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Feline infectious peritonitis virus (FIPV) replication in macrophages/monocytes induced tumor necrosis factor
(TNF)-alpha production, and that the TNF-alpha produced was involved in aggravating the pathology of FIP.
We previously reported the preparation of a feline TNF-alpha (fTNF-alpha)-neutralizing mouse monoclonal an-
tibody (anti-fTNF-alphamAb). This anti-fTNF-alphamAb 2–4was confirmed to inhibit the following fTNF-alpha-
induced conditions in vitro. In the present study, we investigated whethermAb 2–4 improved the FIP symptoms
and survival rate of experimentally FIPV-inoculated SPF cats. Progression to FIP was prevented in 2 out of 3 cats
treatedwithmAb 2–4,whereas all 3 cats developed FIP in the placebo control group. Plasma alpha1-glycoprotein
and vascular endothelial growth factor levels were improved by the administration of mAb 2–4, and the periph-
eral lymphocyte count also recovered. These results strongly suggested that the anti-fTNF-alpha antibody is effec-
tive for the treatment of FIP.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Feline infectious peritonitis virus (FIP virus: FIPV), a feline coronavi-
rus (FCoV) of the family Coronaviridae, causes a fatal disease called FIP
in wild and domestic cat species. Several organs, including the liver,
lungs, spleen, serosae, kidneys, eyes, and central nervous system, are af-
fected in cats that develop FIP, and the formation of lesions in these or-
gans is accompanied by necrosis and pyogenic granulomatous
inflammation (Pedersen, 2009). Pleural effusion and asciticfluidwas re-
ported to accumulate in some cats. Macrophages/monocytes play an
important role in the pathogenesis of FIP. For example, differences in
the proliferation of virus in macrophages/monocytes were shown to
be related to differences in pathogenicity between feline enteric corona-
virus (FECV) and FIPV (Dewerchin et al., 2005; Stoddart and Scott,
1989). FECV and FIPV cannot be serologically distinguished from each
other; however, FECV infection is normally asymptomatic in cats. It
was recently reported that FECV and FIPV may be distinguished based
on the base sequences of the ORF 2 (S gene) and 3c genes (Bank-Wolf
et al., 2014; Licitra et al., 2013; Pedersen et al., 2012; Porter et al., 2014).

Tumor necrosis factor (TNF)-alpha binds to cell surface TNF
receptors (TNFR) and induces various physiological activities
(Vandenabeele et al., 1995; Reinhard et al., 1997). For example, when
it binds to cell surface TNFR-1, caspase is activated and induces apopto-
sis, and when it binds to cell surface TNFR-2, transcription factors, such
i),
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as NF-kB and c-Jun, are activated that promote cell proliferation and in-
duce the expression of cytokines involved in immunity and inflamma-
tion (Faustman and Davis, 2010; Tracey et al., 2008). TNF-alpha plays
a critical role inmany aspects of immunity. However, the excessive pro-
duction of TNF-alpha can lead to acute inflammation and immune sys-
tem abnormalities in human and other animals. The involvement of
TNF-alpha in aggravating the symptoms of rheumatoid arthritis, psoria-
sis, and inflammatory bowel disease has been reported (Kollias et al.,
1999; Brotas et al., 2012;Wang and Fu, 2005).Moreover, previous stud-
ies have described aggravation of the pathologies of viral infections
(such as human immunodeficiency virus, influenza A virus, herpes sim-
plex virus (HSV) and dengue virus infections) due to increased TNF-
alpha production (Fauci, 1993; Maury and Lăhdevirta, 1990; Poli et al.,
1990; Uchide et al., 2012; Yen et al., 2008).

We previously showed that virus replication inmacrophages/mono-
cytes induced TNF-alpha production, and that the TNF-alpha produced
was involved in aggravating the pathology of FIP. TNF-alpha produced
by FIPV-infected macrophages was involved in lymphopenia and an in-
crease in the level of the cellular receptor of serotype II FIPV, aminopep-
tidase N (APN) (Takano et al., 2007a; Takano et al., 2007b). It is also
reported that neutrophil apoptosis in cats with FIP was inhibited by
TNF-alpha. This finding suggests that neutrophilia in cats with FIP due
to TNF-alpha-induced neutrophil survival (Takano et al., 2009).

