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Abstract: Feline infectious peritonitis (FIP), caused by the feline coronavirus (FCoV), is a devastating disease in cats.
Based on its antigenicity, FCoV can be divided into two serotypes: FCoV-I and FCoV-II. Furthermore, according to its
pathogenicity, FCoV can be divided into feline enteric coronavirus (FECV) and feline infectious peritonitis virus
(FIPV). There are numerous factors that affect the pathogenesis of FIP, among which host immunity and viral genetics
can play an essential role in the development of FIP. Owing to the lack of specific symptoms, existing individual di-
agnostic methods can only support the suspicion of FIP, and multiple diagnostic methods and test data need to be
combined to make a diagnosis. Although there are still no effective FIPV vaccines or commercial drugs available in
the market, various studies have shown that some compounds can be used for treatment. Therefore, FIP is no longer
incurable in cats.
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1. Introduction

Feline infectious peritonitis (FIP) is a coronaviral disease with an extremely high mortality rate caused by a genetic
variant of feline coronavirus (FCoV), referred to as the FIP virus (FIPV) [1]. This fatal disease can affect cats of any age
but is most prevalent among cats under 3 years of age, especially those between the ages of 4 to 16 months. FIP often
occurs in domestic cats, but in recent years, it has also been reported in non-domestic felids [2], including Panthera leo,
Puma concolor, Panthera tigers, Leptailurus serval, and Panthera onca [3]. Infected cats with clinical signs of FIPV typically
have an extremely high mortality rate, although some cats can live with the disease for varying periods ranging from
weeks to months or even years [4].

2. Serotype study of the etiologic agent of FIP

Based on their antigenicity, FCoVs are generally divided into two serotypes: FCoV-I and FCoV-II. These two
serotypes are classified according to humoral response changes caused by significant sequence differences between
spike proteins [5]. Studies have shown that FCoV-II emerged through independent recombination events with canine
coronavirus (CCV) [6]. Interestingly, serological studies have suggested that FCoV-II is more closely related to CCV
than to FCoV-I [6] (Figure 1), but comparative sequence analysis of the ORF7a-ORF7b region revealed that type [ and II
FCoVs are more closely related to each other than to CCV [7]. Recombination of CoVs may generate new variants that
can infect species other than their natural hosts. Thus, recombination is a common behavior of CoVs owing to their
low-fidelity polymerase and unique replication selection, which will accelerate the variation speed of FCoV and in-
crease the risk of cross-species transmission [8, 9]. In terms of natural infections worldwide, FCoV-I is the most wide-
spread in cats, whereas FCoV-II infections are relatively uncommon [10-12] (Figure 1). However, there have been rela-
tively few studies on FCoV-I owing to the difficulty in culturing and isolating the virus in cells. FCoV-I is difficult to
isolate in cell culture because it only grows well in macrophage [13]. Cultivation technology for FCoV-II is relatively
mature. Studies have shown that FCoV-II strains adapt well to most available cell lines such as CRFK, F81, and FCWEF-4
during routine operation [14-17]. Therefore, currently, most pathogenicity studies on FCoV focus on FCoV-II.
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Figure 1. ML tree of complete S gene is constructed using IQ-Tree under the GTR+F+G4 model.

FCoV is sub-classified into two biotypes based on its pathogenicity: FECV and FIPV, and, FECV and FIPV include
both serotypes I and II. FECV infection is usually asymptomatic or causes mild transient enteritis, whereas FIP is fatal if
not treated timely [18]. As factors that increase the affinity of FIPV to macrophages seem to limit fecal-oral transmis-
sion, FIPV is generally considered non-transferable. It is reported that the pressure of overcrowding and the high level
of virus in the environment may be conducive to the transition from FECV to FIPV [19]. Moreover, some studies have
found that some FCoV strains may be more prone to this transformation than other strains [20-22]. The widely ac-
cepted “in vivo mutation” theory states that FIPV is caused by a mutation of FECV in the gastrointestinal tract of in-
fected cats, which is transmitted systematically and leads to FIP [13, 22, 23]. The mutation sites responsible for FIP are
not fully understood; however, it has been reported that some accessory genes (3¢ and 7b) may be the sites of critical
mutations [7, 24]. Another hypothesis is the "circulating virulent/avirulent" theory, which shows that both virulent and
avirulent strains circulate in the cat population, and susceptible individuals exposed to the virulent strains are suscep-
tible to the disease. Phylogenetic analyses have shown that M and 7b genes in viruses obtained from healthy cats were
distinct from those obtained from sick cats and suggest the coexistence of both biotypes in cats. This hypothesis was
proposed to explain the susceptibility of individuals exposed to virulent strains to the disease. [25]. Hitherto, none of
the identified mutations appear to be in accordance with the pathotype from less virulent FCoV to FIP-associated FCoV
[26-28]. Interventional studies involving animals or humans and other studies that require ethical approval must list
the authority that provided the approval and the corresponding ethical approval code.

