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Abstract: Feline coronaviruses (FCoV) are common viral pathogens of cats. They usually induce
asymptomatic infections but some FCoV strains, named Feline Infectious Peritonitis Viruses (FIPV)
lead to a systematic fatal disease, the feline infectious peritonitis (FIP). While no treatments are
approved as of yet, numerous studies have been explored with the hope to develop therapeutic
compounds. In recent years, two novel molecules (GS-441524 and GC376) have raised hopes given
the encouraging results, but some concerns about the use of these molecules persist, such as the
fear of the emergence of viral escape mutants or the difficult tissue distribution of these antivirals in
certain affected organs. This review will summarize current findings and leads in the development
of antiviral therapy against FCoV both in vitro and in vivo, with the description of their mechanisms
of action when known. It highlights the molecules, which could have a broader effect on different
coronaviruses. In the context of the SARS-CoV-2 pandemic, the development of antivirals is an
urgent need and FIP could be a valuable model to help this research area.
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1. Introduction

Coronaviruses (CoV) are RNA positive single strand viruses belonging to the Coron-
aviridae family within the Nidovirales order. They are classified into four genera: Alpha-,
Beta-, Gamma- and Delta-coronavirus genus. Gamma- and Delta-coronaviruses mostly
infect birds, with the exception of some mammals. Alpha and Beta-coronaviruses exclu-
sively infect mammals. Coronaviruses display the largest genome among RNA viruses,
which ranges from 26 to 32 kB (kilobases). It is a single-strand positive-sense RNA, with a
capped 5 end and a polyA tail on the 3’ end. The genomic organisation is quite similar
for all the coronaviruses: the first two-thirds correspond to the ORFla/b, which encodes
the 16 non-structural proteins essential for the virus replication (nsp1-nsp16), followed by
the structural genes, always in the same order S (spike)-E (envelope)-M (matrix)-N (nucle-
ocapsid). Interspaced between the structural genes are found additional ORFs encoding
for accessory proteins. Those accessory proteins differ in number, size and position on the
genome for each viral species of Coronaviridae. After binding to the receptor, coronaviruses
enter the cell host either via direct fusion at the plasma membrane or endocytosis. Once the
nucleocapsid is delivered into the cytoplasm, viral RNA is uncoated for translation of the
ORF1a/1b gene into a polyprotein that encodes the 16 non-structural proteins. Synthesized
proteins proceed to form the replicase-transcriptase complex (RTC). The RTC will initiate
the transcription of full-length negative RNA and negative subgenomic (sg)RNAs. In turn,
they will serve as a template for the synthesis of positive full-length RNA and positive
sgRNAs. Viral proteins are translated from the positive sgRNAs. After synthesis, they
undergo maturation in the Endoplasmic Reticulum (ER) and Endoplasmic Reticulum-Golgi
apparatus Intermediary Compartment (ERGIC) and assemble to form the novel viral parti-
cles. The viral particles maturation occurs during their transit in the Golgi apparatus and
are in fine secreted out of the cell by exocytosis (Figure 1).
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Figure 1. FCoV life cycle and mechanisms of actions of current FIPV antivirals. Letters A-F represent
major steps of FIPV replication: (A) Attachment to cell and endocytosis. (B) Liberation of Ribonucle-
ocapsid following fusion of viral and cell membranes and decapsidation. (C) Transcription of viral
RNAs and creation of Replication/Transcription Complex. (D) Translation of the viral structural
proteins. (E) Assembly of virion in the endoplasmic reticulum or Golgi apparatus. (F) Budding
of virus in the ERGIC and exocytosis. HHA: Hippeastrum hybrid agglutinin; UDA: Urtica dioica
Lectin; GNA: Galanthus nivalis agglutinin; TFO: Triple Helix Forming Oligonucleotides. Created
with Biorender.

Among the six known human coronaviruses, three are highly pathogenic: MERS-CoV,
SARS-CoV and SARS-CoV-2. All of them originated from bat coronaviruses [1]. For SARS-
CoV and MERS-CoV, intermediate hosts, civet cats and camels, respectively, served as a
relay to the human infection. No intermediate host has been determined for SARS-CoV-2 as
of yet, but this virus is able to infect multiple animals, including ferrets, minks, non-human
primates, dogs, domestic cats and wild felidae [2]. As seen with MERS-CoV in camels [3],
animals may become a reservoir for the virus and induce recurring transmission to humans.
Therefore, it is important to study and find ways to control CoV infection in animals to
prevent future epidemics. In addition, animal coronaviruses cause some highly pathogenic
diseases in animals, which result in economic losses. Veterinary coronaviruses were the
first known CoVs, with the discovery of Infectious Bronchitis Virus in chicken in 1931 [4],
35 years before the report of the first human coronavirus [5], HCoV-229E. Many livestock,
wildlife and pet species are affected by different coronaviruses, including bats, cows, horses,
camelids, poultry, pigs, dogs and even ferrets [6-9]. Cats are susceptible to the feline CoVs
(FCoV), an Alphacoronavirus [10].

FCoVs are classified into two biotypes based on their pathobiology. Avirulent strains,
which usually induce mild or subclinical digestive symptoms, are referred to as feline
enteric coronavirus (FECV). FECV is endemic in cats with seropositivity of 20 to 60%,
reaching up to 90% of positive cats in multiple cats households [11]. Virulent strains are
responsible for feline infectious peritonitis (FIP) disease and are called feline infectious
peritonitis viruses (FIPV). FIPV results from spontaneous mutations of FECV, which modify
the spike glycoprotein, the 3¢ accessory protein and potentially the accessory protein 7b.
While FECV is largely restricted to the intestinal tract, FIPV is able to infect monocytes
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and macrophages [12], which leads to the spread of the virus until a systemic infection is
established. Two clinical forms of FIP are observed: the effusive form characterized by fluid-
filled cavities and the dry form with multiple pyogranulomatous lesions in various organs.

