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Abstract

Coronaviruses are enveloped RNA viruses capable of causing a spectrum of diseases
including respiratory, enteric, and/or systemic diseases in a wide variety of hosts. The major structural
proteins of coronaviruses include the nucleocapsid (N), spike (S), membrane (M), and envelope (E)
proteins. The viral Spike protein largely determines host range and tissue/cellular tropism and is
responsible for promoting fusion of the viral and host cell membranes, leading to cell entry and
infection. A literature review of coronaviruses in companion animals is included in this thesis (Chapter
1), which highlights the virology, epidemiology, clinical and pathologic features of coronaviruses of the
cat, ferret, dog, horse, and alpaca.

Feline infectious peritonitis (FIP) is one of the most complex and interesting viral diseases of
domestic cats, caused be the FIP virus (FIPV), a biotype of feline coronavirus (FCoV). FIP has an immune-
mediated pathogenesis involving multiple host and virologic factors. FIP presents as a spectrum of
clinical signs including cavitary effusions, anorexia, persistent fever, lymphopenia, and lesions of
pyogranulomatous vasculitis and peri-vasculitis that may or may not include central nervous system or
ocular involvement. Untreated, FIP is generally considered to be fatal once clinical signs appear.

FCoV includes two biotypes, feline enteric coronavirus (FECV) and FIPV. FIPV spreads
systemically and is thought to arise from a discrete set of mutations in the more benign FECV, which is
confined to the alimentary tract. These coronaviruses are further classified into serotypes | and Il based
on Spike-associated antigenic differences. Serotype Il FCoV initially arose as the result of a series of
recombination events between feline and canine coronavirus (CCoV) and is the less prevalent serotype
naturally circulating in feline populations worldwide. As a result of recombination, the serotype Il FIPV
Spike protein has its origin in CCoV, which serves as the viral ligand for cell entry.

Although FIPV serotype | is the more prevalent viral serotype in cats with naturally occurring FIP,

serotype Il has been more extensively studied in vitro due to the relative ease in propagating this virus in



tissue culture systems. Consequently, more is known about the biology of serotype Il FIPV than the
more biologically relevant serotype I. Serotype Il FIPV utilizes the cell surface protein feline
aminopeptidase N, the ligand of the viral Spike protein, while the receptor for serotype | remains
unknown. An understanding of viral receptor biology is a key facet in decoding viral pathogenesis,
informing mechanisms of disease, viral dissemination, and potential vaccine strategies. The recent
development of a feline cell line that effectively propagates serotype | FIPV, FCWF-4 CU, offers an
opportunity to expand our understanding of serotype | FIPV biology. FCWF-4 CU is a culture adapted
feline cell line derived from FCWF-4 cells available through the ATCC. Importantly, these two FCWF cell
lines are variably permissive to the propagation of serotype | and Il FIPV. In Chapter 2, we determined
the targeted gene expression patterns in four feline cell lines, utilized normal feline tissues to determine
the immunohistochemical expression patterns of two known coronavirus receptors, ACE2 and DC-SIGN,
and compared the global transcriptomes of the two closely related FCWF-4 cell lines. We identified six
differentially expressed transcripts with potential to explain the differential FIPV replication kinetics.
The discovery of effective, available, and affordable antiviral treatments has been a focus of
veterinary research for more than 10 years and recent advances in antiviral therapies for HIV, hepatitis C
virus, ebolavirus and SARS CoV-2 have paved the way for similar advances for FCoV. In Chapter 3, we
screened 90 putative antiviral compounds for efficacy and cytotoxicity against FIPV serotype Il (WSU-79-
1146) using real-time RT-PCR based screens and identified 26 compounds with antiviral activity against
FIPV representing differing drug classes and mechanisms of action. Further, based on the success of
combinatorial therapy strategies in human patients with HIV or hepatitis C, we strategically combined
different antiviral compounds in order to identify additive or synergistic effects (combined
anticoronaviral therapy, or CACT). Although we demonstrated additive and/or synergistic effects for
several antiviral combinations, ultimately a select few monotherapies demonstrated superior efficacy

overall. In Chapter 4, we reapproached antiviral assessment using an improved biological colorimetric



assay and compared the antiviral efficacies of GC376, nirmatrelvir, remdesivir, G5-441524, molnupiravir
(EIDD-2801), and [3-D-N4-hydroxycytidine (EIDD-1931) against both serotype | and Il FIPV, as
monotherapies and CACT. We also determined the pharmacokinetic properties of three antiviral
compounds, molnupiravir, GS-441524, and remdesivir in cats in vivo as a step towards establishing dose
in an antiviral treatment protocol for clinical use.

