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a b s t r a c t

Feline infectious peritonitis (FIP) is a feline coronavirus (FCoV)-induced fatal disease in wild and do-
mestic cats. FCoV exists in two serotypes. Type I FCoV is the dominant serotype worldwide. Therefore, it
is necessary to develop antiviral drugs against type I FCoV infection. We previously reported that type I
FCoV is closely associated with cholesterol throughout the viral life cycle. In this study, we investigated
whether U18666A, the cholesterol synthesis and transport inhibitor, shows antiviral effects against type I
FCoV. U18666A induced cholesterol accumulation in cells and inhibited type I FCoV replication. Sur-
prisingly, the antiviral activity of U18666A was suppressed by the histone deacetylase inhibitor (HDACi),
Vorinostat. HDACi has been reported to revert U18666A-induced dysfunction of Niemann-Pick C1
(NPC1). In conclusion, these findings demonstrate that NPC1 plays an important role in type I FCoV
infection. U18666A or other cholesterol transport inhibitor may be considered as the antiviral drug for
the treatment of cats with FIP.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Coronaviruses are single-stranded positive-sense RNAviruses in
the subfamily Coronavirinae of the family Coronaviridae, and cause
respiratory and gastrointestinal diseases in mammals and birds (Su
et al., 2016). Coronaviruses are important pathogens causing
emerging and re-emerging infectious diseases. For example, out-
breaks of severe acute respiratory syndrome coronavirus (SARS-
CoV) and Middle-east respiratory syndrome coronavirus (MERS-
CoV) occurred mainly in Asia in 2003 and 2012, respectively (de
Wit et al., 2016). Feline infectious peritonitis (FIP) is known as a
highly fatal disease caused by Coronaviruses, similar to SARS and
MERS (Dandekar and Perlman, 2005; Pedersen, 2014).

Feline coronavirus (FCoV) belongs to Alphacoronavirus of the
family Coronaviridae (de Groot et al., 2012). The FCoV virion is
mainly composed of nucleocapsid (N), envelope, membrane, and
peplomer spike (S) proteins (Motokawa et al., 1996). FCoV has been
classified into types I and II according to the amino acid sequence of
its S protein (Motokawa et al., 1995). Type II FCoV was previously
suggested to be from recombination between type I FCoV and type II
. Hohdatsu).
canine coronavirus (CCoV) (Herrewegh et al., 1998; Terada et al.,
2014). Separate from these genotypes/serotypes, FCoV consists of
two biotypes: lowpathogenic feline enteric coronavirus (FECV: low-
virulent FCoV) and high pathogenic FIP virus (FIPV: virulent FCoV)
(Pedersen, 2014). FIPV can cause immune-mediated inflammatory
disease with high mortality in domestic and wild felidae. Although
antiviral drugs and vaccines against FIP have been investigated, no
method has yet been established for practical use.

Serological and genetic surveys revealed that type I FCoV is
dominant worldwide (Hohdatsu et al., 1992; Kummrowet al., 2005;
Wang et al., 2014); therefore, antiviral drugs and vaccines need to
be developed against type I FCoV infection. However, a few studies
on type I FCoV have been performed because of its low replication
ability in feline cell lines. We previously reported that type I FCoV is
closely associated with cholesterol throughout the viral life cycle
(Takano et al., 2016). We also confirmed that an increase in plasma
membrane cholesterol enhances type I FCoV infection. These
findings suggest that cell membrane cholesterol plays an important
role in type I FCoV infection.

Cellular cholesterol is derived from de novo cholesterol biosyn-
thesis and low density lipoprotein uptake (Simons and Ikonen,
2000). Biosynthesized or entrapped cholesterol is transported in
cells and heterogeneously distributed in organelles. Association of
the cholesterol biosynthesis and transport systems in cells with
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virus replication has been reported (Aizaki et al., 2008; Carette et al.,
2011; Mackenzie et al., 2007; Zheng et al., 2003). Recent studies
have shown that intracellular cholesterol synthesis and transport
inhibitors potently reduced viral replication. For example, human
hepatitis virus C (HCV) RNA replication is disrupted by HMG-CoA
reductase inhibitors (Honda and Matsuzaki, 2011), and cholesterol
transporter inhibitors inhibit replication of Ebola virus (Carette
et al., 2011). However, it remains unclear whether cholesterol
biosynthesis and intracellular transport inhibitor can suppress type
I FCoV replication.