FCoV is also subdivided, based on serological responses, into two serotypes: FCoV-I,
the source of most natural infection amongst cats [13], and FCoV-II, resulting from the
recombination between FCoV-I and the canine coronavirus, CCoV-II. FCoV-II is usually the
laboratory model used due to its ease of replication in cell lines such as CRFK (Crandell-
Rees Feline Kidney) or fcwf-4.

Attempts at developing a vaccine have been made, but the efficacy of currently
available FCoV vaccines is limited [14,15]. There is still a need for the development of
therapeutic compounds against FIPV. Moreover, the SARS-CoV-2 pandemic shows the
importance of developing antiviral treatments against coronaviruses. In this perspective,
FIP is a good natural animal model to test wide-spectrum antiviral molecules. The purpose
of this review is to provide an update on current antiviral molecules tested against FIPV
either in vitro or in vivo with a description of their cellular mechanisms of action. Within
this framework, we propose to detail the molecules according to the viral cycle step targeted
by the antiviral molecules. This review also includes effective immunostimulant molecules.
Table 1 lists the values of IC50 (half maximal inhibitory concentration) and CC50 (half
cytotoxic concentration) of the different inhibitors addressed in this review.

Table 1. Compounds with antiviral effect against FCoV.

Compound Strain IC50 1 (uM) CC50 1 (uM) SI In Vivo Test Ref
HR peptides (FP5) FIPV-II NTU156 1.33 >200 >150 [16]
Dyphillin FIPV-Il NTU156 0.59 5.99 10.15 (7]
Dyphillin nanoparticle FIPV-II NTU156 0.098 77.26 7883.67
FIPV-TI 79-1146 0.2°°
GNA FIPV-I Black 0.012 °° >2 %
FIPV-TI 79-1146 0.06 °° -
HHA FIPV-I Black 0.004 °° >2 [18]
FIPV-II 79-1146 0.17 °° »
UbA FIPV-I Black 0.02 °° 22
Chloroquine FIPV-I1 79-1146 212% 325.3 (timing not 1534 [20]
specified) SPF cats [19]
Chloroquine (diphosphate) FIPV-II NTU156 27.92 % 37.50 * 1.34 [21]
Chloroquine FIPV-TI 79-1146 0.38 82.31 #+ 216 [22]
" 515.7 (timing not
Hydroxychloroquine FIPV-TKU-2 487 specified) 10.59 [20]
FIPV-IT 79-1146 303+ 5157 (timing not 17.02 [20]
specified)
FIPV-II NTU156 35% >100 * >28.57 o , [21]
GS-441524 FIPV-II 79-1146 078 * 5100->10 ** clinical trials [23,24] [25]
Mefloquine FIPV-1 79-1146  0.74-5.71 *-7.89 ** 15.13 *** Pharg;j;o[lzg]‘ems [22]
Ribavirin FIPV-TI 79-1146 417 % NA NA SPF cats [27] [28]
Adenosine arabinoside FIPV-II 79-1146 125 NA NA [28]
3-Deazaguanosine FIPV-TI 79-1146 10.37 ** 32332 % 31.18 [29]
6-azauridine FIPV-II 79-1146 0.16 ** 19.4 ** 121.25 [29]
$iRNA L2 (leader 2) FIPV-II 79-1146 0.0012 @ NA NA [30]
siRNA N1 (nucleocapsid 1) FIPV-II 79-1146 0.0018 o NA NA [30]
Fusidic acid FIPV-II 79-1146 75 ** 232.56 ** 31 [29]
Hygromycin B FIPV-TI 79-1146 2.05 % 29.94 * 13,31 [29]
FIPV-II 79-1146 0.04 >150 >3750 L [33]
GC376 FIPV-Tl NTU156 0.4-2% 550 * 25 Clinical trials [31,52] 5
NPI64 FIPV-II 79-1146 0.04 61.91 1547.75 Pharmacokinetics [33]
only [31]
Nelfinavir FIPV-IINTU156 8.19° 11.45* [35]
U18666A FIPV 11 75-1146 >0 97.6** 488 SPF cats [36] [36]

FIPV-I KU-2 0.2 **
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Table 1. Cont.
Compound Strain IC50 1 (uM) CC501 (uM) SI In Vivo Test Ref
FIPV-I KU-2 0.219 ** 208 ** 950.6
FIPV-I UCD1 0.597 ** 208 ** 348.7 [37]
Itraconazol FIPV-1 UCD4 0.146 ** 208 ** 1425.9 SPF cats [37]
FIPV-II 79-1146 >160 ** 208 ** <13
FIPV-1 KU-2 0.7 121 ** 172.9 [38]

1 indicates the timing post-infection: * 48 h, ** 72 h, *** 96 h, © 36 h, ° 15 h, °° for 6 h and no symbol 24 h. SI is the ratio of CC50/IC50.
GNA: Galanthus nivalis agglutinin. UDA: Urtica dioica agglutinin. HHA: Hippeastrum hybrid agglutinin. NA: Not Available, SPF: Specific
Pathogens Free, SI: Selectivity Index.

2. FCoV Inhibitors
2.1. Inhibition of FCoV Cell Entry

The S protein is responsible for the attachment of CoV to the cellular receptor and
the fusion between the cell and the viral membrane for all coronaviruses. The large N-
terminal ectodomain of S is subdivided into S1 and S2 subunits that contain the receptor
binding domain (RBD) and the fusion domain, respectively. The FCoV-II receptor is the
feline aminopeptidase-N (APN) protein, a cell-membrane-bound metalloprotease. The
FCoV-I receptor is still unknown. Feline DC-SIGN is also an important entry cofactor in
monocytes, at least for feline serotype II strains [39]. Coronaviruses’ entry into cells is
complex, as many coronaviruses are able to use both endocytosis and direct membrane
fusion to enter host cells [40]. FCoV seems to infect cells via endocytosis in a clathrin-
and caveolin-independent but dynamin-dependent manner, at least in monocytes [41].
Molecules inhibiting the virus’s cell entry usually target the interface between the cellular
receptor and the viral receptor binding site, harboured by the S protein in CoVs, but some
of them inhibit the cellular processes of entry after the viral attachment step.

