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ABSTRACT

Feline Infectious Peritonitis (F1P) is a lethal systematic disease caused by FIP Virus (FIPV).
FIPV is divided into two serotypes which differ in their growth characteristics in tissue cultures;
serotype Il viruses replicate efficiently, whereas viruses in serctype I do not replicate or produce
plaques. Here, the effects of proteases on plaque formation by serotype I viruses were examined.
The incorporation of trypsin or pronase in an agar overlay medium of Felis catus whole fetus
{Fewf-4) cells had substantially no effect on plaque formation by serotype I viruses. However,
addition of diethylaminoethyl (DEAE)-dextran to trypsin-or pronase-containing overlay greatly
enhanced plaque formation by serotype I strains. In addition, serotype I viruses from clinical
specimens could produce plaques only with an overlay containing beth pronase and DEAE-dextran.
These findings suggested that hoth pronase and DEARK-dextran are required for optimal plaque
formation by serotype I viruses.
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INTRODUCTION

Feline Infectious Peritonitis (FIP) 1s a chronically progressive and immunologically mediated
disease of domestic and feral cats. The causative agent of this disease is feline coronaviruses
{(FCoVs). Clinically, the disease is categorized as either wet or dry. Wet FIP 1s an effusive disease
in which vascular permeability and vasculitis causes protein-rich fluid to accumulate in the
peritoneal and/or pleural spaces, whereas dry FIP is a non-effusive disease associated with clinical
signs of convulsions, paralysis and uveitis caused by the formation of granulomas and
pyogranulomas of the Central Nervous System (CNS) and eyes. Both types of FIP are caused by
infection with FIP wirus (FIPV) which 1s an enveloped, single-stranded, positive-sense RINA wirus
of the genus Alphacoronavirus (order Nidovirales, family Coronaviridae) (Addie and Jarrett, 2006;
Battilani et al., 2010; Chang ef al., 2011).
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FIPVs are classified into two distinet serotypes (serotype 1 and serotype II) on the basis of
genetic differences in their spike (S)-protein (Benetka et al., 2004; Herrewegh ef al., 1995).
Serologic analyses have reported that FIPV serotype I was the predominant circulating serotypes
and was responsible for 80-90% of FIPV infections (Hohdatsu et al., 1992; Lin ef al., 2009),
However, the replication and pathogenesis of serotype [ FIFVs remain still poorly understood,
because of its relatively poor growth in tissue cultures.

Previous studies have shown that proteclytic enzymes enhance the infection of some
coronaviruses, including Mouse Hepatitis Virus (MHYV), Severe Acute Respiratory Syndrome
(SARS) corconavirus and human coronavirus 299E, in cultured cells (Sturman ei al., 1985;
Matsuyama et al., 2005; Kawase ef al., 2009). Here, the effects of proteases on the replication of
the serotype I strain of FIPV were assessed in cell cultures. The data suggest that proteases are

required for optimal plaque formation by serotype I viruses.

MATERIALS AND METHODS

Cells and viruses: Felis catus whole fetus (Fewf-4) cells were grown in Eagle's Minimal Essential
Medium (MEM) supplemented with 5% Fetal Bovine Serum (FBS) and 5% Tryptose Phosphate
Broth (TPB). The cells were cultured at 37°C with 5% CO,. UCD-1 (serotype I), Yayoi (serotype I)
and HR {(serotype II) strains of FIPV were provided by Hohdatsu et ¢l. (1992), Hayashi et al. (1981)
and Kai et al. (1987), respectively. Fewf-4 cells grown in T 25 flasks were infected with the serctype
I or serotype Il strains and cultured in MEM containing 5% TPB, 20 yg mL ™" diethylaminoethyl
(DEAE)-dextran (GE Healtheare Bic-Science AB) and 0.5 yg mL™! pronase (40,000 units g%
Kaken Pharmaceutical) at 37°C. At 48 h post-infection, the cells were collected, frozen at -80°C,
thawed and homogenized in a Potter-Elvehjem tissue grinder.,

Clinical specimens: Fleural effusion fluid or cerebrospinal fluid samples were obtained from three
cats with suspected FIP between 2002 and 2005 in a Japanese veterinary clinic after informed
consent was obtained from the cat owners. Homogenates of Fewf-4 cells incculated with clinical
samples were prepared as deseribed above. Serum samples were obtained for diagnoestic purpose
from the three cats and were sent to Dainippon Sumitomo Pharma Co. Ltd. in Japan. The presence

of anti-FCoV Immunoglobulin G (IgG) antibody was examined by Enzyme-linked immunosorbent
assay (KLISA) as previously described by Soma and Takahashi (2000).