U18666A is a cationic amphiphilic drug (CAD) impairing choles-
terol biosynthesis and intracellular transport (Cenedella, 2009).
U18666A inhibits intracellular cholesterol biosynthesis by sup-
pressing oxidosqualene cyclase (Cenedella et al., 2004). U18666A
also inhibits cholesterol release from lysosomes through impairing
the function of a cholesterol transporter, Niemann-Pick type C1
(NPC1) (Ko et al., 2001). It has been reported that U18666A sup-
presses replication of Ebola virus, dengue virus, and human hepatitis
C virus (Elgner et al., 2016; Lu et al., 2015; Poh et al., 2012). However,
no study on the influence of U18666A on FCoV infection has been
reported.

In this study, we investigated whether U18666A inhibits FCoV
infection.

2. Materials and methods

2.1. Cell cultures and viruses

Felis catuswhole fetus (fcwf)-4 cells (kindly supplied by Dr. M. C.
Horzinek of Universiteit Utrecht) were grown in Eagles' MEM
containing 50% L-15 medium, 5% fetal calf serum (FCS), 100 U/ml
penicillin, and 100 mg/ml streptomycin. The type I FCoV KU-2 strain
(FCoV-I KU-2) was isolated in our laboratory, and the type I FCoV
Black strain (FCoV-I Black), the type I FCoV UCD-1 strain (FCoV-I
UCD-1), and the type I FCoV UCD-4 strain (FCoV-I UCD-4) were
kindly supplied by Dr. J. K. Yamamoto from the University of Florida.
The type II FCoV WSU 79-1146 strain (FCoV-II 79-1146) was kindly
provided by Dr. M. C. Horzinek of Universiteit Utrecht. The type II
FCoVWSU 79-1683 (FCoV-II 79-1683) was kindly provided by Dr. A.
J. McKeirnan fromWashington State University. The type II CCoV 1-
71 strain (CCoV-II 1-71) were supplied by Dr. E. Takahashi of the
University of Tokyo. These viruses were grown in fcwf-4 cells at
37 �C.

2.2. Compounds

U18666A, Methyl-b-cyclodextrin (MbCD), Ro 48-8071, AY-9944,
Amorolfine, Simvastatin, Clomiphene, and Alendronate were pur-
chased from Sigma Aldrich (USA). Lovastatin, Fluvastatin, and
Itraconazole were purchased from Wako Pure Chemical (Japan).
Vorinostat was purchased from Cayman Chemical (USA). U18666A
and MbCD were dissolved in water as 10 mM (U18666A) and 1 M
(MbCD) stock, respectively. Other compounds were dissolved in
dimethyl sulfoxide (DMSO) as 10 mM stock. On the day of the ex-
periments, these compounds were diluted to the desired concen-
trations in maintenance medium.

2.3. Cytotoxic effects of compounds

The fcwf-4 cells were seeded on 96-well plates. The compounds
were added in triplicate to the wells. After incubation for defined
periods, the culture supernatants were removed, WST-8 solution
(Kishida Chemical, Japan) was added, and the cells were returned to
the incubator for 1 h. The absorbance of formazan produced was
measured at 450 nm with a 96-well spectrophotometric plate
reader, as described by the manufacturer. Percentage viability was
calculated using the following formula: Cytotoxicity (%) ¼ [(OD of
compound-untreated cells - compound-treated cells)/(OD of
compound-untreated cells)] � 100.
2.4. Detection of cellular cholesterol

The cellular cholesterol content of fcwf-4 cells was evaluated by
the Cholesterol Cell Based Detection Assay Kit (Cayman chemical,
USA) according to the manufacturer's instructions. Briefly, fcwf-
4 cells were grown on an 8-well Lab-Tek Chamber Slide (Thermo
Fisher Scientific, USA). Semi-confluent fcwf-4 cell monolayers were
cultured in medium containing 2 mMU18666A at 37 �C for 9, 12, 16,
or 24 h. After fixing and staining, filipin III-binding cells were
analyzed using a Leica DM4B microscope and LAS X integrated
imaging system (Leica Microsystems, Germany).
2.5. Measurement of cellular cholesterol

