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Feline infectious peritonitis virus (FIPV) can cause a lethal disease in cats, feline
infectious peritonitis (FIP). The antibody-dependent enhancement (ADE) of
FIPV infection has been recognised in experimentally infected cats, and cellular
immunity is considered to play an important role in preventing the onset of FIP.
To evaluate the importance of cellular immunity for FIPV infection, monoclonal
antibodies (MAbs) against feline interferon (fIFN)-g were first created to
establish fIFN-g detection systems using the MAbs. Six anti-fIFN-g MAbs were
created. Then, the difference in epitope which those MAbs recognise was
demonstrated by competitive enzyme-linked immunosorbent assay (ELISA) and
IFN-g neutralisation tests. Detection systems for fIFN-g (sandwich ELISA,
ELISpot assay, and two-colour flow cytometry) were established using
anti-fIFN-g MAbs that recognise different epitopes. In all tests, fIFN-g
production from peripheral blood mononuclear cells (PBMCs) obtained from
cats experimentally infected with an FIPV isolate that did not develop the
disease was significantly increased by heat-inactivated FIPV stimulation in
comparison with medium alone. Especially, CD8þfIFN-gþ cells, but not
CD4þfIFN-gþ cells, were increased. In contrast, fIFN-g production from PBMCs
isolated from cats that had developed FIP and specific pathogen-free (SPF) cats
was not increased by heat-inactivated FIPV stimulation. These results suggest
that cellular immunity plays an important role in preventing the development of
FIP. Measurement of fIFN-g production with the anti-fIFN-g MAbs created in
this study appeared to be useful in evaluating cellular immunity in cats.
Date accepted: 11 January 2011 � 2011 ISFM and AAFP. Published by Elsevier Ltd. All rights reserved.
F
eline coronavirus (FCoV) is a coronavirus be-
longing to group 1 of the family Coronaviridae.
FCoV is classified into types I and II according

to the amino acid sequence of its spike protein.1e3

Each of these types consists of two viruses: feline in-
fectious peritonitis (FIP)-causing FIP virus (FIPV)
and non-FIP-causing feline enteric coronavirus
(FECV).4 FIPV and FECV of the same type cannot be
distinguished by their antigenicity or at the gene level,
and differ only in their pathogenicity for cats.5 Thus,
there are types I and II FECV and FIPV in FCoV.
FECV is asymptomatic in cats,6 but FIPV infection
can induce FIP, ie, FIPV is a virulence biotype of the
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FECV.5 There is no detailed evidence, but it is thought
that certain strains of FECV are more likely to mutate
to FIPVs.7,8 FIP is a fatal disease, characterised by
a monocyte-triggered vasculitis accompanied by
pyogranulomatous inflammation.5,9

To prevent FIP, various vaccines, such as virulence-
attenuated live or inactivated FIPV vaccines, have
been investigated, but none have shown sufficient effi-
cacy, and these vaccines rather enhance the develop-
ment of FIP.10e14 Intraperitoneal inoculation with
FIPV induced more severe clinical signs in anti-FIPV
antibody-positive kittens and kittens that received pas-
sive immunisationwith serumor purified IgG from an-
tibody-positive cats, compared to antibody-negative
kittens.15,16 These results of experimental studies
suggest that antibody-dependent enhancement (ADE)
of FIPV infection can be a serious obstacle to the
nd AAFP. Published by Elsevier Ltd. All rights reserved.
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prevention of FIP by vaccination. Potent cellular
immunity was induced in FIPV-infected cats without
FIP.17e20 Cellular immunity is considered to play an
important role in the prevention of FIP onset.5 Thus,
one safety concern regarding FIPV vaccine is that it
may induce marked cellular immunity.5,17e20 There-
fore, evaluation of the cellular immune response is
essential for the development of vaccines against
FIPV infection.

Methods to evaluate cellular immunity in cats in-
clude the lymphocyte transformation test,21 delayed
hypersensitivity reaction (DTH),19,20 measurement of
IL-2 production using IL-2-dependent cell lines,22

and measurement of interferon (IFN)-g mRNA using
the reverse transcriptase polymerase chain reaction
(RT-PCR).17,18 Measurement of the secreted IFN-g is
a method that can be easily employed to evaluate
the cellular immune response. Sandwich enzyme-
linked immunosorbent assay (ELISA) and ELISpot
kits (R&D systems, USA) are commercially available
for the measurement of secreted feline IFN (fIFN)-g.
However, these fIFN-g-measuring kits are very expen-
sive. In addition, they raise concerns about non-spe-
cific reactions due to the use of an anti-fIFN-g
polyclonal antibody (PAb) as a capture and detection
antibody.