Different molecules inhibiting the FCoV viral attachment have been attempted. Pep-
tides targeting the S1 domain of Spike, which contains the RBD, were developed. At
160 uM, three peptides corresponding to the amino acids 471-490 (peptide I-51-9, includ-
ing the RBD of spike), 541-560 (peptide I-51-16), and 601-620 (peptide I-51-22) inhibited
around 80% of viral replication of FIPV-I KU-2 strain in fcwf-4 cells. I-51-9 and I-51-16
also significantly inhibited FIPV-I UCD-1 and Black strains and, more surprisingly, the
FIPV-II 79-1146 strain, despite the sequence heterogeneity between the spike proteins from
FCoV serotype I and II. It was therefore hypothesized that the inhibitory effect may be
due to a competition between peptides and viral particles to bind to cell receptors, in a
non-serotype-specific manner [42].

Peptides corresponding to the Heptad Repeat (HR) region 2 of the 52 subunit of the
Spike protein of FIPV-II NTU156 strain were also developed. As HR regions are critical
for the fusion of the viral envelope with the host membrane, those peptides could block
the virus’s entry. By preincubating FIPV for 1 h with HR 2 peptides, the authors noted
a dose-dependent inhibition of infection. Out of five tested peptides, the most efficient,
named FP5 had an IC50 of 1.33 uM and a CC50 over 200 uM [16]. None of the peptides
were tested in vivo.

Different drugs blocking the endocytosis process of viral particles have also been tested.
Among them, diphylin is a natural compound extracted from the plant Cleistanthus collinus
and acts as a vacuolar ATPase blocker. It has previously been shown to inhibit Dengue virus
and Influenza virus [43]. By inhibiting the proton H+ pump in endosomal compartments,
diphylin blocks the endosomal acidification and thus the fusion activity of the spike protein,
preventing cell infection. In fcwf-4 cells, dyphylin inhibited an FIPV-II strain, NTU156 at
0.6 uM with a CC50 of 6 uM. By delivering diphylin, thanks to polymeric nanoparticles,
the antiviral effect and the safety of the molecule increased (IC50 of 9.8 nM and CC50 of
77 uM) [17].

Carbohydrate-binding agents (CBA) attach to N-glycosylated molecules such as the
spike and M proteins. Their antiviral activity is due to the inhibition of the viral endo-
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cytosis process at the post-attachment stage. CBA compounds such as the plant lectins
Galanthus nivalis agglutinin (GNA), Hippeastrum hybrid agglutinin (HHA) and Urtica dioica
agglutinin (UDA) have been tested against FCoV-I and II. HHA and UDA inhibited FCoV-I
at IC50 of 4 and 2 nM and FCoV-II at 60 and 170 nM, respectively. CC50 was estimated
at24 h 9.9 uM for UDA and >2 pM for HHA. IC50 of Galanthus nivalis agglutinin (GNA)
was estimated at around 0.012 uM for FCoV-I and 0.2 uM for FCoV-II with a CC50 over
2 uM [18].

Chloroquine (CQ) and its derivative hydroxychloroquine (HCQ) have been described
as having an inhibitory effect on early stages infection on different viruses in vitro, in-
cluding human immunodeficiency virus (HIV), influenza A /H5N1 virus, SARS-CoV and
SARS-CoV-2 [44-48]. CQ and HCQ prevent viral replication by blocking the endosome-
mediated viral entry. They might also impair post-translational modification of viral
glycoproteins, which occur in the endoplasmic reticulum and Trans Golgi Network vesicles.
For FCoV, CQ reached maximum efficiency when present before or at the time of infection
and started to lose its inhibitory effect when added 1 h post-infection (p.i) of CRFK cells
with the FIPV-II 79 1146 strain. Chloroquine had an IC50 of 0.38 uM 24 p.i. while its CC50
reached 82.31 uM after 24 h [22]. Another research team confirmed the antiviral effect of
chloroquine on the infection of fcwf-4 and on monocyte cells with the same viral strain.
Chloroquine at 10 uM reduced virus titter by 1000-fold in fcwf-4 cells and by 10-fold in
macrophages. Hydroxychloroquine, a derivative of chloroquine, is supposed to be less
toxic in some animals [49]). In fcwf-4 cells, at 48 h p.i, hydroxychloroquine had a CC50 of
515.7 uM and an IC50 of 48.7 uM against FIPV-I strain KU-2 and of 30.3 uM against FIPV-IL
In comparison with CQ, HQ appears to be one-third less cytotoxic [20].

As of yet, in vivo experiments were conducted only with CQ. Three groups of three
SPF cats experimentally inoculated with the FIPV-II 79-146 strain were treated with
10 mg/kg of chloroquine (or a saline solution as control), administered subcutaneously.
One group was treated 3 days prior to infection and every 3 days thereafter, while another
group was treated with chloroquine only 12 days post-infection and every 3 days after-
wards. Compared to the control group, both chloroquine-treated groups had slightly lower
viral mRNA levels in PBMC 21 days post-infection, as well as slightly lower inflammatory
cytokine mRNA levels. Mean numbers of survival days of chloroquine treated cats were
higher (34.3 and 31.7 days post-infection) than in the control group (21 days p.i.) though
not statistically significant. No treated cats survived the FIPV infection. In addition, despite
an improvement of the clinical score of CQ treated cats, an increase of alanine amino-
transferase (ALT) due to the treatment was noticed. In conclusion, chloroquine may be an
interesting lead to treat FIP but that it may be used in combination with other anti-FIPV
drugs, as high doses had severe side effects [19].