An understanding of viral cell entry, dissemination and persistence are concepts that are also
relevant to viral-vectored gene therapy. As a parallel adjunct study to the coronavirus projects, we
created a lentiviral-vectored gene therapy approach to treating cats with chronic renal disease-
associated anemia. Chronic renal disease (CRD) is a common disease of aged cats, often associated with
clinically significant nonregenerative anemia as a result of reduced renal production of erythropoietin
(EPO). Multiple approaches to the management of CRD-associated anemia have been attempted,
including the use of gene therapy. In Chapter 5, we designed a series of third-generation lentivirus-
based vectors to encode and produce the native feEPO protein in tissue culture experiments and in
rodent models in vivo. The vectors were designed to include a pharmacologic safety mechanism through
the incorporation of the “suicide gene” HSV-TK. This gene product allows for the pharmacologic
termination of the therapeutic effect in the event of supraphysiologic polycythemia. We hypothesized
that cells transduced in vitro by a lentiviral vector encoding native feline erythropoietin would express
feEPO mRNA and biologically active feEPO protein and that this expression could be terminated by the
administration of ganciclovir (GCV, the nontoxic substrate of HSV-TK). The in vitro assays facilitated
optimization of the vector for three in vivo studies in rats and genetically modified anemic mice in which
we demonstrated a significant elevation of blood packed cell volume in treated animals relative to

control animals.
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Chapter 1: Review of coronavirus infections in companion animals: virology, epidemiology,
clinical and pathologic features
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Abstract: Coronaviruses are enveloped RNA viruses capable of causing respiratory, enteric,
or systemic diseases in a variety of mammalian hosts that vary in clinical severity from subclinical
to fatal. The host range and tissue tropism are largely determined by the coronaviral spike
protein, which initiates cellular infection by promoting fusion of the viral and host cell membranes.
Companion animal coronaviruses responsible for causing enteric infection include feline enteric
coronavirus, ferret enteric coronavirus, canine enteric coronavirus, equine coronavirus, and alpaca
enteric coronavirus, while canine respiratory coronavirus and alpaca respiratory coronavirus result in
respiratory infection. Ferret systemic coronavirus and feline infectious peritonitis virus, a mutated
feline enteric coronavirus, can lead to lethal immuno-inflammatory systemic disease. Recent human
viral pandemics, including severe acute respiratory syndrome (SARS), Middle East respiratory
syndrome (MERS), and most recently, COVID-19, all thought to originate from bat coronaviruses,
demonstrate the zoonotic potential of coronaviruses and their potential to have devastating impacts.
A better understanding of the coronaviruses of companion animals, their capacity for cross-species
transmission, and the sharing of genetic information may facilitate improved prevention and control
strategies for future emerging zoonotic coronaviruses. This article reviews the clinical, epidemiologic,
virologic, and pathologic characteristics of nine important coronaviruses of companion animals.

Keywords: feline infectious peritonitis; coronavirus; canine; ferrets; spike glycoproteins; SARS Virus;
COVID-19; zoonoses

1. Introduction

Coronaviruses are spherical, enveloped, single-stranded, positive-sense RNA viruses within the
family Coronaviridae, named for the ultrastructural “crown-like” (corona) appearance of the spike
proteins on the virion surface. Coronaviruses infect humans as well as many other mammalian
and avian species, generally causing variably severe intestinal, respiratory, neurologic, or systemic
disease syndromes [1-4]. Genomically, coronaviruses are among the largest of the RNA viruses,
with genomes spanning 27.6 to 31 kilobases (kb) in length [5], approximately three times the size of most
retroviruses. On the basis of comparative genome sequence analyses, coronaviruses are subdivided
into four genera: alphacoronavirus, betacoronavirus, gammacoronavirus, and deltacoronavirus.
Alpha- and betacoronaviruses originate from bats and predominantly infect mammals, while gamma-