In other species, the tools that employed anti-IFN-g
monoclonal antibodies (MAbs) have been used for the
measurement of IFN-g. Sandwich ELISA has been
used to quantify the levels of IFN-g in tissue culture
supernatants.23 ELISpot assay has been employed to
enumerate IFN-g-secreting cells following stimulation
with cognate antigen.24 Flow cytometry has been used
to characterise antigen-specific IFN-g-secreting
cells.25,26

In this study, fIFN-g production was measured to
evaluate the importance of cellular immunity in the
course of experimental FIPV infection. First, MAbs
against fIFN-g were created and examined regarding
their specificity. Subsequently, peripheral blood
mononuclear cells (PBMCs) obtained from FIPV-
infected cats without FIP, FIP cats, and specific
pathogen-free (SPF) cats were cultured with heat-inac-
tivated FIPV. Then, fIFN-g was detected employing
sandwich ELISA, ELISpot assay, and two-colour
flow cytometry with the MAbs.
Materials and methods

Expression of recombinant fIFN (rfIFN)-g

The Escherichia coli TOP10 strain transfected with the
fIFN-g gene was provided by the Department of Vet-
erinary Microbiology, School of Veterinary Medicine
and Animal Sciences, Kitasato University. The trans-
fected E coli were cultured, and then harvested in
phosphate buffered saline (PBS). The suspension
was sonicated and centrifuged. The supernatant was
purified by affinity chromatography using nickel.
Production of anti-fIFN-g MAbs

For the preparation of MAbs against fIFN-g, 4-week-
old female BALB/c mice were inoculated intraperito-
neally with a mixture of 200 mg of rfIFN-g and 109 cells
of pertussis adjuvant. Mice received a booster every 2
weeks. The mice were immunised four times in total.
Then, the mice were sacrificed to obtain splenic cells
for fusion. Cell fusionwas carried out by employing es-
sentially the same method as described by Köhler and
Milstein.27 The fused cells were plated into 96-well flat-
bottomed microplates (Greiner Bio-One, Germany)
and incubated at 37�C. The supernatant was screened
for the production of anti-fIFN-g antibodies by ELISA
(see below). The cells in antibody-positive wells were
then cloned by limiting dilution.

The isotype of each MAb was determined using
a commercial mouse MAb isotyping kit (AbD Serotec,
UK) according to the manufacturer’s protocol. The
purification and concentration of MAbs were carried
out employing a commercial antibody purification
Kit (Millipore, USA) according to the manufacturer’s
protocol. The biotinylation of purified MAbs was car-
ried out using a commercial biotinylation kit (Thermo
Fisher Scientific, USA) according to the manufac-
turer’s protocol.

ELISA

The supernatants of hybridoma cultures were
screened for the production of anti-fIFN-g antibodies
by ELISA. ELISA plates (Toyoshima Mfg, Japan)
were coated overnight at 4�C with rfIFN-g (200 ng/
100 ml/well) diluted with carbonate buffer (0.05 M,
pH 9.6). After washing with PBS containing 0.02%
Tween-20, each well of the plates received 100 ml of
the supernatant. After 60 min incubation at 37�C, the
plates were washed and peroxidase (POD)-conjugated
goat anti-mouse IgG, IgM, and IgA (MP Biomedicals,
LLC-Cappel Products, USA) was diluted to the opti-
mal concentrations, and then 100 ml 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 ml of substrate solution and were in-
cubated at 25�C for 20 min in the dark. The substrate
solution was prepared by dissolving o-phenylenedi-
amine 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 ml/ml of 30% H2O2. The reac-
tion was stopped with 3 N H2SO4 solution, and the
optical density (OD) at 492 nm was determined.

Western immunoblotting assay

Commercial rfIFN-g (R&D Systems, USA) was run
employing 12% sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and a trans-
ferred nitrocellulose membrane. Protein marker
(Precision Plus Protein Standards) was purchased
from Bio-Rad. The blots were blocked with 5% non-
fat dry milk powder in TBST (20 mM TriseHCl, pH



429Development of monoclonal antibodies to feline interferon (fIFN)-g
8.0, 0.88% NaCl, 0.05% Tween-20) for 1 h at 37�C, fol-
lowed by 1 h incubation at 37�C with each anti-fIFN-g
MAb. Following washing, the membrane was incu-
bated with POD-conjugated goat anti-mouse IgG,
IgM, and IgA for 1 h at 37�C, and then visualised in
substrate for 10 min.

