect on FIPV strain KU-2 infection were investigated. When cells

were washed after the reaction with the peptide and then inoc-
ulated with the virus, the inhibitory effect of I-S1-9, I-S1-16, and
I-S1-22 were significantly decreased (Fig. 5). When cells were
simultaneously reacted with the peptide and virus without the

Fig. 4. Influence of charge of medium on infection-inhibitory effect of peptide. Pep-
tides  and the virus were diluted with medium containing DEAE-dextran at various
concentrations (0, 25, or 250 �g/mL). Fcwf-4 cells were incubated with peptide
(100 �M)  or 1% DMSO (solvent control) for 30 min at RT. Then, cells were infected
with type I FIPV strain KU-2 in the presence of peptide or 1% DMSO (solvent control).
After washing, the number of plaque reduction was calculated. horizontal striped
bar; I-S1-9, black bar; I-S1-16, gray bar; I-S1-18, hatched bar; DMSO .Experiments
were performed in triplicate, and the figure shows mean ± standard errors.
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Fig. 5. Reaction conditions for peptides to exhibit an inhibitory effect on type I FIPV infection. White bar; cells were pretreated with peptides and inoculated with the virus,
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lack  bar; cells were pretreated with peptides and washed before the virus inoculat
retreatment with peptides. Experiments were performed in triplicate, and the figu

eptide pretreatment, all peptides inhibited infection by 40% or
igher, and the inhibitory effects of I-S1-16 were equivalent to
hose observed in cells pretreated with the peptide before the inoc-
lation with the virus.

.4. Antiviral effects of peptides on type I and II FIPV, feline
erpesvirus, and feline calicivirus

The inhibition of infections by other FIPV strains, FIV, and FCV
sing I-S1-9 and I-S1-16, which exhibited marked inhibitory effects
n type I FIPV strain KU-2 infections, was investigated. I-S1-9 and
-S1-16 significantly inhibited infections by the type I FIPV strains
CD-1 and Black (Fig. 6). These also significantly inhibited infec-

ions by type II FIPV strain 79-1146. The inhibitory effects of I-S1-9
n FIPV strain 79-1146 infection were equivalent to that on FIPV
train KU-2. In contrast, no inhibitory effects on infection were
bserved on FHV strain C7301 and FCV strain F4 by any of these
eptides.

.5. Inhibitory effects of peptides on FIPV adsorption to fcwf-4
ells

We  determined whether the peptides examined decreases viral
dsorption efficiency using flow cytometric analysis. The peptide,
-S1-9, which exhibited the most potent inhibitory effects on FIPV
nfection, was used.

A peak was present at 420 on a fluorescence intensity (FL1 Lin)
istogram of fcwf-4 cells without viral adsorption. When the virus
as adsorbed to fcwf-4 cells, the peak of the fluorescence intensity

hifted to 620 (Fig. 7A). Similarly, when fcwf-4 cells were inoculated
ith a mixture of DMSO and the virus, the peak of the histogram

hifted to 575 (Fig. 7A). In contrast, when cells were inoculated
ith a mixture of the virus and I-S1-9, the peak was  present at 470

Fig. 7B), i.e., the peak after inoculation with the virus/-S1-9 mixture
hifted left to a greater extent than those after the inoculation with
he virus alone and virus/DMSO mixture.

The level of viral adsorption to fcwf-4 cells was  evaluated based
n the mean fluorescence intensity (MFI), i.e., the rate of inhibi-

ion of viral adsorption by the peptide was calculated. The viral
dsorption level was significantly lower on fcwf-4 cells inoculated
ith the I-S1-9/virus mixture than on those inoculated with the
MSO/virus mixture (Fig. 7C).
ray bar; cells were inoculated with a mixture of peptides and the virus without the
ws mean ± standard errors.

4. Discussion

We synthesized overlapping peptides based on the amino acid
sequence of the type I FIPV strain KU-2 S protein, and investigated
the inhibitory effects on type I FIPV and type II FIPV infection of
these peptides.