2.2. Inhibition of the Viral Replication and Transcription

Coronaviruses have a unique system of genome replication and transcription. The first
event that follows the release of the genomic RNA is the translation of the ORFla and 1b.
ORF1a is translated into a polyprotein named ppla and codes for 11 non-structural proteins
(nspl-nspllasct). The primary translated products are processed by 2 proteases (nsp3 and
nsp5) embedded within the polyproteins into 16 nsps. Coronavirus’s nonstructural pro-
teins comprise a helicase and exoribonuclease, which allow the possibility to correct some
mutations in their genome, an exclusive characteristic amongst RNA viruses. Together with
N and possibly with cellular proteins, the nsps proceed to form the replicase-transcriptase
complex (RTC). This structure is tightly connected to the endoplasmic reticulum, as the
RTC is made from modified endoplasmic reticulum membranes, induced during Coron-
avirus infection. The RTC thus has two distinguishable activities: first, as a replicase, it
will recognize the genome as a template for copies of genomic strands, and second, as a
transcriptase, it will generate copies into subgenomic mRNAs for viral translation. Coron-
avirus viral polymerase synthesises both genome-length strand and multiple subgenomic
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RNAs (sgRNAs) through a unique discontinuous transcription mechanism. The sgRNAs

serve as templates for the translation of both structural and accessory proteins [50].
Antivirals targeting viral replication follow different strategies. The inhibition the viral

polymerase is a classic mechanism of action used for antiviral therapies against HIV or HCV.

2.2.1. Nucleoside Analogues

Nucleoside analogues are similar to natural nucleosides, but the differences with a
standard nucleoside induce different base pairing when used to synthesize DNA/RNA
and inhibit further viral replication. They are often used as antivirals (HIV, Herpesvirus,
etc.). Cells are able to remove and correct the presence of these analogues, whereas
viruses cannot.

G5-441524

(GS-441524 is an adenosine analogue and the active form of Remdesivir (Gilead). GS-
441524 has been tested in vitro and in vivo for its effect against FIPV. In vitro, G5-441524
was able to completely inhibit RNA expression of FIPV-II 79 1146 in CRFK cells at 10 pM
and partially at 1 uM. No cytotoxic effect of the compound was noticed up to 10 uM. This
compound was efficient when added 1 h post-infection. In macrophages obtained from
ascites fluid of naturally infected cats, 10 uM of GS-441524 reduced viral RNA by 1000-fold
72 h after treatment.

In 10 cats experimentally infected and expressing clinical symptoms of FIP, a daily
treatment during 2 weeks of 2 mg/k or 5 mg/kg of G5-441524 2 to 3 days after symptoms
apparition resulted in a remission of FIP symptoms. A recurrence of clinical signs occurred
for two cats, four or six weeks after stopping the treatment. With further administra-
tion over two weeks, these cats also recovered from their symptoms. All cats remained
asymptomatic 10 months after treatment [25].

A clinical study on 31 cats suffering naturally from various forms of FIP (nervous
form excluded) was conducted. Five cats died or were euthanized due to severe symptoms.
After 12 weeks of treatment at 2.0 mg/kg per 24 h, 18 cats remained healthy 44 weeks
later. Eight cats relapsed within 3 to 84 days and were treated again for another 2 weeks at
2 mg/kg or 4 mg/kg. Two of them relapsed a second time and were treated a third time
at 4 mg/kg. All but one remained healthy afterwards [23]. The monitoring of viral RNA
demonstrated a rapid decrease of the viral amount within one week of treatment in most
cats. The serotype of FCoV was not identified, but as serotype-I is the most prevalent in
natural infections, cats included in this study were probably infected by FCoV-I strains. A
second clinical study was conducted a year later on four cats presenting a neurological
form of FIP. The cats were treated with 5-10 mg/kg of GS-441524 for at least 12 weeks with
daily injection. Three of the four cats treated were alive 254 to 528 days after treatment. The
last cat had to be euthanized after relapses following two sessions of treatment, 216 days
after treatment initiation [24]. GS-441524 may also be efficacious to treat nervous forms of
FIP but with a higher dose up to 10 mg/kg than for the non-neurological forms.

Even though FIP diagnosis was not confirmed in all cases included in the two field
studies conducted, GS5-441524 appears as the most encouraging FIPV inhibitor with suc-
cessful treatment on different FIP forms in natural infections. Despite these promising
results, G5-441524 has not yet been authorized for veterinary treatment.

Another retrospective study on cats highly suspected of FIP showed that 23 out of
24 cats treated with GS-441524 recovered from FIP. The remaining cat relapsed after 4 weeks
of treatment, and its owner decided to not pursue further treatment [51].

Another GS-441524-like drug named Mutian X has also been administered in multiple-
cat households, with the aim to stop fecal shedding FCoV and prevent viral transmission
in catteries. An observational study followed FCoV fecal secretion in 29 cats treated orally
with the Mutian X in catteries [52]. A dose of 4 mg/kg per 24 h significantly reduced the
excretion of FCoV within four days. This could be an interesting alternative to avoid viral
transmission among cats and in turn prevent the development of FIP. Mutian X was also
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used to treat one cat with success. A 2-year-old male cat presenting a uveitis was diagnosed
with a non-effusive FIP. He was treated with systemic and topical prednisolone for 6 days,
and with 8 mg/kg of Mutian X per 24 h given orally for 19 days (days 6 to 25), then
6 mg/kg for 21 more days. Fifty days after the beginning of Mutian X treatment, symmetric
dimethylarginine (SMDA), an early indicator of kidney disease, peaked at 28 ug/dL, twice
the reference range (<14 ng/dL). Since the cat’s uveitis and other symptoms (weight loss,
anemia, elevated alpha-1 acid glycoprotein level) had resolved, the clinicians decided to
stop Mutian X treatment and replaced it with 100,000 units of feline interferon omega
(IFNw), given orally. SMDA fell to 19 ug/dL 35 days after the discontinuation of Mutian
X treatment, which could indicate that elevated SMDA level is a side effect of Mutian
treatment. IFNw treatment continued for at least 100 days at the time of the article writing.
Three out of four cats living in the same household as the FIP cat were found to be
shedding FCoV and were preventively treated with 4 mg/kg of Mutian for five days,
which successfully stopped shedding in feces. All six cats were alive and well 6 months
after diagnosis and treatment initiation [53].