The amount of intracellular cholesterol was determined using
the Amplex Red Cholesterol Assay Kit (Molecular Probes, USA)
following the manufacturer's instructions.
2.6. Antiviral effects of compounds

Confluent fcwf-4 cell monolayers were cultured in medium
containing compounds at the indicated concentrations in 24-well
multi-plates at 37 �C for 24 h. Cells were washed and the virus
(MOI 0.01) was adsorbed into the cells at 37 �C for 1 h. After
washing, cells were cultured in carboxymethyl cellulose (CMC)-
MEM or MEM. In the case of cells cultured in CMC-MEM, the cell
monolayers were incubated at 37 �C for 72 h, fixed and stainedwith
1% crystal violet solution containing 10% buffered formalin, and the
resulting plaques were then counted. The percentage of the plaque
decrease or increase was determined using the following formula:
Percentage of the plaque reduction (%) ¼ [(plaque number of
compound�treated cells)/(plaque number of compound�un-
treated cells)] � 100. In the case of cells cultured in MEM, the
culture supernatants were collected 72 h post-infection, and virus
titers were determined by the TCID50 assay.
2.7. Immunofluorescence assay

Fcwf-4 cells were grown on an 8-well Lab-Tek Chamber Slide
(Thermo Fisher Scientific, USA). Semi-confluent fcwf-4 cell mono-
layers were cultured in medium containing 2 mMU18666A at 37 �C
for 24 h. Cells were washed and the virus (MOI 0.01) was adsorbed
into the cells at 37 �C for 1 h. After washing, cells were cultured in
MEM. The cell monolayers were incubated at 37 �C. After 72 h, N
protein levels were determined by an immunofluorescence assay
(IFA), as described previously (Hohdatsu et al., 1991). For recog-
nizing FCoV N protein, mAb E22-2 (mouse IgG1) prepared by our
laboratory was used (Hohdatsu et al., 1991).
2.8. Time-of-U18666A addition experiment: pre virus infection

The confluent fcwf-4 cells were cultured in medium containing
2 mM U18666A for 3, 6, 9, 12, 16, or 24 h. After washing, the virus
(MOI 0.01) was adsorbed into cells at 37 �C for 1 h. Cells were
washed and cultured in CMC-MEM. The cell monolayers were
incubated at 37 �C for 72 h, fixed and stained, and the resulting
plaques were then counted. The percentage of the plaque reduction
was measured with reference to the method described above.
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2.9. Effects of HDAC inhibitor on U18666A-treated cells

Confluent fcwf-4 cell monolayers were cultured in medium
containing 2 mM U18666A in 24-well multi-plates at 37 �C for 24 h.
After washing, cells were cultured in medium containing Vorino-
stat at the indicated concentrations for 24 h. Cells werewashed and
the virus (MOI 0.01) was adsorbed into the cells at 37 �C for 1 h.
Cells were washed and cultured in CMC-MEM. The cell monolayers
were incubated at 37 �C for 72 h post-inoculation, fixed and stained,
and the resulting plaques were then counted. The percentage of the
plaque reduction was measured with reference to the method
described above. The influence of Vorinostat on the intracellular
distribution of cholesterol was investigated as described above. The
influence on virus infection in Vorinostat-treated cells was
confirmed by IFA as described above.

2.10. Statistical analysis

Data from only two groups were analyzed with the Student's t-
test (Welch's t-test or Bartlett's test), and multiple groups were
analyzed with a one-way ANOVA followed by Tukey's test.