According to the clinical symptoms, FIP can be divided into two pathological forms: dry and wet. In the “wet”
form, the most characteristic sign is a considerable amount of intracavitary effusion [29]. For a long time, the two forms
were considered distinct viral species, but current molecular studies have demonstrated that they are two variants of
the same virus with different virulence [30]. The clinical symptoms of the dry form mainly focus on the eyes and
nervous system, and the typical characteristic of granulomatous lesions of dry FIP is the Focal accumulation of in-
flammatory cells and necrotic-proliferative lesions [31]. Studies have shown that in the terminal stages of the disease,
when the immune system collapses, the dry form of FIP may become effusive [32, 33]. One of the main differential
diagnoses of ocular FIP is idiopathic uveitis [34]. In both clinical forms, systemic symptoms caused by severe acute
systemic inflammatory reaction syndrome (SIRS), such as fever, fatigue, and emaciation, and laboratory changes, such
as anemia, elevated concentrations of serum globulin components, and acute phase proteins, are commonly found [24].
A sign of FIP is disseminated vasculitis caused by complex immune reactions among viruses, antiviral antibodies, and
complement [35].

Interestingly, the classification method by which FCoV can be divided into types I and II has recently been ques-
tioned, and based on the differences in spike proteins and the expected biological and clinical results, it has been sug-
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gested that these two "serotypes” should be considered as different viruses [36]. Regardless of the definition of the two
serotypes, both can cause FIP and FECV [37]. Furthermore, FIP has been found to be the primary cause of death of
kittens [38].

3. Pathogenesis

As a member of the genus Alphacoronavirus, FCoV is an enveloped, positive-sense, single-stranded, highly con-
tagious virus [39, 40]. The FCoV genome is as large as that of other coronaviruses, approximately 29 kb, encoding 11
proteins and four structural proteins, namely spike (S), matrix (M), nucleocapsid (N), and envelope (E), and five
non-structural proteins, namely replicase 1a and 1b multi-proteins, as well as accessory proteins-3a, 3b, 3¢, 7a, and 7b
[41-43] (Figure 2). In addition to protein S, studies have revealed that the 7a-b ORFs and 3a-c are the main candidates
for mutations that lead to the FIP phenotype [34, 42]. FCoV-infected cats without FIP may also develop viremia, and
FCoV can even be detected in the organs of healthy cats [44-47]. This coronavirus is pervasive in cats worldwide, and
when it is an FECV, it is not in itself an important pathogen that causes mild and transient diarrhea [48, 49]. However,
once FIPV arises from specific mutations in FECV, it is devastating to cats [24, 50]. There are rare occasions when a cat
may recover miraculously but still relapse months or even years later [51].

Figure 2. Schematic representation of the genome of FCoV. The FCoV genome is approximately 29 kb in size and contains
11 ORFs encoding four structural proteins (S, M, E, and N) and seven nonstructural proteins (replicase proteins 1a and 1b
and accessory proteins 3a, 3b, 3¢, 7a, and 7b). The S protein consists of two subunits: S1 (the receptor binding domain,
RBD) and S2 (the fusion domain, FD).