Competitive ELISA

Each well of 96-well ELISA plates coated with rfIFN-g
received 100 ml of each purified anti-fIFN-g MAb, and
the plates were incubated at 37�C for 1 h. After wash-
ing, 100 ml of each biotinylated MAb was added and
the plates were incubated at 37�C for 1 h. After wash-
ing, an optimal dilution of horseradish peroxidase
(HRP)-conjugated streptavidin (Millipore, USA) was
added and the plates were incubated at 37�C for
30 min. The subsequent treatment was the same as
for conventional ELISA (described above). The per-
centage competition was determined by the formula
[100(A�n)]/(A�B), where A is the OD in the absence
of competing antibody, B is the OD in the presence of
homologous antibody, and n is the OD in the presence
of competitor.

IFN-g neutralisation tests

The capacity of each anti-fIFN-gMAb to neutralise the
fIFN-g antiviral activity was determined. For this, Felis
catuswhole fetus (fcwf)-4 cells (2� 104 cells/well)were
sown on flat-bottomed 96-well plates in Eagle’s mini-
mum essential medium and L-15 medium supple-
mented with 5% fetal bovine serum (FBS) (Trace
Science, Australia) and penicillin at 100 U/ml and
streptomycin at 100 mg/ml. Each anti-fIFN-g MAb,
two-fold diluted, was mixed with an equal volume of
40 laboratory units (LU)/ml of commercial rfIFN-g
for 1 h at 37�C. Each mixture was then added to the
fcwf-4 cell cultures, and incubation was carried out
for 24 h at 37�C. After the supernatant was removed,
100 TCID50/well of previously titrated vesicular sto-
matitis virus (VSV) was used for inoculation (except
to the cell control). This was again incubated for 72 h
at 37�C. It was decided whether or not each MAb
showed neutralisation activity against fIFN-g based
on the presence of CPE.

Viruses

The type I FIPV KU-2 strain was isolated in our labo-
ratory, and type II FIPV 79-1146 strain was supplied
by Dr M C Horzinek of State University Utrecht,
The Netherlands. FIP did not develop in cats orona-
sally inoculated with the FIPV KU-2 strain, but devel-
oped in about 50% of intraperitoneally inoculated cats
(unpublished data). When cats passively immunised
with anti-FCoV antibody were subcutaneously inocu-
lated with the FIPV KU-2 strain, about 80% of them
developed FIP.28 The orally inoculated FIPV 79-1146
strain has been shown to induce FIP in about 90% of
anti-FCoV antibody-negative cats.5
Experimental animals

In this study, we used 19 cats aged 1e5 years old. Six
were anti-FCoV antibody-negative SPF cats (SPFa,
SPFb, SPFc, SPFd, SPFe, and SPFf). Five cats (Ia, Ib, Ic,
Id, and Ie) were inoculated oronasally with the type I
FIPV KU-2 strain (105 TCID50/head), and five (IIa,
IIb, IIc, IId, and IIe) were inoculated oronasally with
the type II FIPV 79-1146 strain (105 TCID50/head)
experimentally, and these cats developed no clinical
signs of FIP (FIPV-infected cats without FIP). Three
cats were inoculated oronasally with the FIPV 79-1146
strain, and developed clinical signs of typical FIP
(FIPa, FIPb, and FIPc). When the FCoV gene was inves-
tigated in PBMCs of FIPV-infected cats employing
RT-PCR,29 the FCoV genewas detected 4e12 days after
type II FIPV inoculation but not after 18 days. In addi-
tion, the FCoVgenewas detected in faeces until 18 days
after type II FIPV inoculation. In contrast, the FCoV
genewas not detected in PBMCs of type I FIPV-infected
cats after type I FIPV inoculation, but sporadically
detected in faeces for a prolonged period after type I
FIPVinoculation. All FIPV-inoculated catswere judged
as infected with FIPV based on an increase in the anti-
FCoVantibody level in serum collected after FIPV inoc-
ulation on ELISA. These cats were maintained in
a temperature-controlled, isolated facility. All experi-
ments were performed in accordance with the Guide-
lines for Animal Experiments of Kitasato University.

Isolation of PBMCs

PBMCs were prepared by the density gradient centri-
fugation of heparinised peripheral blood samples
obtained from the cats.30 Briefly, a volume of periph-
eral blood was diluted with an equal volume of PBS
and layered on Ficoll-Hypaque (Axis-Shield PoC AS,
Norway). After centrifugation, the layer containing
the PBMCs fraction was obtained and suspended in
RPMI 1640 (Sigma, USA) containing 5% heat-inacti-
vated SPF cat serum, penicillin at 100 U/ml, strepto-
mycin at 100 mg/ml, and 50 mM 2-mercaptoethanol.
PBMCs of FIPV-infected cats without FIP were
collected 6 months after FIPV infection and those of
FIP cats were collected when they were euthanased.