In humans, anti-TNF agents have been shown to therapeutic effect
for TNF-related disease, such as rheumatoid arthritis and inflammatory
bowel disease (Tracey et al., 2008). Anti-TNF agents were previously
shown to be effective for the treatment of fatal viral infections. Boivin
et al. (2013) reported that the survival rate of mice with HSV encepha-
litis was improved by the administration of an anti-TNF-alpha antibody.
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Fig. 1. The experimental schedule of the anti fTNF-alpha mAb (mAb 2–4) treatment for
FIPV-infected cats.
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Anti-TNF-alpha agents are also expected to improve the symptoms of
FIP caused by viral infection (Addie and Ishida, 2008). We previously
described the preparation of a feline TNF-alpha (fTNF-alpha)-neutraliz-
ingmousemonoclonal antibody (anti-fTNF-alphamAb). This anti fTNF-
alphamAb exhibited high neutralizing activity against recombinant and
natural TNF-alpha, and was confirmed to inhibit the following fTNF-
alpha-induced conditions in vitro: i) an increase in the survival rate of
neutrophils from cats with FIP, ii) APN mRNA expression in macro-
phages, and iii) apoptosis of a feline T-lymphocyte cell line (Doki et al.,
2013).

In the present study, we confirmed the efficacy of fTNF-alpha mAb
for the treatment of FIP in vivo. SPF catswere experimentally inoculated
with FIPV and treated with the anti-fTNF-alpha mAb, and improve-
ments in FIP symptoms and survival rate were investigated.

2. Materials and methods

2.1. Cell cultures and virus

Hybridoma cells producingmAb 2–4 were maintained in Dulbecco's
modified Eagle's minimum essential medium supplemented with 10%
FCS, 600 U/ml of benzylpenicillin potassium, and 240 μg/ml of strepto-
mycin sulfate. WEHI-164 murine sarcoma cells (ATCC CRL1751) were
Fig. 2. The changes on plasma alpha1-acid glycoprotein (AGP) concentration of FIPV-infected
manufacturer's protocol, mean ± S.D.). Gray bar; group A, black bar; group B. N.S.: not signific
maintained in RPMI 1640 growth medium supplemented with 10%
FCS, 600 U/ml of benzylpenicillin potassium, 240 μg/ml of streptomycin
sulfate, 50 μM2-mercaptoethanol, and 2 μg/ml of polybrene. WEHI-164
murine sarcoma cells were obtained from the American Type Culture
Collection. Type II FIPV strain 79-1146 was grown in Felis catus whole
fetus-4 cells at 37 °C. FIPV strain 79-1146 was supplied by Dr. M. C.
Horzinek of State University Utrecht, The Netherlands.

2.2. Monoclonal antibody

Anti fTNF-alphamAb 2–4 has been described previously (Doki et al.,
2013). The mAb 2–4 have neutralizing activity for recombinant fTNF-
alpha and natural fTNF-alpha.

A phycoerythrin (PE)-conjugated anti-feline CD4 mAb (Southern
Biotechnology Associates, Inc., U.S.A.) and fluorescein isothiocyanate
(FITC)-conjugated anti-feline CD8 mAb (Southern Biotechnology Asso-
ciates, Inc., U.S.A.) were used in the flow cytometry analysis to measure
the numbers of CD4+ and CD8+ lymphocytes.

2.3. Purification of mAb 2–4

mAb 2–4 were purified from the hybridoma culture supernatant
with Protein G Sepharose (GEHealthcare., U.S.A.) according to the prod-
uct manual. After purification, the buffer of mAb 2–4 was exchanged to
phosphate-buffered saline (PBS) (pH 7.4) by Amicon Ultra-15 centrifu-
gal filter devices (NMWL 30,000; Millipore., U.S.A.). The concentrations
of purifiedmAb 2–4were assayed by the Bradfordmethod. The neutral-
izing activity of purifiedmAb 2–4were confirmed by neutralization test
against TNF-alphausingWEHI-164 cells as previously described byDoki
et al. (2013). Purified mAb 2–4 at 10 μg/ml neutralized 80% or more of
the activity of 160 ng/ml recombinant fTNF-alpha.