and deltacoronaviruses originate from birds and are capable of infecting both bird and mammal
species [6]. Companion animals presently considered include cats, dogs, ferrets, horses, and alpacas.
While not universally recognized as companion animals, alpacas and horses are considered by the
authors to be companion animals and are therefore included in this review. Notable coronaviruses of
companion animals include feline enteric coronavirus (FECV), feline infectious peritonitis virus (FIPV),
canine enteric coronavirus (CCoV), ferret enteric coronavirus (FRECV), ferret systemic coronavirus
(FRSCV), and alpaca respiratory coronavirus, which are alphacoronaviruses, and canine respiratory
coronavirus (CRCoV), equine enteric coronavirus (ECoV), and alpaca enteric coronavirus, which are
betacoronaviruses [7]. Phylogenetic relationships of these coronaviruses are shown in Figure 1,
while clinical and pathologic features are summarized in Table 1. Other coronaviruses belonging to the
betacoronavirus genus include SARS-CoV-1, MERS-CoV, and SARS-CoV-2, zoonotic coronaviruses that
have recently transferred from animal to human populations and are capable of causing severe disease
and death [8]. The ability of SARS-CoV-2 to initiate infections in companion animals is currently
poorly understood, although preliminary studies have indicated that ferrets and cats are permissive
for SARS-CoV-2 infection and replication, while the virus has been shown to replicate poorly in dogs,
pigs, chickens, and ducks [9]. SARS-CoV-2 infection of horses and camelids has not been reported.
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Figure 1. Phylogenetic relationships of coronaviruses of companion animals. The 3’ portions of the
coronaviral genomes encoding the spike and other non-structural proteins (~9 kb) were compared
and plotted as a “guide tree” using MacVector software (ClustalW Multiple Sequence Alignment).
Betacoronavirus sequences are highlighted in yellow, while alphacoronavirus sequences are highlighted
in blue; the zoonotic SARS CoV-2 coronavirus is surrounded by a red box. GenBank submission
numbers are indicated for each sequence.

Coronavirus genomes encode three classes of proteins: structural, accessory, and non-structural
proteins. Major structural proteins of coronaviruses include the nucleocapsid (N), spike (S), membrane
(M), and envelope (E) proteins [5]. The S protein is the primary viral binding protein and mediator
of membrane fusion and viral entry. The N protein, in close association with genomic viral RNA
(gRNA), forms the helical nucleocapsid, which is stabilized via binding to the M protein (Figure 2).
The viral genome and helical nucleocapsid are surrounded by a host-derived lipid bilayer, in which
the S, E, and M proteins are anchored. The transmembrane E and M proteins are involved in virion
assembly and budding [10]. In addition to the four structural proteins, coronavirus genomes also
encode a number of accessory proteins. While the roles of most of the accessory proteins remain poorly
understood and may be dispensable for virus replication in vitro, certain accessory proteins appear to
enhance viral virulence in vivo; for example, the SARS coronavirus encodes accessory proteins that
antagonize the development of type I interferon (IFN) responses [11].
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Figure 2. Coronavirus structural proteins.

Unlike alphacoronaviruses, a subset of betacoronaviruses are more structurally complex and
have additional membrane glycoproteins, called hemagglutinin-esterase (HE) proteins, encoded by
an additional gene roughly 1.2 kb in size [12]. Coronavirus HEs are thought to be acquired from an
influenza virus C-like gene encoding a hemagglutinin-esterase fusion protein in a relatively recent
horizontal gene transfer event [13]. While coronavirus HEs are able to bind to sialic acid, they are
reported to serve primarily as receptor-destroying enzymes (RDE), which facilitates the reversibility of
the virus-host cell attachment. For all coronaviruses, the S protein is thought to be the primary binding
protein, responsible for attachment of coronavirus to the cell surface. However, the contribution of
HEs to virion attachment and their role in tissue tropism and pathogenesis are currently not well
understood [14].