The most critical step in the viral life cycle is viral entry into cells. In FIPV, viral cell entry occurs in two ways. The
first pathway is cytosolic entry through early endosomes (FCoV-II) and the other is through late endosomes (FCoV-I)
[52]. Studies have revealed that the cell receptor of FCoV-II is aminopeptidase N (APN), which binds to the spike (S)
protein and mediates the internalization of the virus into the cell [53, 54]. However, there have been no relevant studies
on FCoV-I cell receptors. Studies showing the entry mechanisms of FCoV-II have been conducted using the 79-1146
strain, which is internalized through a novel clathrin- and caveolae-independent pathway that depends on dynamin
[55, 56].

FCoV binds to its cellular receptors and requires cytoplasmic access for replication. The cleaved S protein by ca-
thepsin B fuses with the endosomal membrane after the complex between the viral receptor and viral S protein is en-
docytosed [57]. The S protein fusion peptide is located in the S2 domain. FCoV-I has two specific activation sites: 51/52
cleaved by furin-like protease, and S2' cleaved by cathepsin B. FCoV-II only has the S2' site, cleaved by cathepsin B [57].
Cathepsin B may be the most important protease mediating FCoV entry, with cathepsin L possibly playing a secondary
role [58]. Replication of FCoV is rapid, with the replicative cycle completed in less than 24 h. Notably, mutations in the
FCoV S gene have been suggested to play an important role in the switch between cell tropism and pathogenicity
[59-61]. It has been reported that only in the FCoV of cats with FIP, two single-nucleotide polymorphisms (SNP) in
close proximity were found at nucleotide positions 23,531 and 23,537 of the S gene, which could lead to amino acid
substitutions at positions 1,058 (M1,058L) and 1,060 (51,060A), respectively, within the spike protein. Furthermore, a
study found that one of the aforementioned SNPs was present in 96% of the FCoV S genes in cats with FIP [26]. Alt-
hough this amino acid substitution can also be detected in tissues from cats without FIP, another study revealed that it
may be more likely related to the systemic spread of FCoV rather than to the FIP phenotype [62]. Consequently, the
role of these S gene mutations in FIP pathogenesis remains unclear.
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After oral fecal transmission, FCoV experiences an initial intestinal infection, and the virus can spread outside the
intestinal tract, leading to monocyte-related viremia, which can mutate to FIPV [25]. Productive monocyte/macrophage
infections caused by FIPV, anatomical dissemination with diverse distributions, and immune-mediated perivasculitis
lead to FIP [63]. In addition, due to the spread of virus in various parts of the body, FIP may exhibit clinical symptoms
reflecting inflammation of various anatomical sites, including the abdominal cavity and related organs, thoracic cavity,
central nervous system and/or eyes [34, 64-66].

Feces are the main source of FCoV, and cat litter boxes and litter trays are the main sources of oral infection in cats
[67, 68] (Figure 3). In contrast, transplacental transmission through a shared feeding bowl plays a minor role [69, 70].
Moreover, it is revealed that the wet type of FIPV may be the result of weak cell-mediated immune response [71].

Figure 3. Schematic diagram of the main routes of FCoV transmission between cats.

To date, data regarding the risk factors for FIP remain controversial. Several studies have shown that breed and
sex are not associated with FIP [72, 73], whereas other studies have shown that the male sex is significantly correlated
with FIP [74, 75]. Additionally, there is evidence that certain breeds are more susceptible to FIP [76-79].

4. Innate Immune Response and Immune Escape Mechanisms

It has been reported that the viral load and the cat’s immune response determine whether FIP will develop, and
both host immunity and viral genetics can play significant roles in the development of FIP [63, 80]. The progression of
FIP infection may be a consequence of severe immunosuppression caused by T cell depletion [81]. Several studies have
reported on the role of antibodies in the pathogenesis of FIP. After infection with FIPV, the immune complex formed
by FCoV and the anti-FCoV antibody precipitates around the blood vessel wall and induces the recruitment of mac-
rophage production factors. The resulting cytokines damage the tissue, induce the release of neutrophils, exacerbate
the inflammatory process, and cause tissue damage [82, 83], resulting in the occurrence of the cavity effusion observed
in wet FIP.