Measurement of fIFN-g concentrations in
PBMCs culture supernatants using
sandwich ELISA

For measurement of the fIFN-g level in the culture su-
pernatants, PBMCs (5� 106 cells/ml) were cultured
with heat-inactivated FIPV or culture medium alone
as a negative control at 37�C for 9 days. For heat-inacti-
vated FIPV, FIPV culture fluid heated at 56�C for 30 min
was used. Regarding the incubation period, 3-, 6-, 9-,
and 12-day incubations were examined in a previous
study, in which 9-day incubation was determined to
be optimal to evaluate the fIFN-g level in PBMCs cul-
ture supernatants (data not shown). ELISA plates
(Thermo Fisher Scientific, USA) were coated with
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100 ml of the unlabelled anti-fIFN-g MAb (5 mg/ml) in
carbonated buffer at 4�C overnight. After washing,
the plates were blocked with a blocking buffer contain-
ing 25% Block Ace (DS Pharma Biomedical, Japan) in
PBS. After anotherwashing, 100 ml of the culture super-
natants and standard samples of rfIFN-gwere added to
each well and incubated at 37�C for 1 h. After a further
washing, 100 ml of the biotinylated anti-fIFN-g MAb
(1 mg/ml) was added to each well and the plates were
incubated at 37�C for 1 h. After washing again, an opti-
mal dilution of HRP-conjugated streptavidin was
added and the plates were incubated at 37�C for
30 min. The subsequent treatment was the same as
for conventional ELISA (described above). The mini-
mumdetectable concentrationwas defined by the stan-
dard deviation of dose measurement at a zero dose or
the background. The levels of fIFN-g in the superna-
tants were interpolated from the rfIFN-g standard cal-
ibration curve.

Counting of fIFN-g-secreting cells using ELISpot
assay

ELISpot assays were performed using a commercial
Protein Detector HRP ELISpot Kit (KPL, USA). Briefly,
a 96-well polyvinylidene fluoride (PVDF)-backed mi-
croplate was coated with 10 mg/ml of unlabelled cap-
ture MAb at 4�C overnight. The plate was blocked at
25�C for 1 h. The plate received 1�106/ml of PBMCs
and was incubated with the heat-inactivated FIPV 79-
1146 strain (105 TCID50/ml) or culture medium alone
as a negative control at 37�C for 48 h. After PBMCs
were removed, the plate received 2 mg/ml of biotiny-
lated detection MAb and was incubated at 25�C for
1 h. The plate was processed according to the manu-
facturer’s instructions. Resulting spots were counted
with a stereomicroscope (Zellnet Consulting, USA).
Only blue-coloured spots with fuzzy borders were
scored as spot-forming cells (SFCs).
Measurement of CD4þfIFN-gD and CD8DfIFN-gD

cells using flow cytometry assay

PBMCs were resuspended at a cell concentration of
4� 106/ml and stimulated with the heat-inactivated
FIPV 79-1146 strain (105 TCID50/ml) for 48 h at 37�C.
Then, the cells were cultured in the presence of the
protein secretion inhibitor brefeldin A (BFA) (10 mg/
106 cells, SigmaeAldrich, USA) for 4 h at 37�C. Unsti-
mulated cells were incubated as a negative control.
PBMCs were harvested, washed in PBS containing
0.5% bovine serum albumin (BSA) and 1 mM NaN3,
and incubated with fluorescein isothiocyanate
(FITC)-labelled anti-feline CD4 MAb (Southern Bio-
technology Associates, USA) or FITC-labelled anti-
feline CD8 MAb (Southern Biotechnology Associates,
USA) for 30 min at 4�C in the dark. After washing,
cells were fixed and permeabilised using a Fixation/
Permeabilisation kit (BD Biosciences, USA) according
to the manufacturer’s instructions. Permeabilised cells
were incubated with biotinylated anti-fIFN-g MAb for
1 h at 25�C. The cells were incubated with phycoery-
thrin (PE)-labelled streptavidin (Beckman Coulter,
USA) for 1 h at 25�C in the dark. After washing, the
cells were stored in fluorescence buffer prior to analy-
sis on a flow cytometer (Cytomics FC500, Beckman
Coulter, USA), and then analysed using FlowJo soft-
ware (TreeStar, USA). The small lymphocyte and lym-
phoblast populations were gated on the basis of the
cell size and granularity (forward and side scatter).
For each sample 100,000 events were recorded, and
the percentage of CD4þfIFN-gþ and CD8þfIFN-gþ

cells population was calculated.