The molecular events of the coronavirus replication cycle are complex and begin with virion
attachment to the host cell, accomplished by binding of the viral S protein to a unique target receptor
on the host cell surface. As the primary binding protein and mediator of virus-host cell membrane
fusion and subsequent virus entry into the cell, the S protein is critical in determining the host species
and tissue and cell tropism for each coronavirus [15]. Upon receptor binding, conformational changes
in the S protein expose the fusion peptide, facilitating fusion of the viral and host cell membranes and
subsequent release of the viral nucleocapsid into the host cell cytoplasm [10,16]. Upon cytoplasmic
release of the viral nucleocapsid, the positive sense genomic RNA (+gRNA) serves as viral messenger
RNA (mRNA) for the direct translation of the replicase gene complex utilizing the host cell’s ribosomal
machinery. The replicase gene complex consists of two large open reading frames (ORF) approximately
20 kb in total size [17], ORFla and ORF1b, the latter transcribed via a ribosomal frameshift. The ORFla
and ORF1b mRNA are translated into polypeptides 1a or lab, which are subsequently cleaved by viral
proteases to create sixteen nonstructural proteins (nsps). These nonstructural proteins reassemble
to form a viral replicase-transcriptase complex, consisting of the RNA-dependent RNA polymerase
(RdRp, nsp12), helicase (nsp13), nsps with accessory functions, such as the nsp14 exoribonuclease,
as well as multiple membrane-spanning proteins that are thought to provide a membrane-associated
scaffold for the assembly of the replicase-transcriptase complex [18-20]. As eukaryotic cells typically
do not encode an RdRp, that is, they lack the ability to catalyze the formation of RNA using RNA as a
substrate, the viral RARp enzyme provides a useful target for antiviral therapeutics [21,22]. Within this
group of nonstructural proteins is an exonuclease with proof-reading function, unusual for RNA
viruses but perhaps important for ensuring the fidelity of the very large coronaviral RNA genome
during replication [23].



The viral polymerase synthesizes complementary full-length negative-sense RNA copies of
the genome, which serve as templates for full length positive-sense RNA genomes, generated via
RdRp’s replicase function. In addition to replicase activity, RARp also has transcriptase activity;
by discontinuous RNA synthesis directed by transcriptional regulatory sequences, RARp creates a set of
subgenomic RNAs (sgRNA) of different sizes [24], which are then copied by RdRp into positive-sense
mRNAs, serving as templates for translation of viral proteins necessary for virion assembly, including
the structural proteins S, E, M, and N. Translated viral proteins are inserted into the cell’s endoplasmic
reticulum and then transported to the site of viral assembly, the endoplasmic reticulum-Golgi
intermediate compartment (ERGIC). Viral genomes (+gRNA) encapsidated by N proteins bud into the
ERGIC membrane, forming fully assembled virions surrounded by a host-derived lipid bilayer [25].
Assembled virions are subsequently transported in vesicles to the plasma membrane, where they
are released from the infected cell via exocytosis [26]. In some coronaviruses, the accumulation of
S proteins on the surface of infected cells can result in fusion of adjacent cells and the formation of
syncytia, facilitating rapid cell-to-cell spread of the virus [27].

The genetic diversity of coronaviruses is a consequence both of polymerase error-driven point
mutations, as well as of genetic recombination between different strains and species of coronaviruses
during coinfection within the same host cell [5,28]. Relative to other single-stranded RNA viruses,
coronavirus mutation rates are moderate to high [29], despite the proof-reading function of the viral
exonuclease [30]. Genetic recombination is a direct result of the discontinuous transcriptional activity
of the coronaviral polymerase and likely contributes to the emergence of new viruses with altered
virulence, novel host species range, and novel tissue tropism [18].

Table 1. Clinical and pathologic features of major coronavirus infections of companion animals.