3. Results

3.1. Antiviral effects of U18666A on FCoV-I KU2 and FCoV-II 79-1146

Cytotoxicity assay was performed to determine the non-toxic
concentration of U18666A against fcwf-4 cells (Fig. 1A). The 50%
Fig. 1. Antiviral effects of U18666A on FCoV-I KU2 and FCoV-II 79-1146. (A) Cytotoxic effects
white circles indicate treatment with the solvent (water). Data represent four independent e
cholesterol content of cells was evaluated using a filipin-cholesterol stain. (C) Quantificat
represent four independent experiments. **, p < 0.01 vs. solvent control. (D) Plaque reductio
U18666A in fcwf-4 cells. The results are shown as mean ± SE. Data represent four indepen
protein. FCoV N protein was evaluated with IFA.
cytotoxic concentration (CC50) and the 10% cytotoxic concentration
(CC10) value of U18666A were 97.6 ± 3.7 (mean ± SE) mM and
13.7 ± 1.1 (mean ± SE) mM, respectively. We investigated changes in
the cellular cholesterol content of U18666A-treated fcwf-4 cells.
U18666A caused accumulation of cholesterol as measured by filipin
III staining (Fig. 1B). To determine whether U18666A affected the
cellular cholesterol content, the level of cholesterol in fcwf-4 cells
was measured. Although the level of cellular cholesterol signifi-
cantly decreased in 10 mM MbCD-treated cells, neither 2 mM nor
10 mM U18666A decreased cellular cholesterol levels (Fig. 1C). In
order to confirm the effects of the accumulation of cholesterol on
FCoV infection, fcwf-4 cells were pretreated with U18666A, fol-
lowed by virus inoculation. Pretreatment with U18666A demon-
strated reduction of FCoV-I KU2 plaque formation (Fig. 1D and E). In
contrast, the percentage of plaque reduction of FCoV-II 79-1146was
not affected by pretreatment with U18666A. We investigated the
expression of viral proteins in order to further determine the effects
of U18666A on FCoV infection. The N protein levels of FCoV-I KU-2
specifically decreased in fcwf-4 cells pretreated with U18666A
(Fig. 1F). In contrast to FCoV-I KU2, pretreatment with U18666A did
not affect the N protein levels of FCoV-II 79-1146 in fcwf-4 cells.

3.2. Differential effects of U18666A against FCoV serotypes I and II,
and CCoV

The relationship between the FCoV serotypes and antiviral ef-
fects of U18666A were investigated. The influence of U18666A on
replication of 4 strains of type I FCoV (FCoV-I KU2, FCoV-I Black,
of U18666A in fcwf-4 cells. The black circles indicate treatment with U18666A, and the
xperiments. (B) U18666A induced accumulation of intracellular cholesterol. The cellular
ion of cellular cholesterol in fcwf-4 cells. The results are shown as mean ± SE. Data
n assay of FCoV in fcwf-4 cells treated with U18666A. (E) Inhibition of FCoV infection by
dent experiments. **, p < 0.01 vs. type I FCoV KU2. (F) Effects of U18666A on the viral
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FCoV-I UCD1, and FCoV-I UCD4), 2 strains of type II FCoV (FCoV-II
79-1146 and FCoV-II 79-1683), and 1 strain of type II CCoV (CCoV-II
1-71) in fcwf-4 cells was investigated. Pretreatment with U18666A
reduced type I FCoVs plaque formation in a dose-dependent
manner (Fig. 2A). In contrast, the percentage of plaque reduction
in type II FCoVs and type II CCoV was slightly affected by pre-
treatment with U18666A (Fig. 2B). The virus titers of type I FCoVs
significantly decreased in the culture supernatant of cells pre-
treated with 2 mM or higher U18666A (Fig. 2C), and production of
FCoV-I KU2, FCoV-I UCD1, and FCoV-I UCD4 into the culture su-
pernatant was completely inhibited in cells pretreated with 2 mM
U18666A. In contrast to type I FCoVs, pretreatment with U18666A
did not affect the titer of type II FCoVs and type II CCoV in the su-
pernatant of fcwf-4 cells (Fig. 2D).
3.3. Effects of exposure time on the antiviral activity of U18666A

Pretreatment experiments were performed to determine the
period at which U18666A exerted its antiviral effects. Pretreatment
with U18666A significantly increased the degree of the reduction of
FCoV-I KU2 plaque formation at 16 h prior to infection (Fig. 3A).
Cholesterol accumulation was observed in U18666A-pretreat cells
by the reaction time (Fig. 3B). Cholesterol accumulation was noted
in cells pretreatedwith U18666A for 16 h. Cholesterol accumulation
were mostly lost in cells pretreated for 12 h, and completely dis-
appeared in cells pretreated for 9 h.
3.4. Antiviral effects with compounds similar biochemical
properties to U18666A