Statistical analysis

The results of sandwich ELISA and ELISpot assay are
expressed as means� standard error of the mean
(SEM). Student’s t-test was employed to determine
significant differences between stimulated and unsti-
mulated PBMCs cultures in each cat. A P-value of
< 0.01 or P< 0.05 was considered significant.
Results

Characterisation and specificity of anti-fIFN-g
MAbs

BALB/c mice were immunised with rfIFN-g. Then,
the culture supernatants of hybridomas were screened
using ELISA. Finally, six anti-fIFN-g MAbs (Noko 1-
12.3, Noko 3-31.1, Noko 5-23.1, Ame 4-12.4, Ame 6-
31.1, and Ame 7-19.1) were obtained. The isotypes of
these MAbs were IgG2a (for Noko 3-31.1) and IgG1

(for other five MAbs). The reactivity of the MAbs
against rfIFN-g was examined by Western immuno-
blotting. For all six MAbs, an rfIFN-g-specific band
was observed at around 18 kDa (Fig 1).

Difference in epitopes recognised by the MAbs

To examine the difference in epitopes recognised by the
MAbs, competitive ELISA and fIFN-g neutralisation
tests were carried out. Competitive ELISA demon-
strated 80% or higher inhibition rates for four MAbs
(Noko 1-12.3, Noko 3-31.1, Noko 5-23.1, and Ame 4-
12.4). The fIFN-g neutralisation test demonstrated
that three MAbs (Noko 3-31.1, Ame 6-31.1, and Ame
7-19.1) exhibited neutralising activity against fIFN-g
(Table 1). These results suggest that Noko 1-12.3,
Noko 5-23.1, and Ame 4-12.4 recognise the same epi-
tope. Noko 3-31.1 inhibited 80% or more of the binding
ofNoko 1-12.3,Noko 5-23.1, andAme 4-12.4 to rfIFN-g.
However,Noko 3-31.1 differed from theseMAbs in that
it showed neutralising activity against fIFN-g. Ame 6-
31.1 and Ame 7-19.1 mutually inhibited 80% or more
of their binding to rfIFN-g. Both showed neutralising
activity against fIFN-g.However, they seemed to recog-
nise different epitopes because of the different inhibi-
tion rates for Noko 3-31.1 and Noko 5-23.1. Thus,



Fig 1. Reactivity of each MAb against rfIFN-g using West-
ern immunoblotting. M, marker; lane 1, Noko 1-12.3; lane 2,
Noko 3-31.1; lane 3, Noko 5-23.1; lane 4, Ame 4-12.4; lane 5,
Ame 6-31.1; lane 6, Ame 7-19.1. The arrow shows rfIFN-
g-specific band which is observed at around 18 kDa.
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Noko 1-12.3, Noko 5-23.1, and Ame 4-12.4 recognised
the same epitope, while the otherMAbs recognised dif-
ferent epitopes.

Detection of fIFN-g in the culture supernatants of
PBMCs using sandwich ELISA

PBMCs were isolated from FIPV-infected cats without
FIP, FIP cats, and SPF cats and cultured for 9 days
with or without a heat-inactivated FIPV. The fIFN-g
concentrations in the culture supernatants were mea-
sured by sandwich ELISA. The combination of unla-
belled capture MAb and biotinylated detection MAb,
used in sandwich ELISA, was examined based on
the results of competitive ELISA and IFN-g neutralisa-
tion tests. The results demonstrated that the detect-
ability was highest when Ame 6-31.1 was used as
a capture antibody and biotinylated Ame 4-12.4 as
a detection antibody. The detection range of the assay
was from 0.1 to 100 ng/ml.

On unstimulated culture, the fIFN-g concentrations
in PBMCs culture supernatants of type I FIPV KU-2
strain-infected cats without FIP, Ia, Ib, Ic, Id, and Ie
were 3.7� 3.0, 3.1�1.3, 0.6� 0.4, 38.7� 8.2, and
3.4� 2.4 ng/ml, respectively. On virus-stimulated cul-
ture, the values increased to 60.7� 7.5, 55.9� 6.4,
85.3� 8.7, 224.5� 4.2, and 61.0� 0.4 ng/ml, respec-
tively; significant differences were noted in all animals
(P< 0.01, Fig 2A). In SPF cats, SPFa, SPFb, and SPFe,
Table 1. Analysis of epitopes recognised by the
and fIFN-g neutralisation tests.

Biotinylated an

Noko
1-12.3

Noko
5-23.1

Ame
4-12.4

Unlabelled
anti-fIFN-g
MAb

Noko 1-12.3 * þ þ
Noko 5-23.1 þ þ
Ame 4-12.4 þ þ
Noko 3-31.1 þ þ þ
Ame 6-31.1 � � �
Ame 7-19.1 � þ �

*, þ and � show the percentage of competition more than
the fIFN-g levels in unstimulated culture were <0.1,
0.5� 0.4, and 0.1� 0.1 ng/ml, respectively. The values
in virus-stimulated culture were 5.1� 2.9, <0.1, and
<0.1 ng/ml, respectively; significant differences were
absent in three SPF cats.