Plagque assays: Fewf-4 cells grown in 60 mm dishes were washed three times with FBS-free MEM
and then inoculated with 0.2 mL of cell homogenates. The cells were incubated at 37°C for 90 min
in non-supplemented MEM or in MEM supplemented with 0.25 pg mL™ trypsin (Becton, Dickinson
and Company), 0.5 ug mL™! pronase, 20 ug mL™" DEAE-dextran, 20 ug mL™' DEAE-dextran and
0.25 pg mL7! trypsin, or 20 pg mL™' DEAE-dextran and 0.5 pg mL™ pronase. The cells were
overlaid with 5 mL of agar medium consisting of 1% Bacto agar and 5% TPB in MEM and
incubated at 37°C for 3 days. The cultures were then overlaid with agar medium containing
neutral red dye (1:5000 dilution) and plagque numbers were counted under a microscope. The
infectious virus titer was expressed in Flaque-forming Units (PFUs).

Reverse transcription (RT)-PCR and nested PCR: Plaques of infected cells were picked and
processed for RNA isolation. Total RNA was extracted with RNeasy Mini Kit (Qiagen) according to
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the manufacturer's instructions. RT-PCR and nested PCR were performed as previously described
{Benetka et al., 2004). Primer sets used in the detection of FIPV RNA were as follows:

s+  Serotype | PCR: 5'-TTGACCTTGACTGGCTCAAC-3" and 5-CGTCCACAGAGATGCCAATA-S

* Serotype I nested PCR: 5'-TCTGCATACCACTGTTACTG-3" and 5'-GAGATGCCAATAGA
CTTGAC-3'

*+  Serotype II PCR: B-AGGTTGTTGTGGATGCATAG-3' and B-ACGGTCAAGTTCGTC
AAGTA-3

*+  Serotype II nested PCR: 5-AGGAAGTTGTTGTCACTCTA-3" and B'-GTCCATACAAGA
CCTGTAAT-3'

Nested amplification products were visualized via 1% agarose gel electrophoresis and stained
with ethidium bromide.

RESULTS AND DISCUSSION

Effect of proteases and DEAE-dextran on plaque formation by laboratory strains of
FIPV: To determine whether the presence of protease in an agar overlay medium enhances plaque
formation by serotype I FIPV strains in cell culture, Fewf-4 cells were infected with virus and virus
titer in the homogenate was measured by plaque assay in the presence or in the absence of trypsin
or pronase. Even in the absence of trypsin or pronase in the overlay, UCD-1 and Yayoi strains of
serotype I produced detectable plaques in monolayer cultures of Fewf-4 cells (Fig. 1a, b). Addition
of trypsin or pronase to the overlay did not result in a further increase in numbers of plaques
produced by the serotype I viruses.

A study reported that along with trypsin, DEAE-dextran is required for optimal plaque
formation by neonatal Calf Diarrhea Virus (Matsuno ef al., 1977). As shown in Fig. 1a, addition
of DEAE-dextran to the overlay medium resulted in slight increase in numbers of plaque by UCD-1
and Yayol strains. However, when DEAR-dextran was present in the trypsin-containing overlay,
a striking increase in numbers of plaque by UCD-1 and Yayoi strains was observed in comparison
with the overlay without any supplement (Fig. 1b; 6.7- and 6.0-fold, respectively). Similarly,
addition of DEAE-dextran to the pronase-containing overlay increased dramatically the number
of plaques by UCD-1 and Yayoi strains (Fig. 1b; 12.7- and 8.1-fold, respectively). For comparison,
we examined the effect of supplements on plaque formation by HR strain of serotype II. As shown
in Fig. 1a and b, no noticeable effect on plaque-forming ability of HR strain was observed with
trypsin, DEAR-dextran, or their combination. Notably, addition of pronase to the overlays
decreased plaque numbers. The reason 1s unclear; however, the surface proteins of the serotype II
virus strain may be digested with pronase, resulting in reduced viral infectivity. Taken together,
these results suggested that along with proteases, DEAE-dextran might be required for plaque
formation by serotype I strains of FIPV but not by serotype I strains.