Feline Toll-Like Receptors (TLR) 1-9 have been isolated and exhibit varying distributions, expression, and func-
tions in different tissues, among which TLR3 has been found to effectively prevent the invasion of FIPV [84]. Com-
pared to the mesenteric lymph nodes of healthy cats, the transcription level of TLR3 in mesenteric lymph nodes
showing typical FIP lesions was slightly lower, suggesting a general systemic stimulus to upregulate TLR3 in FIP.
Moreover, in vitro studies have shown that prior stimulation of TLR3 contributes to defense against murine corona-
viruses [85].

During viral infection, interferons (IFNs) are the main cytokines involved in the antiviral response [86] and are key
elements in both innate and adaptive immune responses to viral infections [87]. However, there is much evidence that
coronaviruses can escape the host IFN response via accessory proteins [88, 89]. Recently an accessory protein 7a able to
counteract IFN-a-induced antiviral response, has been identified in FIPV [90, 91]. Before infection, the presence of
protein 7a did not reduce the IFN produced by FIPV, indicating that protein 7a may resist downstream vi-
rus-producing IFN. Furthermore, it has been found that only in the presence of proteins encoded by ORF3 (3a or 3b),
protein 7a could interfere with the IFN-a antiviral response [91]. The synergism between these two proteins allows the
effective replication of wild-type FIPV, which may produce the same antiviral effect by interfering with different
IFN-induced pathways. Thus, blocking the two IFN-induced pathways may be the key to overcoming the overall
negative effects of IFN [88]. However, studies have found that the deletion of the ORF from wild-type FIPV does not
make the virus completely sensitive to IFN, indicating that other viral proteins (Nsps and/or structural proteins) may
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also play a role in IFN antagonism [88, 92]. Nsp5 of FIPV has recently been shown to inhibit the production of type I
IFN by cutting multiple NEMO sites [90].

Natural Killer (NK) cells are specific cytotoxic lymphocytes lacking an antigen-specific receptor that can kill vi-
rus-infected cells as well as tumor- and stressed- cells [93]. Regulatory T cells (Tregs) is a CD4+ T cell group that mainly
regulates the immune response caused by immunosuppression [34]. Previous research has shown that NK cells and
Tregs in the peripheral blood, mesenteric lymph nodes, and spleen of FIP-infected cats were significantly reduced
compared with uninfected control cats, which indicates that FIP infection might be associated with severe depletion of
both NK cells and Tregs and the reduction of NK cell function [94].

5. Diagnostic Methods

Ante-mortem diagnosis of FIP is difficult and frustrating. Difficulties in definitively diagnosing FIP are due to the
lack of specific clinical signs, pathognomonic biochemical abnormalities, and the low sensitivity and specificity of tests
routinely used in practice [29]. The common clinical signs of FIPV, such as anorexia, lethargy, and weight loss, and
neurological signs, such as gait abnormalities or abnormal mentation, are non-specific [95-97]. The diagnosis of FIP is
usually made by weighing the clinical findings, abnormalities present in common diagnostic procedures, and, if pos-
sible, postmortem examination and histopathology weigh [29]. Currently, there is no perfect method for diagnosing
FIPV. It is well known that lymphopaenia and neutrophilia are typical manifestations of FIP, but this change can be
explained as a typical “stress leukogram” that occurs in many severe systemic diseases in cats [98]. Although the im-
munological staining of viral antigens within tissue lesions is considered the reference standard for diagnosing FIP,
invasive sampling is inconvenient [29, 99, 100].

5.1 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Assays

There have been many reports on the detection of FCoV using RT-PCR. RT-PCR assays may be valuable tools for
screening viruses in cats because most FCoV strains can be detected [101-105]. Owing to differences in the S gene se-
quence between FCoV serotypes I and II, certain RT-PCR assays have been developed to distinguish between these
serotypes based on the S gene [11, 31]. In addition, some used primers targeting the other conserved regions of the
virus genome, such as 7b gene [106-108], and 3' untranslated regions (3' UTRs) [109, 110]. However, because viral RNA
also circulates within asymptomatic FCoV-infected cats without FIP [44, 111, 112], RT-PCR detection of FCoV is only
partially useful [109, 111, 113, 114]. Negative FCoV RT-PCR results are common in cats with FIP. Therefore, RT-PCR is
not the only detection method for diagnosing FIP, and its results should be interpreted in combination with the clinical
status of infected cats. However, because cats with FIP usually have significantly higher FCoV RNA loads, as measured
by quantitative RT-PCR, than cats without FIP [62, 101, 115-118], quantification of FCoV RNA loads is a reasonable
option to narrow the diagnosis of FIP [67].