On unstimulated culture, the fIFN-g concentrations
in PBMCs culture supernatants of type II FIPV 79-
1146 strain-infected cats without FIP, IIa, IIb, IIc, IId,
and IIe were <0.1, 11.3� 6.4, <0.1, 4.7� 2.9, and
<0.1 ng/ml, respectively. On virus-stimulated culture,
the values increased to 67.8� 5.8, 154.0� 3.7,
146.7� 3.1, 107.5� 14.3, and 128.2� 17.3 ng/ml, re-
spectively; significant differences were noted in all an-
imals (P< 0.01, Fig 2B). In FIP cats, FIPa, FIPb, and
FIPc, the fIFN-g levels in unstimulated culture were
0.1� 0.1, <0.1, and <0.1 ng/ml, respectively. The
values in virus-stimulated culture were 0.1� 0.1,
<0.1, and <0.1 ng/ml, respectively; significant differ-
ences were absent in three FIP cats. In SPF cats, SPFc,
SPFd, and SPFf, the fIFN-g levels in unstimulated cul-
ture were 0.2� 0.1, 1.4� 1.1, and 0.1� 0.1 ng/ml, re-
spectively. The values in virus-stimulated culture
were 0.1� 0.1, <0.1, and <0.1 ng/ml, respectively;
these differences were not significant.

Counting of fIFN-g-secreting cells among
PBMCs using ELISpot assay

The combination of unlabelled capture MAb and bio-
tinylated detection MAb, used for ELISpot assay, was
examined. As in sandwich ELISA, detectability was
highest when Ame 6-31.1 was used as a capture anti-
body and biotinylated Ame 4-12.4 as a detection anti-
body. PBMCs were isolated from FIPV-infected cats
without FIP, FIP cats, and SPF cats. Of the PBMCs,
fIFN-g-secreting cells were counted in 48 h culture
with or without a heat-inactivated FIPVon an ELISpot
plate coated with capture MAb.

On unstimulated culture, the numbers of fIFN-g-se-
creting cells among PBMCs obtained from type II
FIPV-infected cats without FIP, IIa, IIb, IIc, IId, and
IIe were 16.0� 2.1, 20.0� 4.4, 14.5� 3.0, 59.0� 5.1,
and 21.3� 1.3 SFCs/105 PBMCs, respectively. In
virus-stimulated culture, the values increased to
each anti-fIFN-g MAb using competitive ELISA

ti-fIFN-g MAb Neutralisation
activity

Epitope

Noko
3-31.1

Ame
6-31.1

Ame
7-19.1

þ � � � A
þ � � � A
þ � � � A

76.4 � þ B
� þ þ C
69.8 þ þ D

80% and less than 20%, respectively.



Fig 2. Measurement of the concentration of fIFN-g in the PBMCs culture supernatants using sandwich ELISA. PBMCs were
derived from 10 FIPV-infected cats without FIP (IaeIe and IIaeIIe were inoculated with the type I FIPV KU-2 and type II
FIPV 79-1146 strains, respectively), three FIP cats (FIPaeFIPc) and six SPF cats (SPFaeSPFf). The cells were cultured with
the heat-inactivated FIPV KU-2 strain (grey bar; A), FIPV 79-1146 strain (solid bar; B), or culture medium alone (open
bar). Each experiment was performed in quadruplicate. The results are expressed as means� SEM. * indicates a significant
difference by the t-test (P< 0.01).
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27.8� 1.9, 53.5� 5.9, 72.8� 9.3, 136.7� 34.4, and
37.5� 6.3 SFCs/105 PBMCs, respectively; significant
differences were noted for all the animals (P< 0.01,
IIa, IIb, IIc, and IIe; P< 0.05, IId; Fig 3). In FIP cats,
FIPa, FIPb, and FIPc, the numbers of fIFN-g secreting
cells among unstimulated PBMCs were 15.5� 3.2,
10.0� 3.2, and 11.3� 0.8 SFCs/105 PBMCs, respec-
tively. The values in virus-stimulated culture were
19.3� 1.8, 12.8� 1.1, and 9.0� 2.7 SFCs/105 PBMCs,
respectively; significant differences were absent in
three FIP cats. In SPF cats, SPFa, SPFe, and SPFf, the
numbers of fIFN-g secreting cells among unstimu-
lated PBMCs were 16.0� 3.0, 8.5� 2.1, and
7.0� 2.1 SFCs/105 PBMCs, respectively. The values
in virus-stimulated culture were 18.5� 7.0, 7.8� 1.9,
and 8.5� 1.8 SFCs/105 PBMCs, respectively; these dif-
ferences were not significant.