. Primary Target . . - Cellular
Virus Organ(s) Primary Host Cell Disease/Symptoms Transmission Receptor
Genus Alphacoronavirus
Feline enteric Asymptomatic to Direct contact; Serotype L
: . .\ unknown
coronavirus Gl tract Enterocyte mild gastroenteritis  fecal-oral, maternal Serotype II:
(FECV) and diarrhea shedding Atli’lgl ’
Omentum, s . .
Feline infectious serosal/pleural M Peritonitis, thf)rauc Rare to no Serotype
e R onocyte, and abdominal . unknown
peritonitis virus surfaces, liver, X horizontal .
. macrophage effusions, CNS and - Serotype II:
(FIPV) kidneys, lymph . transmission
. ocular signs. APN
nodes, eyes, brain
Ferret enteric Epizootic catarrhal
coronavirus Gl tract Enterocyte P enteritis Fecal-oral Unknown
(FRECV)
. Weight loss,
. Spleen, mesenteric A .
Ferret systemic lymoh nodes anorexia, diarrhea,
coronavirus | ympanodes, Unknown abdominal Unknown Unknown
intestines, kidneys,
(FRSCV) . : granulomas/masses,
liver, lungs, brain .
CNS signs
Mild
Canine enteric gastroenteritis and ii.l(zntyp;r{.
coronavirus GI tract Enterocyte diarrhea; rarely, Fecal-oral Sero © o II:
(CECoV) severe enteritis and Atli’lg] :
systemic signs
. Respiratory .
Alpaca resglratory Respiratory tract epithelia M}ld to severe Aerosol Unknown
coronavirus respiratory disease (presumed)

(presumed)




Table 1. Cont.

Primary Target Cellular

Virus Organ(s) Primary Host Cell Disease/Symptoms Transmission Receptor

Genus Betacoronavirus

Canine respiratory Respiratory Mild upper

coronavirus Respiratory tract P . . Aerosol Unknown
(CRCoV) epithelia respiratory disease
Fever, anorexia,
Equine coronavirus lethargy; less
q GI tract Enterocyte frequently, Fecal-oral Unknown
(ECoV) diarrhea, colic
neurologic signs
Alpaca enteric CI tract Enterocyte Enterllhs, severe Fecal-oral Unknown
coronavirus (presumed) diarrhea (presumed)

2. Feline Enteric Coronavirus and Feline Infectious Peritonitis Virus

2.1. Epidemiology, Clinical and Pathologic Features

Feline coronaviruses are separated into two distinct biotypes: feline enteric coronavirus (FECV)
and feline infectious peritonitis virus (FIPV). FECV is endemic in domestic cat populations worldwide
and primarily infects intestinal enterocytes, typically resulting in either mild enteric disease or a lack
of clinical signs (subclinical infections). Experimental studies have demonstrated consistent shedding
of FECV in the feces of infected cats from 2 days to 2 weeks post-infection, followed by a decrease in
viral loads and intermittent shedding for up to 20 weeks after this period [31,32]. Subclinical carriers
of FECV play an important role in shedding and transmitting the virus to other cats via the fecal-oral
route, especially in those animals housed indoors in multi-cat environments [33]. FECV primarily
infects the apical epithelial cells of the intestinal villi (enterocytes), from the distal duodenum to the
cecum. Villous atrophy of the lining mucosa and sloughing and degeneration of epithelial cells at the
villous tips occur in severe infections [34]. Shortening and fusion of intestinal villi and hyperplasia of
crypt epithelia are also common pathological findings [3].

In contrast to the mild enteric disease or absence of clinical signs associated with FECV infection,
the closely related FIPV biotype generally results in a highly inflammatory, systemic, and nearly 100%
fatal disease once clinical signs develop. This clinical syndrome is called feline infectious peritonitis
(FIP). The origin of FIPV is thought to arise from a select number of spontaneous mutations in the FECV
genome, which confers a tropism switch from enterocytes to macrophages, facilitating systemic spread.
These mutations are thought to arise de novo within each FECV-infected cat. Male cats, purebred cats,
and those living in multi-cat environments are more likely to develop FIP [35]. Specific cat breeds
at higher risk for the development of FIP include Abyssinian, Bengal, Birmans, ragdoll, and rex cat
breeds [36,37], likely due to inherited genetic factors in these breeds, leading to increased susceptibility
to FIP [38]. FIP seems to preferentially occur in young, very old, or immunosuppressed individuals.
An FIP-like disease has also been documented in a number of wild species of felids infected with
coronaviruses, including African lions, cheetahs, mountain lions, leopards, jaguars, lynx, servals,
caracal, European wild cats, Sand cats, and Pallas cats [39-47].