Inhibition of FCoV infection by compounds with biochemical
properties similar to those of U18666A was investigated. Pretreat-
ment with CADs, except Amorolfine, significantly increased the
degree of reduction of FCoV-I KU2 plaque formation (Fig. 4). When
cells were pretreated with cholesterol biosynthesis inhibitors, only
itraconazole significantly inhibited FCoV-I KU2 plaque formation.
Fig. 2. Differential antiviral effects of U18666A against type I and II FCoV. (A) Plaque reductio
(B) Plaque reduction of type II FCoV and type II CCoV infected fcwf-4 cells treated with differe
1683. (C) Virus titer of type I FCoV infected fcwf-4 cells treated with different concentrations
CCoV infected fcwf-4 cells treated with different concentrations of U18666A. 79-1146: type
No other cholesterol biosynthesis inhibitors showed significant
inhibitory effects on FCoV-I KU2 plaque formation. No drug
exhibited significant inhibitory effects on type II FCoV 79-1146
plaque formation. The selectivity index (SI) was calculated from the
CC50 and half maximal effective concentrations (EC50) of each drug.
For type I FCoV, the SI values of U18666A, AY-9944, Clomiphene, Ro
48-8071, and Itraconazole were high (Table 1). In contrast, for type
II FCoV, the SI values of all drugs were low.
3.5. Influence of HDACi on antiviral action of U18666A

AY-9944, Clomiphene, Ro 48-8071, and Itraconazole, which
significantly inhibited FCoV-I KU2 plaque formation, inhibit the
function of cholesterol transporter NPC1, unlike the other drugs
(Amorolfine, Fluvastatin, Lovastatin, Simvastatin, and Alendronate).
Based on this, we assumed that inhibition of type I FCoV replication
by U18666A is associated with reduction of NPC1 function, and
investigated whether HDACi, which improves reduced NPC1 func-
tion, resolves U18666A-induced cholesterol accumulation and in-
hibition of type I FCoV replication. When an HDACi, Vorinostat, was
added to U18666A-pretreated fcwf-4 cells, cholesterol accumula-
tion were reduced (Fig. 5A). The influence of Vorinostat on FCoV-I
KU2 replication was investigated using plaque reduction assay.
When Vorinostat was added to U18666A-pretreated fcwf-4 cells,
the percentage of plaque reduction significantly decreased (Fig. 5B
and C). The influence of Vorinostat on the N protein expression
level in FCoV-infected cells was investigated using the fluorescent
antibody method. The N protein levels of FCoV-I KU-2 specifically
decreased in fcwf-4 cells pretreated with U18666A. On the other
hand, the addition of Vorinostat to U18666A-pretreated fcwf-4 cells
increased the level of FCoV-I KU-2 N protein (Fig. 5D).
4. Discussion

Several studies have been made on the role of cholesterol in
coronavirus infection. (Thorp and Gallagher, 2004; Nomura et al.,
n of type I FCoV infected fcwf-4 cells treated with different concentrations of U18666A.
nt concentrations of U18666A. 79-1146: type II FIPV 79-1146. 79-1683: type II FECV 79-
of U18666A. **, p < 0.01 vs. 0 mM of U18666A. (D) Virus titer of type II FCoV and type II
II FIPV 79-1146. 79-1683: type II FECV 79-1683.



Fig. 3. Effects of exposure time on the antiviral activity of U18666A. (A) Plaque reduction of FCoV-I KU2 infected fcwf-4 cells pretreated with U18666A at different times. The results
are shown as mean ± SE. Data represent four independent experiments. **, p < 0.01 vs pretreated with U18666A for 3 h. (B) Accumulation of intracellular cholesterol in fcwf-4 cells
pretreated for the indicated time-points with U18666A.

Fig. 4. Effects of cationic amphiphilic drugs and cholesterol biosynthesis inhibitor on FCoV-I KU2 and FCoV-II 79-1146. The results are shown as mean ± SE. Data represent four
independent experiments. **, p < 0.01 vs solvent control. *, p < 0.05 vs solvent control.