Detection of CD4þfIFN-gD and CD8DfIFN-gD

cells using two-colour flow cytometry

Examining biotinylated MAb used for two-colour
flow cytometry demonstrated that detectability was
highest for biotinylated Ame 4-12.4. PBMCs were iso-
lated from FIPV-infected cats without FIP, FIP cats,
and SPF cats and cultured for 48 h with or without
a heat-inactivated FIPV. Subsequently, to measure in-
tracellular fIFN-g, PBMCs were cultured for 4 h in
the presence of a protein secretion inhibitor, BFA. Per-
centages of CD4þfIFN-gþ and CD8þfIFN-gþ cells
were compared in stimulated and unstimulated cells
using flow cytometry.

On unstimulated culture, the percentages of
CD4þfIFN-gþ cells in type II FIPV-infected catswithout
FIP, IIa, IIb, IIc, IId, and IIewere 0.44, 0.08, 0.35, 0.13, and
1.14%, respectively. On virus-stimulated culture, the
percentages were 1.17, 0.12, 0.48, 0.14, and 1.24%, re-
spectively (Fig 4A). The values increased 2.66-, 1.50-,
1.37-, 1.08-, and 1.09-fold, respectively. In FIP cats,
FIPa, FIPb, and FIPc, the percentages of CD4þfIFN-gþ

cells in unstimulated culture were 0.02, 0.37, and
0.30%, respectively. The percentages in virus-stimu-
lated culture were 0.02, 0.34, and 0.30%, respectively.
The values increased 1.00-, 0.92-, and 1.00-fold, respec-
tively. In SPF cats, SPFa, SPFb, and SPFe, the percent-
ages of CD4þfIFN-gþ cells in unstimulated culture
were 0.04, 0.07, and 0.10%, respectively. The percent-
ages in virus-stimulated culture were 0.04, 0.08, and
0.11%, respectively. The values increased 1.00-, 1.14-,
and 1.10-fold, respectively.

On unstimulated culture, the percentages of
CD8þfIFN-gþ cells in type II FIPV-infected cats with-
out FIP, IIa, IIb, IIc, IId, and IIe were 0.22, 0.06, 0.30,
0.08, and 0.08%, respectively. On virus-stimulated cul-
ture, the percentages were 0.36, 0.21, 0.48, 0.31, and
0.13%, respectively (Fig 4B). The values increased
1.64-, 3.50-, 1.60-, 3.88-, and 1.63-fold, respectively. In
FIP cats, FIPa, FIPb, and FIPc, the percentages of
CD8þfIFN-gþ cells in unstimulated culture were
0.06, 0.12, and 0.12%, respectively. The percentages
in virus-stimulated culture were 0.06, 0.14, and
0.12%, respectively. The values increased 1.00-, 1.17-,
and 1.00-fold, respectively. In SPF cats, SPFa, SPFb,
and SPFe, the percentages of CD8þfIFN-gþ cells in un-
stimulated culture were 0.02, 0.03, and 0.03%, respec-
tively. The percentages in virus-stimulated culture
were 0.03, 0.03, and 0.02%, respectively. The values in-
creased 1.5-, 1.00-, and 0.67-fold, respectively.



Fig 3. Count of spot-forming fIFN-g-secreting cells using ELISpot assay. PBMCs were obtained from five FIPV-infected cats
without FIP (IIaeIIe were inoculated with the type II FIPV 79-1146 strain), three FIP cats (FIPaeFIPc), and three SPF cats
(SPFa, SPFe, and SPFf). The cells were cultured with the heat-inactivated type II FIPV 79-1146 strain (solid bar) or culture
medium alone (open bar). Each experiment was performed in quadruplicate. The results are expressed as means� SEM.
* and **, P< 0.05 and P< 0.01, respectively.
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Discussion
Cellular immunity is considered important for the
prevention of development of FIP in FCoV infected
cats.5,17e20 Therefore, evaluation of the cellular im-
mune response is essential for the development of
vaccines against FIPV infection. We focused on IFN-
g because it has an important role as an immunoregu-
lator. This role has been exploited to obtain important
information on the specificity and efficacy of the cellu-
lar immune response.31e33

Anti-IFN-g MAbs are used for detecting IFN-g pro-
duction both directly and specifically. Sandwich
ELISA is a simple and robust assay, and a good choice
to quantitatively measure IFN-g. ELISpot assay is de-
signed for the detection of IFN-g-secreting cells at the
Fig 4. Calculation of the percentage of CD4þfIFN-gþ and
populations using two-colour flow cytometry. PBMCs were
were inoculated with the type II FIPV 79-1146 strain), three
SPFe). The cells were cultured with the heat-inactivated type
(open bar). A and B represent the percentage of CD4þfIFN-gþ
single cell level, and can be used to quantify the fre-
quency of IFN-g-secreting cells. Flow cytometry facil-
itates the detection of intracellular IFN-g and
quantification of IFN-g-secreting cells directly. More-
over, two-colour flow cytometry, employing a combi-
nation of cell surface and intracellular IFN-g
staining, enables the characterisation of IFN-g-secret-
ing cells.