Key point mutations proposed to be responsible for the conversion of FECV to FIPV include two
alternative amino acid differences in the gene encoding the fusion peptide of the spike (S) protein [48],
substitutions in the furin cleavage site between receptor-binding (S1) and fusion (S2) domains of
the spike protein [49], and mutations in open reading frame 3abc resulting in a truncated protein 3c
protein [50]. It has subsequently been reported that one of the amino acid differences in the fusion
peptide of the FECV spike protein, specifically, a methionine to leucine substitution at position 1058,
is involved in systemic spread of FCEV from the intestine, rather than with the potential to cause
FIP [51]. Mutations of 3c and S protein genes are often found in combination, but a single mutation in
either S or 3c appears to be sufficient to dramatically alter the tropism of FECV, allowing for enhanced



internalization and replication of the virus within monocytes and macrophages, facilitating systemic,
cell-associated dissemination of the virus [50].

Clinically, FIP typically manifests as one of two forms: “wet” (effusive) FIP, “dry” (granulomatous)
FIP, or some combination of the two. Effusive FIP is the more common and classical form of disease and
is generally associated with rapid disease progression and the exudation of fluid into the peritoneal or
thoracic body cavities. The “dry”/granulomatous form of FIP generally lacks cavitary effusion and is
instead characterized by multifocal granuloma formation in a variety of organs and a more insidious
disease progression. As a result, the initial clinical signs of FIP are often nonspecific and may include
anorexia, weight loss, and/or chronic fever [52,53]. Clinical neurologic signs, including ataxia, seizures,
nystagmus, hyperesthesia, and/or cranial nerve deficits [54,55], as well as ocular disease may occur in
some cats, with a higher frequency in those with the dry form of FIP than the wet form [56].

It has been hypothesized that a “strong and focused” cell-mediated immune (CMI) response
directed to the coronavirus may prevent FIP disease development, while animals with a “weak” CMI
in combination with a strong humoral immune response will likely develop wet FIP. Further, it has
been hypothesized that animals with a “moderate” CMI will likely develop the dry form of FIP [57].

Grossly, the wet/effusive form of FIP is characterized by “straw-colored,” semi-translucent,
protein-rich peritoneal or thoracic effusions and fibrinous and granulomatous serositis/pleuritis with
variable involvement of parenchymal organs (Figure 3A) [56]. Virus-associated pyogranulomatous
inflammation is focused on small and medium sized veins, resulting in vascular injury and
leakage [58]. These vasculo-centric lesions can occur in the omentum and serosal surfaces of the
liver, spleen, intestines, kidneys, and lungs, and are composed primarily of macrophage aggregates in
combination with smaller numbers of neutrophils and lymphocytes (pyogranulomatous inflammation).
Occasionally, pyogranulomatous nodular lesions extend beyond the serosal surfaces into underlying
parenchyma. Coronaviral antigen can often be detected within intralesional macrophages using
immunohistochemistry techniques; coronaviral antigen detection via immunohistochemistry is a
commonly utilized diagnostic method.

The dry form of FIP is characterized grossly by variably sized parenchymal and serosal
pyogranulomas in affected organs but lacks the exudation archetypal of wet FIP. Granulomatous
lesions of dry FIP may extend from serosal surfaces into the parenchyma of affected organs, and lesions
may be restricted to a single organ, such as the kidney, eye, or brain [59]. Other frequently affected
organs in the dry form of FIP include the mesenteric and mediastinal lymph nodes, omentum, intestine,
and liver. Perivascular inflammatory lesions contain aggregates of macrophages and fewer neutrophils,
which are surrounded by dense infiltrates of primarily B lymphocytes and plasma cells extending into
surrounding tissues, with or without the presence of vasculitis [47,59]. It is not uncommon for affected
animals to demonstrate some combination of both effusive and granulomatous forms of the disease.