Effect of proteases and DEAE-dextran on plaque formation by FIPV isolates from
clinical specimens: To assess whether serotype I FIPVs from clinical samples produce plaques in
the presence of supplements, samples were collected from three cat patients with a diagnosis of FIP.
Information about the patients is summarized in Table 1. By using ELISA, we confirmed that case
1 and case 3 patients had antibodies against FCoVs. We collected cerebrospinal fluid or pleural
effusion fluid specimens from the patients for virus 1solation by plaque assays on Fewf-4 cells. For
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case 1 patient, plaques could be discerned in all of the overlay media tested (Fig. 1e¢). Importantly,
addition of DEAE-dextran to the overlays containing trypsin or pronase increased dramatically the
number of plaques produced (10- or 20-fold, respectively) when compared with the overlay without
any supplement, while addition of trypsin alone, pronase alone, or DEAE-dextran alone enhanced
minimally (2.0-5.4-fold). For case 2 and case 3 patients, on the other hand, plaques could be
detected only in the overlay containing hoth pronase and DEAK-dextran. Thus, these data suggest
that addition of both pronase and DEAE-dextran to the overlay medium may be essential for
plaque formation by serotype I FIPVs in cultures of Fewf-4 cells.
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Fig. 1{a-d): Effect of supplements in the overlay; (a) The number of plaques in the homogenates

of cells, The numbers in parentheses are the dilutions of homogenates at which the
number of plagques was counted, (b) Relative ratio of the number of plaques and (c)
The number of plaques in the original undiluted homogenates of cells inoculated with
clinical specimens, The lower limit of detection for the plaque assays is indicated with
a dashed line and (d) Identification of serctype [ (upper panel) and serotype II {lower
panel) FIPVs by nested PCR, Fewf-4 cells were inoculated with serial ten-fold dilutions
of cell homogenates and incubated under MEM containing 1% agar in the presence (+)
or absence (-) of supplements. At 3 days post-inoculation, the cultures were overlaid
with agar medium containing neutral red dye, and plaques were counted under a
microscope

To identafy the serotypes of each virus isclated from case 1, case 2 and case 3 patients, plaques
were picked and were subjected to RT-nested PCR for the 8 protein gene of FIPVs (Fig. 1d). The
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Tahble 1: Patient information

Case Age Sex Clinical symptom *Antibody titer Specimen

1 4 month Male Corvulsions 3200 Cerebrospinal fluid
2 4 year 7 month Male Dyspnea <400 Pleural effusion

3 1 year 8 month Male Paralysis 1600 Cerebrospinal fluid

*TgGG antibody to FCoV in serum was detected by ELISA

seratype I-specific primer set amplified all of the plaque-purified clones derived from the clinical
sample as well as the UCD-1 and Yayai strains (upper panel), whereas the serotype Il-specific
primer set amplified only the HR strain (lower panel), indicating that all of the viruses isolated from
cats showing clinical signs of FIP were serotype [ FIPVs,

Previous studies reported that DEAE-dextran enhances the adsorption of viruses onto cells and
their penetration into cells. For example, it is well established that DEAK-dextran enhances cell
infection by poliovirus and SV40 virus (McCutchan and Pagano, 1968; Vaheri and Pagano, 1965).
These studies suggest that DEAE-dextran may promote the adsorption and penetration of FIPV
serotype I strains in Fewf-4 cells.

Trypsin cleaves peptide bonds C-terminal to lysine and arginine residues, except where followed
proline, while pronase is proteolytic enzymes that are produced in the culture supernatant of
Streptomyces griseus and contains at least ten proteolytic components; five serine-type proteases,
two Zn%* endopeptidase, two Zn¥-leucine aminopeptidase and one Zn%* carboxylpeptidase
{(Narahashi et al., 1968; Yamskov et al., 1988). Because pronase has both exo- and endo-peptidase
activities, it has a broad specificity, cleaving nearly all peptide bonds (Nomoto et ¢l., 1960). In this
study, we observed that in the presence of DEAE-dextran, pronase increased the number of PFUs
produced by serotype FIPV I strains derived from clinical specimens. We therefore speculate that
S-protein cleavage by pronase may enhance the propagation of serotype I FIPV strains when
DEAE-dextran is present, to facilitate viral adsorption onto cells. Further investigations in terms of
the putative activation of S-protein by pronase are needed.

Despite the fact that FIP is predominantly caused by serotype I strains of FIPV, a practicable
plaque assay for this serotype has not been established yet. Therefore, limited information exists
about the mechanisms of the replication and pathogenesis of serotype I FIPVs. Although, the role
of proteases and DEAR-dextran in the replication of serotype I FIPVs has not been defined, our
results indicated that inclusion of both protease and DEAE-dextran in the overlay medium was
necessary for optimal plaque formation by serotype I FIFVs. The findings suggest that the present
plaque assay system is a useful tool for studying the life style of serotype [ FIPVs,
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