5.2 Histopathology and Immunohistochemistry

Currently, the only accurate diagnostic method is immunohistochemical (IHC) staining of FCoV antigens in
macrophages within tissues with characteristic changes [29, 99, 100]. Although immunostaining cannot differentiate
between FECV and FIPV, FIPV replicates more actively, and higher concentrations of viral antigens are found in FIP
cases [35]. Viral antigen concentrations are lower in lesions of cats with dry FIP than in those with wet FIP [119].

5.3 Serology

Hematological abnormalities are common and nonspecific in cats with FIP [105]. It should be noted that lym-
phopenia observed in approximately 50% of cats with FIP is significantly more common in cats with effusion, but
rarely reported in cats without effusion [105]. Most cats with FIP also have abnormal serum biochemistry, particularly
hyperglobulinemia, which has been reported in 80% of cats with FIP [74]. Microcytosis and band neutrophilia are the
common features of FIP. Cats with FIP usually show a significant increase in the concentration of acute phase protein
(APP), however, they are not specific symptoms of FIP [95, 120].

The measurement of serum antibodies is a useful and relatively accurate diagnostic tool for the detection of FCoV
infection. However, there is still controversy regarding the use and interpretation of anti-FCoV antibody titers in serum
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or plasma [1]. Therefore, as a large proportion of healthy cats have anti-FCoV antibodies, antibody detection is more
helpful for the management of FCoV infections than for the diagnosis of FIP. Furthermore, some cats with the wet form
of FIP have low titers or even no anti-FCoV antibodies, which may be due to the large amounts of virus in the cat’s
body that bind to antibodies and render them unavailable to antigens in the test or because the antibodies are lost in
effusions [35].

A study reported that sensitivity and specificity of a commercial test kit for the detection of FCoV antibodies
(ImmunoComb FCoV Antibody Test Kit, Biogal, Israel) were 95% and 83%, respectively [121]. Moreover, the use of
anti-7b protein in serology does not seem to provide any significant advantage, which was developed on the faulty
premise that FECVs lack the ORF 7b gene and therefore do not produce the ORF7b protein product, while FIPVs have
the ORF7b gene, produce the protein, and therefore trigger an antibody response to the ORF7b protein [106]. Now it is
well known that almost all field isolates of FIPV and FECV have complete ORE7b gene, so both can trigger anti-ORF7b
antibodies.

5.4 Tests on Effusion Fluid

Compared to serological tests, the hydrops test has a higher diagnostic value in clinical tests of effusions. How-
ever, the presence of fluid accumulation in the clinic did not indicate FIPV infection. Approximately half of the cats
with fluid accumulation have FIP [122]. The cytology of the effusion in cats with FIP usually consists predominantly of
macrophages and neutrophils, and the protein content is very high (> 35 g/l), while the cellular content is low (< 5,000
nucleated cells/ml) and approaches that of a modified or pure transudate. Electrophoresis is a useful tool to assist in the
diagnosis by determining the albumin/globulin ratio. If the albumin/globulin ratio was < 0.4, it indicated a high posi-
tive predictive value; if the ratio was > 0.8, it indicated a high negative predictive value [67]. Moreover, Rivalta’s test is
useful in differentiating between FIP effusions and effusions caused by other diseases, with a positive predictive value
of 86% [99].

5.5 Other Diagnosis Method

Ultrasonography, magnetic resonance imaging (MRI) and radiology are very helpful auxiliary tools for identify-
ing the presence of fluid caused by FIPV [123]. In some cats, mesenteric lymphadenopathy can result in abdominal
lesions. Radiographs can reveal pleural, pericardial, or peritoneal effusions, hepatomegaly, or renomegaly. Ultraso-
nography can be used to confirm the presence of abdominal fluid in cats with minimal fluid volume and to evaluate
the pancreas, liver, lymph nodes, and kidneys. MRI can reveal periventricular contrast enhancement, ventricular dila-
tion, and hydrocephalus in cats with neurological FIP [124].