It has been hypothesized that immune-mediated type III and/or type IV hypersensitivity reactions
may play a role in the perivascular granulomatous inflammation characteristic of FIP [60,61]. Type III
hypersensitivity lesions feature the overproduction of immune complexes comprised of antibody bound
to soluble antigen, and subsequent inflammatory pathway activation, deposition into vessel walls
(e.g., vasculitis) and tissue injury [62]. FIPV-associated vascular lesions have been hypothesized as being
caused by type III hypersensitivity based on studies demonstrating antibody, complement, and FCoV
antigen within vascular lesions; however, a definitive connection between type III hypersensitivity and
FIP-associated vasculitis/peri-vasculitis has not been unequivocally confirmed [60,63]. Alternatively,
FIPV-associated vascular injury and subsequent permeability may be a result of virus-induced
activation of monocytes and macrophages. This hypothesis is supported by the finding that vascular
endothelial growth factor (VEGF) produced by FIPV-infected monocytes and macrophages causes
vascular permeability and effusion in cats with FIP [64]. Matrix metalloprotease 9 (MMP-9) has
also been shown to be upregulated in activated monocytes and macrophages in FIP, contributing
to the destruction of type IV collagen and degradation of the basal lamina of affected vessels in FIP
vasculitis [58]. Type IV, or delayed-type hypersensitivity, is mediated by hyperstimulated T cells



and macrophages, which cause damage to surrounding tissue and may contribute to the granuloma
formation characteristic of the dry form of FIP [65].

In a subset of wet and dry FIP cases, affected cats may present with ocular and/or neurologic
involvement. In cases with ocular involvement, diffuse and multifocal inflammatory infiltrates
may be found in the ciliary body, retina, and choroid as well as throughout the uvea and in the
sclera, conjunctiva, and optic nerve. Ocular perivascular leukocytes are typically lymphoplasmacytic,
composed mostly of B cells and plasma cells, with fewer numbers of T cells and macrophages [66].
Gross lesions of FIP in the central nervous system include ventricular dilation, flattening of cerebral gyri,
and ependymal and meningeal congestion [67]. Mild to marked ventricular enlargement is associated
with accumulation of inflammatory cells within the ventricles [54], with corresponding increased
protein, increased cellularity, and presence of virus in cerebrospinal fluid [67]. Histopathological
lesions in the brain consist of perivascular neutrophilic and lymphoplasmacytic infiltrates in the
leptomeninges, the choroid plexus, the periventricular space, and/or the parenchyma of the spinal cord
and brainstem [68]. Less common (atypical) manifestations of FIP include nodular dermatitis [69-71],
rhinitis [72], orchitis [73,74], priapism [75], and syringomyelia associated with involvement of the
fourth ventricle [76].

R e—

Figure 3. (A) Gross image of “wet” or effusive feline infectious peritonitis (FIP), thoracic and abdominal
cavities, cat. Abundant semi-translucent “straw-colored”, proteinaceous peritoneal effusion with
fibrinous and granulomatous serositis and multifocal granulomatous lesions in the liver. Gross image
courtesy of Chrissy Eckstrand. (B) FIP, urinary bladder serosal surface, cat, hematoxylin and eosin
(HE). Severe, necrotizing, pyogranulomatous and lymphoplasmacytic serositis and vasculitis. (C) FIP,
urinary bladder serosal surface, cat, FCoV immunohistochemistry. Same lesion tissue as 3b with
frequent, positive immunoreactivity for FCoV antigen (brown pigment).



2.2. Virology

Feline coronaviruses are alphacoronaviruses and are divided into two serotypes, type I and type I,
based on genetic and antigenic properties [77]. Although both serotypes are capable of causing FIP [78],
serotype I is much more prevalent in nature and is responsible for 80-90% of naturally occurring
clinical cases [79,80]. Serotype II is comparatively rare, having emerged as a result of recombination
events between feline coronavirus serotype I and canine enteric coronavirus serotype II, following
cross-species transmission of CCoV to cats [81-83]. Although the feline serotype I is more prevalent,
it is less well studied due to challenges in propagating this viral serotype in culture-adapted cell lines
in vitro. The molecular events of the serotype II viral lifecycle are better understood due to the relative
ease with which serotype II can be propagated and studied in vitro.