2.4. Experimental schedule

Six SPF cats were randomly assigned to two experimental groups.
The cats were bred in our own laboratory, and maintained in a
temperature-controlled isolated facility. In accordance with the experi-
mental schedule indicated in Fig. 1. FIPV strain 79-1146 (105 TCID50/
0.5 ml) was inoculated subcutaneously to cats. PBS or mAb 2–4
(3 mg/kg) were intravenously administered to groups A and B, respec-
tively, 2 weeks after the virus inoculation. Cats were examined daily for
clinical signs, and their body temperatures andweights weremeasured.
Blood was collected weekly using a heparinized syringe after the virus
inoculation, and complete and differential cell counts were measured.
cats treated with mAb 2–4. The normal value of AGP is 386 ± 60 μg/ml (quoted from the
ant.



Fig. 3. The changes on plasma vascular endothelial growth factor (VEGF) concentration of FIPV-infected cats treated with mAb 2–4. Gray bar; group A, black bar; group B. N.S.: not
significant.
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FIP diagnoses were confirmed upon postmortem examination, reveal-
ing peritoneal and pleural effusions, and pyogranuloma in themajor or-
gans. The protocol for the experiments in the present study using cats
was approved by the Ethics Committee of Kitasato University, School
of Veterinary Medicine (Approval No. 13-087).
Fig. 4. The changes on neutrophil counts and percentages of neutrophils of FIPV-infected cats tr
phils on differential blood cell counting. †: Animal was euthanized because its critical condition
2.5. Plasma sample

Blood collected from cats using a heparinized syringe was centri-
fuged at 3000 rpm for 10min, and the supernatantwas used as a plasma
sample. The plasma sampleswere stored at−30 °C until day of analysis.
eated with mAb 2–4. (A) Neutrophil counts in peripheral blood. (B) Percentage of neutro-
reached the humane endpoint.
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2.6. Measurement of plasma alpha1-glycoprotein (AGP)

Plasma concentrations of AGP were determined with feline alpha1
AG plate (The Institute for Metabolic Ecosystem Lab., Japan), according
to the manufacturer's protocol.

2.7. Measurement of plasma vascular endothelial growth factor (VEGF)
concentration

Plasma concentrations of VEGF were determined with human VEGF
ELISA kit (R & D Systems, U.K.), according to the manufacturer's proto-
col. The ELISA kit detects primarily the feline VEGF isoform 164 (Koga
et al., 2002).

2.8. Measurement of CD4+ and CD8+ T lymphocyte counts using flow cy-
tometry analysis

Heparinized blood (5ml)was 2-fold dilutedwith PBS, and subjected
to Ficoll-Hypaque (Axis-Shield PoC AS, Norway) density gradient cen-
trifugation at 800 ×g for 20 min. The PBMC layer was collected, washed
twice with PBS, and resuspended with ice cold PBS containing 0.1%
NaN3 at 1 × 106 cells/ml. Cells were incubated with PE-conjugated
anti-feline CD4 mAb and FITC-conjugated anti-feline CD8 mAb at 4 °C
for 30 min. After washing, the cells were stored in fluorescence buffer
Fig. 5. The changes on lymphocyte counts and lymphocyte subsets of FIPV-infected cats treated
in peripheral blood. (C) CD8+ T lymphocyte counts in peripheral blood. †: Animal was euthan
prior to analysis on a flow cytometer (Cytomics FC500, Beckman Coul-
ter, U.S.A.). The small lymphocyte and lymphoblast populations were
gated on the basis of the cell size and granularity (forward and side scat-
ter). For each sample 100,000 eventswere recorded, and the percentage
of CD4+ and CD8+ T lymphocyte population was calculated. Absolute
CD4+ and CD8+ T lymphocyte counts were determined from complete
blood count, differential cell counts and percentage of CD4+ and CD8+ T
lymphocyte population.

2.9. Statistical analysis

Data from two groups were analyzed by the Student's t test.