6. Therapy and Prevention
As FIP is very common in cats and can cause extremely high mortality, there is an increasing demand for therapies
and prevention from veterinarians and cat owners. Although no treatment has been approved at present, several
studies have been conducted to develop effective, safe, and mass-produced therapeutic compounds [125].

6.1 Antivirals

In recent years, the nucleotide analog GS-441524 and the 3C-like protease inhibitor GC376 have been shown to
have good efficacy in the treatment of FIPV, although the two drugs have completely different effects [126-130].

As a small-molecule competitive inhibitor of nucleoside triphosphates (NTPs) and developed from the precursor
drugs G5-5734 and GS-5734, GS-441524 has been reported to effectively prevent the experimental Ebola virus in rhesus
monkeys and inhibit Middle East Respiratory Syndrome in a mouse infection model [131]. GS5-441524 is required for
intracellular phosphorylation of cell kinases to nucleoside monophosphate, which is then phosphorylated to the active
triphosphate metabolite (NTP). The active NTP analog acts as a competitor to the natural nucleoside triphosphate in
viral RNA synthesis; when it is inserted into a transcription product, transcription is terminated prematurely, inhibit-
ing the viral RNA transcription process.[128]. GS-441524 acts primarily during the early stages of viral replication.

Based on this point, Pedersen et al. revealed the efficacy of GS5-441524 administered for 12 weeks in the treatment
of 32 cats naturally infected with FCoV [127]; Peter et al. showed that GS-441524 can be used to treat FIP with neuro-
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logical presentation with similar efficacy, and determined the optimal dose range for GS-441524 in cats with neuro-
logical FIP (5-10 mg/kg) [132]. In addition, treating cats with dry or neurological forms of FIP may require higher doses
than those for the wet form because the blood-ocular and blood-brain barriers inhibit the diffusion of GS-441524 [127,
132]. It has been reported that GS-441524 shows effective oral bioavailability [133, 134] and can be used as an oral an-
tiviral drug against coronaviruses.

The 3C-like protease inhibitor (3CLpro) binds to the active site of the viral 3C protease, blocking its catalytic ac-
tivity, and thus inhibiting coronavirus replication in vivo [130]. More accurately, its breakdown product, GC373, ef-
fectively inhibits Mpro of FCoV. Kim et al. revealed that GC376 effectively inhibits coronavirus replication in naturally
infected cats [135]. Pedersen et al. further showed that when GC376 is used for 12-17 weeks, it is safe and effective for
the treatment of cats with various forms of natural clinical FCoV infection [126]. Other studies, including those on fer-
ret and mink coronavirus Mpro, demonstrated the broad specificity of this protease inhibitor [135, 136]. However,
GC376 appears to be less effective in treating and eradicating the more chronic neurological or ocular forms of FIPV
[137].

Chang et al. showed that G5-441524 was more effective than GC376 in treating cats with FIP. The remission rate
with GC376 was approximately 50%, whereas that of GS-441524 was 70% [138]. However, regardless of GC376 or
(GS-441524 is treated as independent drugs for FIPV, they must be administered for a long time (12-17 weeks). Thus, Lv
et al. tested a combination of the two drugs and found that GS-441524 combined with GC376 can be safely and effec-
tively used to treat FIP and reduce the treatment period to 4 weeks, with an excellent cure rate [139]. However, Cook et
al. found that, although evidence of compound synergy was identified for several combinations of antiviral agents,
monotherapies were ultimately determined to be the most effective in inhibiting viral transcription [140].