Table 1
CC50, EC50, and SI value of Cationic Amphiphilic Drugs and Cholesterol Biosynthesis
Inhibitor.

Compounds CC50 (mM) FCoV-I KU2 FCoV-II 79-1146

EC50 (mM) SI EC50 (mM) SI

U18666A 97.6 ± 3.7 0.2 ± 0.1 488.0 >50.0 <2.0
AY-9944 66.7 ± 4.3 4.3 ± 0.1 15.4 >50.0 <1.3
Clomiphene 46.6 ± 10.8 3.7 ± 5.3 12.6 26.1 ± 8.9 1.8
Ro 48-8071 248.7 ± 22.1 5.1 ± 0.4 48.8 >100.0 <2.5
Amorolfine 28.0 ± 3.5 13.7 ± 1.9 2.0 31.1 ± 2.2 0.9
Fluvastatin 74.4 ± 3.1 15.8 ± 2.2 4.7 >50.0 <1.5
Lovastatin 24.3 ± 1.9 25.9 ± 3.2 0.9 >50.0 <0.5
Simvastatin 9.6 ± 0.8 24.8 ± 0.3 0.4 >50.0 <0.2
Alendronate 153.3 ± 16.5 279.0 ± 33.4 0.5 >100.0 <1.5
Itraconazol 121.0 ± 5.0 0.7 ± 0.1 172.9 33.6 ± 3.6 3.6

Data are mean ± standard deviation.
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2004; Ren et al., 2008). However, the influence of the intracellular
synthesis and transport systems of cholesterol has not been
investigated. U18666A suppresses cholesterol biosynthesis and the
function of cholesterol transporter NPC1. In this study, we investi-
gated anti-FCoV activity of U18666A. U18666A induced intracel-
lular cholesterol accumulation and strongly inhibited type I FCoV
replication. In addition, treatment of cells with U18666A did not
influence the cellular cholesterol level, suggesting that U18666A
inhibits type I FCoV replication at a concentration suppressing
cholesterol transporter but not influencing the synthesis system. In
contrast to type I FCoV, no inhibitory effects of U18666A on type II
FCoV replication were noted. We previously reported that type I
FCoV infection is dependent on plasma membrane cholesterol, but
type II FCoV does not (Takano et al., 2016). Our findings of the
present and previous studies suggest that type I FCoV requires
cholesterol to infect cells, but type II FCoV does not require
cholesterol for its infection.

It was suggested that type II FCoV was arisen from a double
recombination between type I FCoV and type II CCoV (Herrewegh
et al., 1998; Terada et al., 2014). In FCoV-II 79-1146, the genomic
region from ORF1b, ORF2 (encoding S protein), and ORF3c is
derived from type II CCoV and the other regions are derived from
type I FCoV (Herrewegh et al., 1998), suggesting that these genes



Fig. 5. Vorinostat reverts the U18666A-induced antiviral activity by cholesterol accumulation in fcwf-4 cells. (A) Vorinostat treatment reverts the effects of U18666A on cholesterol
accumulation. (B) Vorinostat treatment reverts the effects of U18666A on plaque reduction of FCoV-I KU2. (C) Inhibition of antiviral effects of U18666A by Vorinostat. The results are
shown as mean ± SE. Data represent four independent experiments. **, p < 0.01 vs solvent control. (D) Vorinostat treatment reverts the effects of U18666A on expression of FCoV-I
KU2 N protein.
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are factors leading to differences in the virological properties be-
tween the FCoV serotypes. Of these genes, the homology of the
ORF2 gene sequence between the serotypes is low similarity (45%)
(Motokawa et al., 1996), suggesting that ORF2 is involved in the
difference effects of U18666A between type I and II FCoV. S protein
(encoded by ORF2) is an important protein for binding to the virus
receptor and cell entry (Gallagher and Buchmeier, 2001). The
physical properties of S protein are markedly different between
types I and II FCoV. For example, type II FCoV S protein binds to the
virus receptor, aminopeptidase N (APN), but type I FCoV S protein
does not bind to APN (Hohdatsu et al., 1998). In addition, type I
FCoV S protein binds to heparin, but type II FCoV S protein does not
(de Haan et al., 2008). The differences in these S protein properties
between the serotypes may also influence the differences in the
effects of U18666A. To demonstrate this assumption, it is necessary
to prepare a recombinant FCoV containing the type I FCoV ORF2
gene replacing the type II FCoV ORF2 gene. Confirmation of the
influence of U18666A on replication of the recombinant FCoV is
expected.