3. Results

3.1. Effect of anti fTNF-alphamAb 2–4 on plasma AGP and VEGF level of cats
inoculated with FIPV

Increases in plasma AGP and VEGF levels have been reported in cats
that developed FIP (Duthie et al., 1997; Paltrinieri et al., 2007a;
Paltrinieri et al., 2007b, Takano et al., 2011). In order to determine the
therapeutic effects of anti-fTNF-alpha mAb 2–4, changes in plasma
AGP and VEGF levels after the FIPV inoculation and administration of
mAb 2–4 were investigated.
withmAb 2–4. (A) Lymphocyte counts in peripheral blood. (B) CD4+T lymphocyte counts
ized because its critical condition reached the humane endpoint.



Fig. 6. The changes in body temperature and body weight of FIPV-infected cats treated
withmAb 2–4. (A) Body temperature. (B) Bodyweight. †:Animal was euthanized because
its critical condition reached the humane endpoint.

21T. Doki et al. / Research in Veterinary Science 104 (2016) 17–23
Increases in AGP and VEGF levels were noted 7 and 14 days after the
FIPV inoculation in placebo-treated (groupA) andmAb 2–4-treated cats
(group B) (Figs. 2 and 3). No significant difference was noted in AGP or
VEGF levels between groups A and B until 14 days after the FIPV inocu-
lation (0 days after the administration of mAb 2–4); however, these
levels were significantly lower in group B than in group A 21 days
after the FIPV inoculation (7 days after the administration of mAb 2–4).

3.2. The changes on neutrophil counts and percentages of neutrophils of
FIPV-infected cats treated with mAb 2–4

Changes in the neutrophil count after the FIPV inoculation and ad-
ministration of mAb 2–4 were investigated. The neutrophil count was
slightly decreased 7 days after the virus challenge, but recovered to al-
most normal levels after 14 or 21 days (Fig. 4A). The rate of neutrophils
on differential cell counting is shown in Fig. 4B. In group A, the rate of
neutrophils increased after the FIPV inoculation and was maintained
at a high level at 21 days and thereafter. In contrast, in cat Nos. B1 and
B2, the rate of neutrophils was increased 14 days after the FIPV inocula-
tion, and then stabilized 7 days after the administration of mAb 2–4
(21 days after the FIPV inoculation) and thereafter. In cat No. B3,
whichwas treatedwithmAb 2–4 but still developed FIP, the rate of neu-
trophils was stable until 21 days after the FIPV inoculation, but then rap-
idly increased 28 days after the FIPV inoculation.

3.3. The changes on lymphocyte counts and lymphocyte subset counts of
FIPV-infected cats treated with mAb 2–4

Changes in the peripheral lymphocyte count after the FIPV inocula-
tion and administration of mAb 2–4 were investigated. Peripheral lym-
phocytes markedly decreased in all cats 7 days after the virus challenge
(Fig. 5A). In cat Nos. B1 and B2, the count started to increase 7 days after
the administration of mAb 2–4 (21 days after the FIPV inoculation) and
recovered to the pre-FIPV inoculation level 21 days after the administra-
tion ofmAb 2–4 (35 days after the FIPV inoculation). In contrast, the pe-
ripheral lymphocyte count in cats that developed FIP in group A did not
recover, even at 14 days after the virus challenge, and remained low
until the development of FIP. In cat No. B3, which was treated with
mAb 2–4 but still developed FIP, the peripheral lymphocyte count tem-
porarily recovered 7 days after the administration of mAb 2–4 (21 days
after the FIPV inoculation), but markedly decreased when FIP
developed.

Of the lymphocyte subsets, CD4+ and CD8+ T-lymphocytes mark-
edly decreased in cats that developed FIP. We investigated whether
these cell counts recovered after the administration of anti-fTNF-alpha
mAb 2–4. The CD4+ and CD8+ T-lymphocyte counts decreased
7 days after the virus inoculation in all cats in groups A and B
(Fig. 5B,C), and these counts continuously decreased until the develop-
ment of FIP in all cats in group A. In contrast, the CD4+ and CD8+ T-
lymphocyte counts in cat Nos. B1 and B2 recovered to the pre-virus in-
oculation levels after the administration of mAb 2–4, but did not in cat
No. B3, which developed FIP.