Type I FIPV poorly replicates in cells (Hohdatsu et al., 1995).
To evaluate the inhibitory effects on type I FIPV infection of these
peptides, we initially investigated a method to increase the infec-
tion efficiency of type I FIPV. To accurately evaluate inhibitory
effect on type I FIPV infection, we examined the addition of a poly-
cation or polyanion to a diluted viral suspension. When a viral
suspension was diluted with medium containing a polycation and
subjected to the infection of fcwf-4 cells, the number of Type
I FIPV plaques increased in a manner dependent on the poly-
cation concentration. In contrast, when a viral suspension was
diluted with polyanion-containing medium, the number of plaques
decreased in a manner dependent on the polyanion concentration.
A polycation-induced increase and polyanion-induced decrease
in viral infection efficiency have been reported for other viruses,
such as TGEV, MHV, and vesicular stomatitis virus (VSV) (Bailey
et al., 1984; Hirano et al., 1978; Nguyen et al., 1987). Bailey et al.
(1984) demonstrated that positively charged polycations increased
electrostatic interactions between viral particles and cell surfaces,
promoting the binding of viral particles to the cells. Similarly, the
polycation may  have enhanced electrostatic interactions between
the virus and cell surface and increased type I FIPV infection
efficiency.

Of the 30 overlapping peptides synthesized, I-S1-8, I-S1-9, I-
S1-10, I-S1-16, and I-S1-22 significantly decreased the type I FIPV
strain KU-2 infection rate. The isoelectric points of these peptides
were acidic, suggesting that the peptides reduced the effect of
the polycation and decreased the number of plaques. However,
I-S1-9 and I-S1-16 significantly inhibited type I FIPV strain KU-
2 infection regardless of the polycation concentration. Moreover,
I-S1-18 showed no infection-inhibitory effect although its isoelec-
tric point was  as low as that of I-S1-9. Based on these findings, the
infection-inhibitory effect was exhibited regardless of the charge
of the peptides. In addition, I-S1-8 and I-S1-10 partially overlapped
the amino acid sequence of I-S1-9, and these peptides have similar
inhibitory effect as I-S19. In contrast, I-S1-7 (partially overlapping

I-S1-8) and I-S1-11 (partially over lapping I-S1-10) did not show
inhibitory effect. These findings suggested that the amino acid
sequence of I-S1-9 was very important for exhibiting inhibitory
effects on FIPV infection.
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Fig. 6. Antiviral effects of peptides against type I and II FIPV, feline herpesvirus, and feline calicivirus. fcwf-4 cells were incubated with peptide (100 �M)  or 1% DMSO
( ns KU
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solvent control) for 30 min at RT. Then, cells were infected with type I FCoV strai
4,  respectively. After staining, reductions in the number of plaques were calculate
erformed in triplicate, and the figure shows mean ± standard errors.

In the present study, we synthesized overlapping peptides based
n the amino acid sequence of the S1 domain of the type I FIPV
train KU-2 S protein, in which the presence of RBD is expected. On
he basis of previous reports, the S1 domain of FIPV is expected to
nvolve in RBD (Breslin et al., 2003; Reguera et al., 2012; Regan et al.,
012). Li et al. reported that a JEV RBD-derived peptide inhibited
EV infection by competitively blocking the binding of JEV to cells (Li
t al., 2012, 2014). Reguera et al. (2012) reported TGEV RBD. I-S1-9
nd I-S1-16 regions, which exhibited inhibitory effects on type I and

I FIPV infection, were included in TGEV RBD. In the inhibition test
f FIPV adsorption to fcwf-4 cells by I-S1-9, viral binding to fcwf-4
ells was found to be reduced. Based on this result, it was assumed
hat at least I-S1-9 competitively inhibited viral binding to cells,

ig. 7. Inhibitory effects of a peptide on FIPV adsorption to fcwf-4 cells. A mixture of a 

 × 104 fcwf-4 cells and reacted at 4 ◦C for 1 h. A mixture of 1% DMSO (solvent control) an
ith  MAb  5-6-2 and MAb  F19-1 at 4 ◦C for 30 min. The cells washed and reacted with 

or  30 min, cells were washed and the fluorescein intensity of cells were determined by
istograms of fcwf-4 cells inoculated with a mixture of DMSO or a peptide and the virus Bla
ells  inoculated with a mixture of DMSO or a peptide and the virus. (C) The percent inhib
uorescein intensity (MFI) regarded as a level of viral adsorption to fcwf-4 cells in each sa
he  following equation: inhibition of virus absorption (%) = {(MFI of sample containing vi
irus  alone} × 100. Experiments were performed in triplicate, and the figure shows mean
-2, UCD-1, or Black, typeII FCoV strains 79-1146, FHV strain C7301, or FCV strain
rizontal striped bar; I-S1-9, black bar; I-S1-16, gray bar; DMSO. Experiments were

which significantly decreased FIPV infection efficiency. However,
inhibitory effects on FIPV infection were markedly decreased when
cells were inoculated with the virus after being pre-sensitized with
I-S1-9 and I-S1-16 peptides and washed. These findings indicate
that the peptides interact with virus protein, but not with cellular
virus receptors. However the data in Fig. 5 could be explained by
the internalization of peptide-bound receptor, and replacement by
a new population via membrane recycling. Further investigations
are beeded to elucidate the action mechanism of these peptides in

more detail.