In this study, U18666A did not inhibit type II FCoV and type II
CCoV production. On the contrary, it was previously reported that
MbCD, a cholesterol extracting agents, inhibited type II CCoV but
not type II FCoV (Pratelli and Colao, 2015; Takano et al., 2016).
MbCD disrupts cholesterol- and caveolin-rich membrane domain
(caveolae) (D'Alessio et al., 2005). Van Hamme et al. (2008) re-
ported that Type II FCoVwas shown to enter cells through caveolae-
independent endocytosis. On the basis of this report and above, it is
suggested that type II CCoV enters cells via caveolae.
The addition of U18666A 16 h before viral infection significantly

inhibited type I FCoV replication. The duration of exposure to
U18666A required for inhibiting type I FCoV replicationwas mostly
consistent with that required for cholesterol accumulation in cells,
strongly suggesting that when the cholesterol transporter is
inhibited, type I FCoV replication is also inhibited. HCV replication
is inhibited by U18666A. It has been reported that replicated virions
were not released from endosomes when HCV-replicating cells
were treated with U18666A for 16 h, i.e., HCV virions were accu-
mulated with cholesterol in late endosomes (Elgner et al., 2016).
Probably, type I FCoV replication is also inhibited by accumulation
in late endosomes.

U18666A is an inhibitor of the cholesterol transporter NPC1 (Ko
et al., 2001). U18666A binds NPC1 and block its function (Lu et al.,
2015). In this study, AY-9944, Clomiphene, Ro 48-8071, and Itra-
conazole, which block NPC1 function similarly with U18666A
(Shoemaker et al., 2013; Trinh et al., 2016), also exhibited type I
FCoV replication-inhibitory effects, suggesting that type I FCoV
replication was inhibited by blocking the NPC1 function. To verify
this hypothesis, we investigated the influence of HDACi on the type
I FCoV replication-inhibitory effects of U18666A. In contrast to
U18666A, HDACi reverts NPC1 dysfunction (Pipalia et al., 2017).
When the Vorinostat was added to U18666A-treated cells, intra-
cellular cholesterol accumulation disappeared and type I FCoV
replicability resumed. To our knowledge, reversion of U18666A-
induced inhibition of virus replication by HDACi has not
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previously been reported. It is necessary to determine whether the
same phenomenon is observed in Ebolavirus, dengue virus, and
HCV.

It is suggested that breeds of cats can influence the susceptibility
to FIP. Pesteanu-Somogyi et al. (2006) reported that the incidence
of FIP among 13 breeds of cats. They showed that the incidence of
FIP was the lowest in Siamese cats. Interestingly, the Siamese cat
breed seems to have a genetic predisposition to NPC disease
(Wenger et al., 1980). NPC1 dysfunction is a cause of NPC disease.
These facts and the finding of our study suggest that the impaired
NPC1 function is the cause of the low incidence of FIP in Siamese
cats. That is to say, NPC1-deficient cats may be less sensitive to type
I FCoV, which is dominant serotype in the field (Hohdatsu et al.,
1992; Kummrow et al., 2005; Wang et al., 2014). Further investi-
gation of type I FCoV sensitivity of Siamese cats is necessary.

U18666A strongly inhibited type I FCoV replication, but it did
not inhibit type II FCoV replication. It was suggested that U18666A
inhibits type I FCoV replication by suppressing the intracellular
cholesterol transporter. The experiment using HDACi suggested
that dysfunction of NPC1 is involved in the antiviral effects of
U18666A. As type I FCoV is widely present in the field, U18666A
may be applied as a therapeutic drug against FIP. It is necessary to
investigate whether administration of U18666A exhibits thera-
peutic effects in cats with FIP and determine the cause of reversion
of U18666A-induced inhibition of virus replication by HDACi.
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