3.4. Effect of anti fTNF-alpha mAb 2–4 on body temperature, body weight,
clinical sign and survival of cats inoculated with FIPV

Changes in body temperatures and bodyweights after the FIPV inoc-
ulation were measured (Fig. 6A). Fever developed after the FIPV inocu-
lation in groupsA and B. In the 4 cats that developed FIP (catNos. A1, A2,
A3, and B3), a high body temperature persisted until the development
of FIP. In contrast, although a high body temperature persisted in cat
No. B2 until 28 days after the FIPV inoculation, no fever was observed
thereafter, and the body temperature variation stabilized 35 days after
the FIPV inoculation and thereafter.

No significant differences were noted in body weights between
groups A and B until 14 days after the FIPV inoculation (Fig. 6B). Body
weights continuously decreased in the 4 cats that developed FIP (cat
Nos. A1, A2, A3, and B3). In contrast, although weight loss was noted
until 14 days after the FIPV inoculation, body weights slightly increased
after 21 days in 2 cats (cat Nos. B1 and B2).

Clinical sign (listlessness and loss of appetite) were observed from
15 days after the FIPV inoculation in both groups, but improved in
group B after the administration of mAb. Animal was euthanized be-
came its critical condition reached the humane endpoint. In group A,
all 3 animals were euthanized 25 and 27 days after the FIPV inoculation;
accordingly, survival decreased to zero (Fig. 7). In group B, one animal
was euthanized at 30 days. However, cat Nos. B2 and B3 developed no
clinical sign thereafter and survived until 65 days.

4. Discussion

In humans, molecular targeted therapy is performed to treat infec-
tious disease, immune-mediated diseases, and tumors (Mitsuya et al.,
1991; Tracey et al., 2008; Hainsworth, 2000). Targeted therapy is capa-
ble of exhibiting strong therapeutic effects while minimizing adverse
reactions because it only targets the factors involved in diseases.
Targeted therapy has not been performed in the veterinary field, and
nomolecular target drug has been prepared to treat intractable diseases



Fig. 7. Survival rate of FIPV-infected cats treated with mAb 2–4. Animals which reached the humane endpoint with no prospect of survival were euthanized.
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in cats. In the present study, we investigatedwhether the antibody neu-
tralizing TNF-alpha, an FIP pathology-aggravating factor, actually exhib-
ited a therapeutic effect in cats that developed FIP, i.e., antibody therapy
targeting TNF-alpha was performed in cats with FIP and improvements
in symptoms were investigated.

Anti-fTNF-alpha mAb 2–4 was administered 14 days after cats were
inoculated with FIPV strain 79-1146. The highly pathogenic FIPV 79-
1146 was chosen for this reason: the high probability of inducing FIP
by the use of FIPV strain 79-1146may be important to reduce the num-
ber of animals used to perform the experiment (to reliably induce FIP).
Fewer than 50% of Type I FIPV-inoculated cats develop FIP. In our previ-
ous experiment,when the type I FIPV strain KU-2was orally, subcutane-
ously, and intraperitoneally administered, the incidences of FIP were 0,
20, and 50% (unpublished data), respectively, suggesting that when
type I FIPV is used, the incidence is not stable and the therapeutic effect
cannot be accurately judged. It may also be difficult to reproduce FIP de-
velopment by challenging field fecal materials derived from cats with
type I FIP. This point remains to be further investigated.

In our previous experiment, TNF-alpha, VEGF, and AGP levels were
measured in plasma collected over time, and significant increases
were noted in all factors 7–14 days after the FIPV inoculation. Further-
more, clinical signs (fever, listlessness, and jaundice) developed 6–
8 days after the FIPV inoculation in all groups. The timing of the admin-
istration of mAb 2–4 was based on a comprehensive judgment of these
findings. To use amousemAb as a placebo, it would be necessary to con-
firm that it does not affect the virus, feline tissue, or the immune system.
Since no such mouse mAb was available, we used the solvent of anti-
fTNF-alpha mAb, PBS, as a placebo. Since the single administration of
anti-fTNF-alpha mAb caused no adverse reaction to mAbs, we consider
that the use of PBS as a placebo was appropriate.