All six anti-fIFN-g MAbs produced in this study
specifically reacted with commercial rfIFN-g based
on Western immunoblotting assays. This revealed
the specificity of anti-fIFN-g MAbs. Furthermore, the
results from competitive ELISA and IFN-g neutralisa-
tion tests demonstrated that these anti-fIFN-g MAbs
recognised at least four different epitopes.
CD8þfIFN-gþ cells in small lymphocyte and lymphoblast
derived from five FIPV-infected cats without FIP (IIaeIIe
FIP cats (FIPaeFIPc), and three SPF cats (SPFa, SPFb, and
II FIPV 79-1146 strain (solid bar) or culture medium alone
and CD8þfIFN-gþ cells, respectively.
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The combinations ofMAbsused for sandwichELISA
and ELISpot assay were examined based on different
epitopes recognised by the MAbs. Detectability was
highest when Ame 6-31.1 and Ame 4-12.4 were used
as a capture antibody and a detection antibody, respec-
tively. Of the detection antibodies used for two-colour
flow cytometry, Ame 4-12.4 showed the highest detect-
ability. Thus,Ame 4-12.4 that recognises epitopeA is an
excellent detection antibody.

Recent studies in both mice and humans have dem-
onstrated that both memory CD4þ and CD8þ T cells
can rapidly produce IFN-g following stimulation
with cognate antigen.34e37 Similar observations were
also made in severe acute respiratory syndrome-asso-
ciated coronavirus (SARS-CoV) infection, which be-
longs to Coronaviridae, like FIPV. SARS-CoV-specific
memory CD4þ and CD8þ Tcells from SARS-recovered
donors rapidly produced IFN-g following short-term
stimulation with inactivated SARS-CoV or protein
derived from SARS-CoV.38e40 On the other hand,
PBMCs derived from those who suffered from critical
SARS or died of SARS apparently could not produce
IFN-g against SARS-CoVantigen stimulation. Further-
more, it has also been reported that CD8þ cytotoxic T
lymphocytes (CTLs) are induced by SARS-CoV anti-
gen stimulation in SARS-recovered donors.41,42 It is
suggested that memory CD4þ and CD8þ Tcells partic-
ipate in viral clearance in recovered SARS patients.

The results from sandwich ELISA and ELISpot as-
say in this study demonstrated that fIFN-g production
was specifically and significantly increased by heat-in-
activated FIPV stimulation in PBMCs obtained from
FIPV-infected cats without FIP. In addition, the results
of two-colour flow cytometry demonstrated that the
percentage of CD8þfIFN-gþ cells was markedly in-
creased by heat-inactivated FIPV stimulation. Thus,
stimulating PBMCs obtained from FIPV-infected cats
without FIP with heat-inactivated FIPV increased
fIFN-g production particularly by FIPV-specific mem-
ory CD8þ T cells. fIFN-g production in PBMC and in
particular in FIPV-specific memory CD8þ T cells after
infection of the animal, at a stage where the cat may or
may not be infected and/or viraemic. It is suggested
that FIPV-infected cats without FIP, but not FIP cats,
generated potent cellular immunity against FIPV fol-
lowing infection with FIPV and that FIPV-infected
cats without FIP generate a protective cellular immu-
nity against FCoV. These results substantiate a previ-
ous report that cellular immunity plays an important
role in preventing the development of FIP.5,17e20 De-
tecting fIFN-g employing sandwich ELISA, ELISpot
assay, and two-colour flow cytometry using the anti-
fIFN-g MAbs created in this study appears to be use-
ful in evaluating the cellular immunity of cats.

Recently, it was reported that the T helper (Th)1/Tcy-
totoxic (Tc)1 epitopes were present in spike (S) and nu-
cleocapsid (N) protein of SARS-CoV.39e45 SSp-1, which
is a 9-mer peptide, present in the C-terminal S2 domain
of S protein of SARS-CoV, is known to induce strong
CTL activity and is regarded as a candidate for vaccine
development.41,44,45 However, it is not yet known
whether the Th1/Tc1 epitope are present in the S and/
or N protein of FIPV. Hence, the identification of FIPV-
specific Th1/Tc1 epitopes using anti-fIFN-g MAbs
may be very useful in FIPV vaccine development.
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