Given the potential success of G5-441524 in treating FIP cats, many cat owners have
independently treated their pets with unlicensed GS-441524-like drugs. A recent study
conducted a survey via the Internet of owners who have attempted to treat FIP with
unapproved GS-44-1524 drugs. According to their reports, 54% of them considered their
cats to be cured of FIP, and most of the treated animals were alive during the 12 weeks
of monitoring. This study highlights the potential benefit of GS-441524 drugs, but many
concerns remain about the widespread use of these unapproved treatments, including the
potential emergence of resistant viral strains [54].

Other Nucleoside Analogues

Mefloquine is another adenosine analogue used as a treatment and prophylactic
anti-malarial drug for people. Its antiviral mechanism of action is not fully understood.
In vitro, its efficiency was maximal when added prior to or concurrent with infection,
but remained greater than 50% when added at the latest tested time point of 6 h post-
infection with the FCoV-II 79-1683 strain in CRFK cells. Its IC50 was 0.74 uM at 24 h p.i
and 5.71 uM 48 p.i with a CC50 of 15.13 uM at 24 h [22]. Given these encouraging results,
the pharmacokinetics of mefloquine was recently investigated. Seven healthy cats were
orally administered at 62.5 mg four times over the course of two weeks. The peak plasma
concentration was 2.71 pg/mlL 15 h after a single oral dose. When administered with food,
the peak means climbed to 4.06 ug/mL, which could be sufficient to inhibit FIPV. Cats
treated with mefloquine showed a mild increase of serum symmetric dimethylarginine.
Some cats given mefloquine without food have vomited [50]. Given the good safety data,
clinical trials on cats suffering from FIP could be engaged.

Ribavirin, a guanosine analogue, is widely used in human antiviral therapy. It ef-
ficiently reduced FIPV 79-1146 strain infection in vitro with a maximal effect of over
10,000-fold of FIPV titer reduction when added 1 h post-infection. The necessary dose,
50-100 mg/mL, was, however, cytotoxic [51]. Invivo, 50 kittens were experimentally
infected with the FPV 79-1146 strain and treated 18 h post-infection with 16.5 mg/kg
given per os, intramuscularly or intravenously, once daily for three consecutive days, then
once each week for three weeks. Cats treated with ribavirin demonstrated exacerbated
symptoms. The toxicity and severe side effects induced by ribavirin may be responsible for
these observations [55]. Ribavirin is not recommended for FIP treatment.

Other nucleoside analogues were also tested in vitro on the FIPV 79-1146 strain: the
adenine arabinoside purine analogue, used in treatment against HHV-1 and HHV-3 [56] and
the 6-azauridine, an analogue of uridine and 3-deaguanosine, an analogue of guanosine.
Adenine arabinoside inhibited significantly FIPV in vitro with an IC50 of 125 ug/mL at
72 h p.i. but only when delivered before or at the same time as the viral inoculum. No
cytotoxic effect was observed up to 250 pug/mlL [28] 3-deazaguanosine, and 6-azauridine
inhibited FIPV in vitro with respective IC50 of 10.37 pg/mL and of 0,16 pg/mL. Their
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cytotoxicity ranged from 323.32 for 3-deazaguanoside to 19.4 ug/mL for 6-azauridine. The
antiviral effect of these nucleoside analogues was lost if added 1 h after viral infection [29].

2.2.2. siRNA

siRNA is an antiviral therapeutic concept based on RNA interference. It consists of the
degradation of mRNA via sequence-specific complementary short RNA. As such, siRNA
can be extremely selective and specific to even novel viruses. However, RNA viruses with
their high mutation rate and low sequence fidelity rapidly become resistant to siRNA. Success
against RNA viruses has been observed by combining multiple siRNAs against different targets.
Some are even being tested in clinical trials against HIV, HBV or HCV [57], for example.

A combination of 30 nM of a siRNA mix against the 5 leader sequence, nucleocapsid
and membrane RNA sequences inhibited infection by over 100-fold in the pre-treatment
of CRFK cells infected with FIPV-II 79-1146. At 24 h p.i, 5 nM of each siRNA against
the nucleocapsid or untranslated 5 region were sufficient to inhibit over 80% of FIPV
infection [30]. No viral escape was notified after five passages in cells. Single or dual siRNA
therapy was less efficient and rapidly led to the emergence of viral escape mutants [58].
No in vivo experiments were attempted.

Triple Helix Forming Oligonucleotides (TFO) are homopyrimidine that bind in the
major groove of duplex nucleotides strands on specific targets, typically 10-30 nt in length
with purine on one strand and pyrimidine on the other [59]. Although TFOs are usually
complex with double strand DNA, they can also bind to double strand RNA or DNA-RNA
hybrids. Five TFOs targeting different regions of the FIPV genome (based on the strain
FIPV 79-1146) were tested in vitro. Three targeted ORFla/b, one the 3'UTR sequence and
the other the 5’UTR sequence of the genome. CRFK cells were transfected with 100 nM
of TFOs 6 h before infection. All TFOs inhibited FIPV significantly by approximatively
10°-fold except for the one directed against the 3'UTR sequence. The authors tested
the TFO1, targeting the 5'UTR, at different concentrations. It was observed that 25 nM
of TFOL1 did not significantly reduce FIPV infection, while 50 nM reduced infection by
10°-fold [60]. The antiviral effect of TEOs seems to be more pronounced than with siRNA
treatment, however, further studies are needed, especially to investigate the possibility of
viral escape emergence.

2.3. Protein Synthesis Inhibitors

Two proteins synthesis inhibitors have been tested in vitro: fusidic acid and hy-
gromycin B. Both are antibiotics. The fusidic acid binds to the elongation factor G (EF-G)
and prevents its replacement in the ribosome, thereby inhibiting protein synthesis. Hy-
gromycin B is an aminoglycoside inhibiting protein synthesis by stabilizing tRNA in the
ribosomal acceptor site. Both molecules reduced FIPV-induced ECP by three- to sixfold
in vitro when added at 2.6 ug/mL for Hygromycin B and 50 pg/mL for fusidic acid. Both
molecules had a similar effect when added 1 h before, during or 1 h after infection [29].