S1-9 and I-S1-16 exhibited marked inhibitory effects on type I
FIPV infection in the experiment. We  investigated the inhibitory
effects of these peptides on other type I and II FIPV strains, FHV,

peptide (I-SI-9, 100 �M) and type II FIPV strain 79-1146 (MOI = 40) was added to
d the virus was added to cells as the control. The cells were washed and incubated
FITC-conjugated F(ab)′2 of goat anti-mouse IgG antibody. After incubation at 4 ◦C

 counting about 5000 cells on a flow cytometer. (A and B) Fluorescence intensity
ck line; cells treated with medium, dotted line; cells inoculated with virus, red line;
ition of virus absorption. The percentage inhibition was  calculated from the mean
mple. The inhibition of viral adsorption by DMSO or a peptide was calculated using
rus alone − MFI  of sample containing peptide or DMSO)/MFI of sample containing

 ± standard errors.
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nd FCV infection. I-S1-9 significantly inhibited both type I and II
IPV infections by 50% or more. I-S1-16 inhibited infections with
ll type I FIPV strains by 50% or more, but its effect on type II
IPV infection was less than 50%. In a comparison of the amino
cid sequence of the S protein among the coronavirus strains, the
-S1-16 amino acid sequence showed 75-80% identity and 90% sim-
larity to type I FIPV, excluding KU-2, but only 20% identity and
0-35% similarity to type II FIPV (Fig. 1), suggesting that the reduced

nhibitory effects of I-S1-16 on type II FIPV infection were attributed
o reduced amino acid sequence homology. In contrast, the I-S1-9
mino acid sequence was well conserved between type I and II FIPV.
hese results suggest that I-S1-9 has broad antiviral activity against
eline coronavirus regardless of serotypes. Furthermore, the simi-
arity of the effect between type I and type II FIPV suggests that there
s a common receptor binding site for the two viruses. However,
revious studies showed that type I and type II FIPV have distinct
eceptors (Hohdatsu et al., 1998a,b). The reasons for this discrep-
ncy are unknown. In any case, to elucidate it, identification of the
irus receptor for type I FIPV is necessary.

FIPV is serologically classified into types I and II, but both types
nduce FIP in cats. These 2 types do not serologically cross-react

ith each other (Pedersen et al., 1984; Shiba et al., 2007). Since type
I FIPV more actively replicates in cell lines and is more pathogenic
or cats, previous studies on FIPV and anti-FIPV agents were per-
ormed using type II FIPV; however, studies have not yet been
onducted to search for effective antiviral agents against type I FIPV.
ince many cats are infected with type I FIPV in the field, it is impor-
ant for clinical veterinarians to prepare an anti-FIPV agent effective
gainst type I FIPV (Addie et al., 2003; Hohdatsu et al., 1992;
ummrow et al., 2005; Shiba et al., 2007). In the present study,
e identified peptides exhibiting coronavirus-specific infection-

nhibitory effects. I-S1-9 and I-S1-16 showed marked inhibitory
ffects on all type I FIPV strains infection, suggesting that these pep-
ides are also effective for wild strains. In addition, I-S1-9 showed

arked inhibitory effects on not only type I, but also type II FIPV
nfection, suggesting its practical applicability as an anti-FIPV agent.

The blood elimination half-life of peptide preparations is gener-
lly short, and modifications with polyethylene glycol are applied
o prolong the half-life (Alvarez et al., 2012; Østergaard et al.,
011; Shechter et al., 2005). Marastoni et al. (1994) reported that
n intramolecular circularized peptide became more resistant to
nzymes in the circulation and brain. A half-life-extending method
hrough the fusion of a peptide with albumin and the immunoglob-
lin Fc domain has also been reported (Andersen et al., 2011;
ockolosky et al., 2014; Yeh et al., 1992; Zettlmeissl et al., 1990).
he applicability of these modification methods needs to be inves-
igated before these modified peptides can be administered to cats.

. Conclusion

The possibility of peptides derived from the S protein of type
 FIPV strain KU-2 as anti-FIPV agents effective not only for type
, but also type II FIPV was demonstrated in vitro. Investigations
n peptide modification methods and the in vivo effects of these
eptides are desired.
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