In addition to the two most common drugs, other drugs have been discovered in recent years and have the po-
tential to be used for the treatment of FIPV [140]. Studies suggest that ICZ strongly inhibited type I FIPV replication
[141, 142], by inhibiting pathways downstream of the late endosome [52]. Regan et al. found that cathepsin B inhibitors
might be effective therapeutics to treat incurable and lethal afflictions in cats [58]. Tanaka et al. showed that ionophore
antibiotics, including valinomycin, salinomycin, and nigericin, can act as broad-spectrum agents that inhibit FCoV
proliferation in vitro in a dose-dependent manner by strongly binding to cellular potassium ions and altering the ion
concentrations and pH within the cell [143, 144]. It has reported that salinomycin inhibited FCoV proliferation in
Fcwf-4 cell, especially exhibited its antiviral activities at a concentration of 10 uM. Therefore, PPlase inhibitors may act
as alternative drugs for treating FIP [145]. Though the effect of recombinant feline IFN-w (rfelFN-w) has not been re-
liably confirmed in FIP, topical administration of IFN-w still has the potential for the treatment of FIP [16, 99, 146].

Overall, the most effective antiviral compounds were determined to mechanistically feature either a nucleoside
analog or a protease inhibitor, but other antiviral compounds can also play a role in the adjuvant therapy of FIP. De-
spite recent clinical success, these antiviral compounds are currently unavailable for legal veterinary use in cats with
FIP.

6.2 Vaccine

As a highly virulent monocyte/macrophage pathogen, FIPV variant could cause systemic immune complex me-
diated infection [130, 147]. Thus, owing to the role of antibody-dependent enhancement (ADE) in FIP disease patho-
genesis, the development of an effective vaccine against FIP has been challenging. Several studies have shown that the
presence of non-neutralizing anti-coronavirus antibodies aggravates FIP disease [137, 148, 149].

A modified live intranasal vaccine (Felocell FIP, Zoetis), containing a temperature-sensitive mutant of the FCoV
strain DF2-FIPV, can only replicate in the upper respiratory tract; therefore, it can induce a local IgA reaction in the
mucosa, which has been licensed in the United States [150]. However, further studies have shown that its efficacy re-
mains uncertain [151]. This type of vaccine is only effective if inoculated before contact with FIPV, which is not suitable
for highly endemic situations [152]. Therefore, this vaccine has significant limitations, and is not recommended.

Attempts have also been made to immunize cats with an unattenuated field isolate of canine coronavirus to pre-
vent FIP; however, these have not been successful [153]. To date, the most promising results were that in recombinant
FIPV mutants lacking the ORF3abc or ORF7ab region, after lethal homologous attack, these mutants provided 100%
and 80% protection, respectively [154]. Interestingly, recombinant feline coronaviruses, which differ only in the trun-
cation (PBFIPV-DEF-2) or completion (PBFIPV-DF-2-R3i) of their ORF3abc regions, are vaccine candidates that can play
a protective role in SPF cats, but not in conventional cats [155].
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7. Conclusions

Regardless of the disease to be treated, a study of its etiology and pathogenesis is necessary. The research on
FCoV, the pathogen that causes FIP, has been going on for decades, but just the classification methods for FCoV are still
not clear enough so far. And the receptor of FCoV-I has not yet been determined, which is also related to the difficulty
in cultivating FCoV-I. Thus, basic research on FCoV is still in progress, and perhaps the train of thought of FCoV can
refer to that of COVID-19.

Owing to some cats with FIP still look healthy at the time of diagnosis and can usually live for several days with
only symptomatic treatment, their owners might not be willing to accept the diagnosis and the fact that there is no
effective treatment, which has a negative impact on communication between veterinarians and owners [34]. Timely
diagnosis of FIP remains challenging. Once the typical symptoms of FIP appear, cat treatment is likely to be ineffective.
Therefore, regular physical checkups of cats and stress reduction are important to prevent FIP. Although commercial
drugs for FIPV have not yet appeared in the market, there are certain effective drugs available for treatment. FIP is no
longer an absolutely incurable disease in cats. However, the price of these drugs is high and the treatment may last for
several months, which is a heavy burden for the owner. Further research is necessary to develop effective prevention
and treatment methods. But all in all, what is certain is that FIP is no longer an incurable disease, the efforts made for
the study of FIP brings us a ray of hope to defeat this devastating disease of cat.
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