2.4. Protease Inhibitors

The post-translational maturation of viral non-structural proteins is carried out by
two main viral proteases. Nsp3 allows the release of nsp1, nsp2 and nsp3. The second
protease is nsp5, which is responsible for the release of the remaining 13 nsps. Due to its
similarities with the 3C proteinase of the Picornavirus, nsp5 is often designated as 3C-like
proteinase (3CLpro).

Different derivatives of peptidyl compounds targeting 3CL pro could inhibit FIPV
in vitro when adding just before the infection. IC50 of compounds ranged from 0.02 uM to
0.86 pM with a CC50 at 24 h ranging from 20 uM to more than 150 uM [61]. Among these
compounds, the most promising were GC376 and GC373. With a respective IC50 of 0.07
and 0.15 uM against FIPV-II at 24 h p.i and a CC50 superior to 500 uM, their therapeutic
index (calculated from the ratio of IC50/CC50) was excellent. Their antiviral activity
increased when the molecules are added in pretreatment [33].
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GC376 and NPI64, a homologous compound to GC376 with an additional residue of
1-naththylalanine, have been studied in vivo. GC376 inhibits 3CLPro by forming a covalent
bond with a cysteine residue of the protease, after conversion of GC376 in an aldehyde form [62].

Before in vivo studies of FIP treatment, the pharmacokinetics of GC376 and NPI64 in
two SPF cats have been studied. A peak plasma level of GC376 was observed two hours
after subcutaneous injection of 10 mg/kg, and drug concentrations remained above IC50
(8 ng/mL) for 18 h. NP164 was less readily absorbed into the blood, and the plasma drug
level remained above IC50 (12 ng/mL) only for 12 h post-injection of 5 mg/kg. SPF cats
injected twice a day with 10 mg/kg for four weeks with GC376 showed no adverse effects.
Given these results, efficacy studies were conducted with GC376. In total, eight SPF cats
were experimentally infected with FIPV-I. In the first group of four cats, treatment with
5-10 mg/kg of GC376 twice a day started when moderate FIP symptoms appeared (starting
at day 15 p.i for the first cat and day 20 p.i for the last one). In the second group, treatment
started when severe FIP symptoms appeared, notably, the occurrence of ascites fluid. These
cats were first treated with palliative care (the anti-inflammatory compound meloxicam as
well as subcutaneous fluids), then, starting at day 18 for the first cat and day 21 for the last,
palliative treatments were replaced by twice-daily injection of GC376 at 5-10 mg/kg. All
cats were treated until day 34 p.i., except for two cats from the second group that had to be
euthanized due to severe symptoms. In all six remaining cats, symptoms disappeared after
treatment, and no relapse was observed up to 8 months after the end of treatment. The two
euthanized cats showed signs of pancreatitis after necropsy but mild or no lesions typical
of FIP. Observed pancreatitis could be a complication due to the meloxicam treatment [60].

Given these encouraging results, GC376 was evaluated on client-owned cats suffering
from FIP. FIP diagnosis was based on clinical symptoms, hematological and biochemical
abnormalities and detection of the virus by RT-qPCR. Cats with neurological symptoms
were excluded. Cats were treated with 15 mg/kg of GC376 injected subcutaneously twice-
daily. Out of the 20 treated cats, symptoms improved for 19 of them within 2 weeks of
treatment. Nevertheless, 1 to 7 weeks after treatments, symptoms recurred, and the cats
were treated for a minimum of 12 weeks. Thirteen cats relapsed and failed to respond to
treatment within one to seven weeks of initial or repeat treatment. Eight of those thirteen
cats developed severe neurological FIP, and five had recurrence of abdominal lesions. The
FIP diagnosis was confirmed at necropsy for 12 of them. Five cats (aged 3.3—4.4 months)
with wet FIP were still in remission 5-14 months after the 12 weeks treatment. Another
kitten had a relapse 10 weeks after initial treatment but was responding to repeated
treatment at the time of writing of that study. Another 6.8-year-old cat relapsed three
times and required over 10 months of treatment before remission. In total, 7 out of the
20 cats studied survived after treatments with GC376, mostly kittens with the wet form of
FIP [61]. Analyses of viral protease sequences in five treated cats did not demonstrate any
mutations except for one. Three mutations were observed in the viral protease sequence
after a long duration of treatment, but only one seems to slightly diminish the efficacy of
GC376 [63]. Despite these reassuring results regarding the low emergence of resistance
variants, surveillance of such events remained to be carried out when the long-term
antiviral treatments were implemented.

Another protease inhibitor, nelfinavir, a compound used to treat HIV-infected patients,
has been shown to efficiently inhibit SARS-CoV. In vitro, nelfinavir inhibited FCoV-II
NTU156 in fcwf-4 cells with an IC50 of 8.19 uM. This was higher than the inhibition of
SARS-CoV (IC50: 0.048 uM), probably due to the sequence differences between FCoV
and SARS-CoV 3CLPro protease. Indeed, only 7 out of 18 binding sites for nelfinavir
identified on SARS-CoV 3CLPro are conserved in FCoV. In contrast to what was observed
with SARS-CoV [64], nelfinavir lost its antiviral activity against FCoV when added after
virus entry into cells. Encouragingly, nelfinavir was also given orally to nine healthy FCoV
shedding cats at 6.25 mg to 50 mg/kg/day without any side effects. The authors did not
specify the impact of nelfinavir on FCoV shedding [35].
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2.5. Inhibition of Host Cellular Proteins

Designing antiviral directly targeting RNA viruses is challenging due to their high
mutation rate and inhibition escape potential. A possible strategy to avoid this problem is
to design compounds targeting the host proteins that are used by the virus. As such, viral
escape through mutation is less likely.