Progression to FIP was prevented in 2 out of the 3 cats treated with
mAb 2–4, whereas all 3 cats developed FIP in the placebo control
group. In mAb 2–4-treated cats, plasma VEGF levels improved after
the administration of the antibody and the lymphocyte count also re-
covered. In addition, a plasma AGP level exceeding the diagnostic crite-
rion of FIP, 1500 μg/ml (Addie et al., 2009), was observed on day 21 in
the placebo group, whereas the level was significantly lower in mAb
2–4 treated cats. These facts strongly suggested thatmAb 2–4 alleviated
FIP symptoms by inhibiting TNF-alpha activity.

It is suggested that FIPV-specific CD4+ and CD8+ T-lymphocytes
contribute to virus elimination (de Groot-Mijnes et al., 2005).We previ-
ously reported that TNF-alpha produced by FIPV-infected macrophages
efficiently induced the apoptosis of T-lymphocytes, particularly CD8+
T-lymphocytes (Takano et al., 2007a). In the present study, decreases
in the numbers of CD4+ and CD8+ T-lymphocytes were noted from
7 days after the FIPV inoculation, but recovered in 2 out of the 3 cats
treated with mAb 2–4. The TNF-alpha-induced apoptosis of CD4+ and
CD8+ T-lymphocytes may have been reduced by mAb 2–4, i.e., a cellu-
lar immune response against FIPV may have been induced and
maintained.

Various drugs to treat FIP have been investigated. Since FIP is a viral
disease, treatments with antiviral agents (anti-FIPV drugs) have been
examined (Hartmann and Ritz, 2008). On the other hand, treatments
with anti-inflammatory drugs, represented by steroids, have also been
tested because FIP is an inflammatory disease. However, existing anti-
FIPV and anti-inflammatory drugs only transiently improve FIP symp-
toms, and do not improve survival times or quality of life (Hartmann
and Ritz, 2008). MAb 2–4 improved the survival time and quality of
life of cats with FIP; however, one of the 3 mAb 2–4-treated cats devel-
oped FIP. Thus, further investigations are necessary to determine its ap-
plicability as a therapeutic drug for FIP. We considered the combination
of the above anti-FIPV drugs andmAb2–4 to have improved therapeutic
effects on FIP. The therapeutic effects of the combination of an anti-TNF-
alpha antibody and anti-HSV drugs on HSV infection were previously
reported to be high (Boivin et al., 2013). Regarding HSV infection,
anti-HSV drugs such as acyclovir that only target the factors essential
for viral replication have been developed. This type of drug has recently
been developed for FIPV, for which future studies are expected (Hsieh
et al., 2010). The treatment of FIP with a combination of these drugs
warrants further investigation.

In the present study, we administered the mouse monoclonal anti-
bodymAb2–4 to cats only once, and their symptoms improved. Howev-
er, it may be necessary to investigate the multiple administration of
mousemAb 2–4 to cats inwhich a therapeutic effect is only temporarily
exhibited, as noted in cat No. B3. Since administration of mousemAb 2–
4 leads to anti-mouse mAb response to cats, it may cause anaphylactic
reactions as an adverse effect, reductions in the therapeutic effects,
and shortening of the half-life from second administration of mouse
mAb 2–4. Umehashi et al. (2002) reported that the administration of a
mAb with a constant region converted to the feline form (a mouse-
feline chimeric antibody) did not induce an anaphylactic reaction.
Based on this finding, wemodifiedmAb 2–4 to a mouse-feline chimeric
antibody, and are now evaluating its effects. Furthermore, we will need
to prepare Fab-fragment which removed Fc portion of mAb 2–4.

In conclusion, the results of the present study suggest that the anti-
feline TNF-alpha mAb is effective for the treatment of FIP in vivo. The
modification of mAb 2–4 to a mouse-feline chimeric antibody and the
therapeutic effects of its combination with anti-FIPV agent(s) need to
be examined in more detail, with the aim of its application as an effec-
tive therapeutic drug for FIP.
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