U18666A is a cationic amphilic drug that suppresses cholesterol transporters and
prevents cholesterol release from lysosomes by targeting the host Niemann-Pick C1 (NPC1)
protein, which is involved in cellular cholesterol trafficking. The CC50 value of U18666A
was 97.6 uM. U18666A had an inhibitory effect on four FCoV-I strains in pre-treatment
at doses ranging between 0.2 and 20 M but no effect on FcoV-II replication in vitro [65].
U18666A was later tested in vivo in SPF cats. After infection with FIPV-I KU-2 strain,
U18666A was injected subcutaneously at 2.5 mg/kg on day 0, and 1.25 mg/kg on days 2
and 4. PBS was instead injected to the control group. Two out of five control cats developed
FIP, as did one out of five cats in the treated group. All cats regardless of treatment shed
FIPV RNA in their feces. This in vivo experience was declared non-conclusive due to the
low number of symptomatic cats in the control group [36].

Itraconazol (ICZ), such as U18666A, interacts with cellular NCP1 (Niemann-Pick
C1 protein) and induces cholesterol accumulation in lysosomes, inhibiting host cellular
cholesterol transport. Alternatively, itraconazol inhibits ergosterol biosynthesis by acting
on the oxysterol-binding protein (OSBP) [66]. Itraconazol is an antifungal compound used
in veterinary medicine to treat fungal infection in cats and dogs. ICZ inhibited FCoV-I
replication efficiently (with a selectivity index between 349 and 1426 for three FCoV-I
strains) both as a pre-treatment of cells and when added 1 or 3 h post-infection. However,
FCoV-II replication was only slightly decreased in the presence of ICZ [37]. As an approved
veterinary treatment, the pharmacokinetics of ICZ in cats has previously been described:
10 mg/kg per os was associated with a blood peak concentration of 1.6 M of ICZ, which
reached 4.8 pM when cats were treated twice in a 12 h span [67]. As the IC50 necessary to
inhibit FCoV-I was below 1 uM, ICZ could be an interesting therapeutic agent. A study
evaluated the antiviral effect of itraconazol in combination with ADA, an anti-human
TNF« (Tumor Necrosis Factor). Three out of ten SPF cats infected with FCoV-I KU-2
strain developed FIP symptoms. Treatment with ADA and ICZ started at the onset of
symptoms, which corresponded to days 21, 32 and 34 post-infection for the three cats.
Each cat was treated twice in the first 4 days with 10 mg of ADA and daily with 50 mg
of ICZ during each of the 30 days of the treatment. During this time, clinical symptoms
improved for two cats while the third cat, the only one with ascites, did not respond to
the treatment and had to be euthanized [38]. In a case report, a client-owned kitten with
effusive FIP was treated with 10 mg/kg of ICZ twice a day and 1 mg/kg of prednisolone
once a day. Fecal FCoV RNA and pleural fluid accumulation initially decreased but the
cat start showing neurological symptoms and had to be euthanized after 38 days [68]. A
post-mortem examination confirmed the FIP diagnosis. Despite some improvement of the
symptoms, itraconazol failed to cure FIP disease.

Cyclosporine A (CsA) is an immunosuppressive macromolecule that binds to cy-
clophilins, chaperone proteins able to catalyze the cis/trans conformation change of proline
residues. This interaction blocks the calcineurin pathway, which in turn inhibits the translo-
cation of nuclear factor of activated T cells from the cytosol into the nucleus. The antiviral
effect of CsA is probably due to its interaction with cellular cyclophilins, as numerous
studies demonstrated they are essential factors for coronaviruses’ lifecycles. In fwcf-4 cells,
CsA was cytotoxic at a high dose (CC50 of 14.1 uM) and inhibited FIPV in a dose-dependent
manner at CsA concentrations between 0.16 and 10uM in post-infection treatment [69].
CsA treatment was attempted in a client-owned cat suffering from an effusive form of
FIP. Administration of CsA ranged at doses from 25 mg/kg to 75 mg/kg. The symptoms
and the effusion regressed, but relapse occurred at day 251 post-treatment, and the cat
died of respiratory failure after 264 days of treatment [70]. However, without post-mortem
examination, the diagnosis of FIP was not confirmed.
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2.6. Immunomostimulant Molecules

Immunomodulation is a strategy used for many antiviral therapies, including vet-
erinary medicine. Interferons (IFN) are widely used in this context. A feline interferon
omega (fIFNw) is even commercially available. In vitro, fIFNw reduced the viral yield less
than 10-fold when cells are treated continually for 48 h p.i. with 10,000 U of IFN molecule.
The antiviral effect was not observed when the molecule was used in pre-treatment [71].
In vivo, a placebo-controlled study was conducted on 37 diagnosed client-owned FIP
cats [72]. Cats from the interferon group (21 cats) received 106 U/kg (0.1 mL/kg) fIIFNw
subcutaneously every 24 h for a week, then the same dose once a week until euthanasia.
The control group received a saline solution. All cats were treated with glucocorticoids. No
benefit of the treatment was observed. Human Interferon-alpha (hIFN«) had an inhibitory
effect in a dose-dependent manner in vitro [73], but no inhibitory effect was observed in
an experimental trial [74]. In conclusion, the main interest of IFN could be in combination
with other antiviral molecules (see below) [75].

Polyprenyl Immunostimulant (PI) is a compound used in the treatment of feline
herpesvirus. Its antiviral effect may be due to the upregulation of Th-1 cytokines. In a field
study, 60 cats diagnosed with a non-effusive form of FIP were treated with PI at 3 mg/kg
orally three times per week. While no cats recovered, seven cats survived for over 300
days, with a record of 1829 days for one cat. Importantly, cats treated concomitantly with
PI and corticosteroids survived a mean of 47.5 days, while cats treated with PI and without
corticosteroids survived a mean of 201 [76]. There may be an adverse effect of treating cats
with corticosteroids and PI simultaneously.

2.7. Combination Therapy

Another solution to the escape potential of viruses against therapeutics antivirals
is combination therapy. Efficient treatments for chronic infection with HCV [77,78] and
HIV [79] are based on this strategy. A combination of compounds targeting different steps
of the viral replication cycle can have synergistic effects and allow for the use of a lower
dose than monotherapy, with potentially lower cytoxicity or side effects.

This was the case for the combination therapy between nelfinavir and GNA for
example. When added to cells pre-infected with an MOI 0.1, nelfinavir and GNA had no
significant antiviral activities below cytotoxic doses. However the addition of Neflinavir
at 9.41 uM with doses of GNA ranging between 0.12 and 0.48 nM, or the addition of
0.48 nM of GNA with Nelfinavir doses between 6.27 and 9.41 uM completely inhibited
FCoV infection, without cytotoxicity [35].

A yet-to-be-peer-reviewed study [80] screened 89 compounds against FIPV-II (includ-
ing some described in this review) and then evaluated the antiviral activity with different
combinations of compounds. GC376 at 20 uM was used in combination with nine other
compounds at 10 uM. The combination with the most efficient antiviral activity was GC376
at 20 uM with 10 uM of amodiaquine, a molecule used in malaria treatment. This com-
bination reduced FIPV RNA by 107-fold and showed a great synergetic effect compared
to monotherapy.

Takano et al. evaluated the antiviral effect of a combination of HCQ and Interferon
omega (IFN-w) on fcwf-4 cells. After 24 h exposure to 100 uM of hydroxychloroquine and
10,000 U/mL of IFEN-w, cell viability was 95%. The antiviral effect of this combination
was then evaluated on three FIPV-I strains, UCD1, UCD4 and KU?2, as well as on FIPV-II
79-1146. HCQ at 100 pM and IFN-w at 10,000 U/mL incubated independently for 1 h
reduced viral titers by approximatively 10-fold in each case, but for the 3 tested FIPV-I and
FIPV-II strains, a combination of HCQ and IFN-w strongly reduced viral replication by
more than 1000-fold, at least [20].

Lee et al. also observed a synergic inhibitory effect when cells infected with FIPV-II
were treated with a combination of the peptide FFP5 targeting the HR2 domain of the spike
protein and Interferon-alpha (IFN-«). The combination of 10 pM FP5 with 1000 IU of IFN-«
with reduced the viral titre up to 10*-fold [16].
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Despite these promising results, combination therapies were not attempted, to date,
in vivo in FIP infected cats.

3. Conclusions

As many authors noticed, one of the challenges in the search for an effective therapy
is that for many compounds, FIPV-inhibitory doses can be toxic or have severe side effects.
Since no approved treatments exist as of yet, efforts in finding adequate treatment for FIP
have to be continued. As has been suggested, a combination of antiviral molecules with
overall lower doses could be an interesting lead. Another advantage of combination therapy
would be to avoid the emergence of antiviral escape mutants, which could be a real concern
of the use of some molecules based on targeting viral proteins or nucleoside analogues.

Outside the obvious interest for cats and cat owners, developing antivirals against
FIPV has proved to be a useful proof of concept for the development of antivirals against
human coronaviruses. Table 2 lists the inhibitors with a broad spectrum on different
coronaviruses. For example, a recent study described the antiviral effect on SARS-CoV-2
of an improved version of GC376, a compound initially tested against FIPV [81]. GS-
441524 is a parent nucleoside to Remdesivir that has been considered for the SARS-CoV-2
treatment [82]. Some of these inhibitors, such as lectins, have the potential to inhibit all
coronaviruses from the different genera [83]. However, most studies have been conducted
in vitro and in vivo considerations in animal models are necessary to avoid disappointment
such as the hydroxychloroquine treatment against SARS-CoV-2.

Table 2. FIPV antivirals effect on other coronaviruses.

Inhibitor Antiviral Effect on Other Coronaviruses
Dyphillin SARS-CoV-2 [84]
GNA IBV, TGEV [18], SARS-CoV [85], MHYV [86]
HHA IBV, TGEV [18], SARS-CoV [85], MHYV [86]
UDA IBV, TGEV [18], SARS-CoV [85], MHV [86]
Chloroquine BCoV [87], SARS-CoV [88], HCoV-229E [44], HCoV-OC43
[89], MERS-CoV [90], PHEV [91], SARS-CoV-2 [92]
Hydroxychloroquine SARS-CoV-2 [93]
Mefloquine SARS-CoV-2 [94]
Ribavirin MHYV [95], SARS-CoV [96]
6-azauridine MHYV [95], SARS-CoV [96]
GS-441524 MHY, SARS-CoV, MERS-CoV [97], SARS-CoV-2 [98]
Hygromycin B MHYV [99], BCoV [100]
GC376 SARS-CoV-2 [81], TGEV, SARS-CoV, MHV, HCoV-229E,
BCoV [62], HCoV-OC43, HCoV-NL63, MERS-CoV [101]
U18666A SARS-CoV, MERS-CoV, HCoV-NL63, HCoV-229E [102]
Itraconazol SARS-CoV-2 [66] MHV [95]

SARS: Severe acute respiratory syndrome, TGEV: Transmissible gastroenteritis virus, MHV: Murine hepatitis
virus, MERS: Middle-East respiratory syndrome, BCoV: Bovine coronavirus, PHEV: Porcine Hemagglutinating
Encephalomyelitis Virus, IBV: Infectious bronchitis virus GNA: Galanthus nivalis agglutinin. UDA: Urtica dioica
agglutinin. HHA: Hippeastrum hybrid agglutinin.

The SARS-CoV-2 pandemic, which follows on the of SARS-CoV and MERS-CoV epi-
demics, has highlighted the need to prepare for the emergence of novel coronaviruses
in the human population. Developing antivirals to treat FIP and other veterinary coro-
naviruses will not only save the lives of many pets but will also help to prevent future
coronavirus outbreaks.
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