The target cell membrane receptor of serotype II feline coronaviruses has been identified as feline
aminopeptidase N (fAPN) [84]. Feline APN is a membrane peptidase expressed on the brush border of
small intestine and renal tubule microvilli, as well as by cells of myeloid origin, including monocytes,
macrophages, and granulocytes [85]. Additional non-specific viral receptors, including the lectin
molecule DC-SIGN, have also been proposed [41,78]. The primary cell receptor for the more prevalent
serotype I FIPV has yet to be definitively identified [86]; however, studies have proposed DC-SIGN [87],
as a potential host cell entry co-receptor. The Fc receptor CD16 (FcyRIII) has also been proposed
as a potential cellular receptor [88]. Interestingly, antibodies directed to the spike protein of feline
coronavirus have been shown to enhance virus infection both in vitro [89] and in vivo [63] through
a mechanism known as antibody dependent enhancement (ADE). In ADE, antibodies facilitate the
uptake of virus-antibody complexes by monocytes and macrophages using Fc receptors like CD16,
resulting in more efficient infection than by virus alone [90,91].

Following binding to the target receptor on the cell surface, FIPV serotype II enters monocytes via
clathrin and caveolae-independent and dynamin-dependent endocytosis [92]. Consistent with the
initial distribution of lesions on serosal surfaces of abdominal organs, FIPV is thought to preferentially
target peritoneal macrophages [88]. Once ensconced within these histiocytic cells, FIPV is able to seed
the abdominal and thoracic cavities and, in some cases, spread to more distant sites, such as the brain
and eye.

3. Ferret Enteric Coronavirus and Ferret Systemic Coronavirus

Epidemiology, Virology, and Clinical and Pathologic Features

Similar to feline coronaviruses, infection with ferret coronaviruses can result in enteric or systemic
disease [93]. First identified in the United States in 2000, ferret enteric coronavirus (FRECV) is associated
with epizootic catarrhal enteritis (ECE), originally called “green slime disease” due to the development
of profuse, foul-smelling, bright green mucus-laden diarrhea [94]. Clinically, ECE is associated with
lethargy, anorexia, and vomiting. ECE is characterized by high morbidity but low mortality [95].
While juvenile ferrets develop mild to subclinical disease and can be subclinical carriers, ECE can cause
more severe disease in older ferrets [96].

A genetically distinct coronavirus called ferret systemic coronavirus infection (FRSCV) was
subsequently identified, which causes a systemic, progressive, and fatal pyogranulomatous inflammatory
disease resembling the dry form of feline infectious peritonitis (FIP) in cats. The average age at the time
of FRSCV diagnosis has been reported to be 11 months, and clinical signs include chronic weight loss,
anorexia, diarrhea, palpable abdominal masses, and neurologic disease [97].

Both the enteric (FRECV) and systemic (FRSCV) ferret coronaviruses are alphacoronaviruses,
related to feline coronavirus and canine enteric coronavirus, and most closely related to mink
coronavirus. Complete genome sequencing of FRSCV and FRECV strains revealed a shared 89%
nucleotide identity, but only 49.9-68.9% nucleotide identity with other known coronaviruses [98].
The pathogenic relationship of these two ferret coronaviruses, and whether FRSCV arises by mutation
within ferrets infected with FRECV, has not been determined. The cellular entry receptors have also



not been identified. Many facets of the pathogenesis of the virulent systemic ferret coronavirus remain
unknown, but as is true for FIPV, macrophages appear to play an important role in the inflammatory
response. Furthermore, similarities in pathologic lesions suggest parallels in the pathogenesis of ferret
systemic coronavirus and FIP.

FRECYV is associated with lesions restricted to the gastrointestinal tract, which include lymphocytic
enteritis, villous blunting, fusion, and atrophy, as well as vacuolar degeneration and necrosis of apical
villous enterocytes, similar to FECV [94].

In contrast to FRECV, FRSCV is grossly associated with pale to white nodules (granulomatous
inflammation) in multiple organs, including the spleen, kidneys, mesenteric lymph nodes, intestines,
liver, lungs, and brain (Figure 4) [99,100]. Granulomas have a heterogenous cellular composition
including macrophages, T and B lymphocytes, and plasma cells. These granulomatous lesions are
morphologically similar to FIP both in immune cell composition and presence of virus within the
macrophage cytoplasm [101]. Interestingly, cavitary effusions and vasculitis, characteristic features
of the wet form of FIP, have not been identified in the majority of ferrets infected with systemic
coronavirus. Clearly, much remains to be learned about ferret coronavirus virology and pathology.

Figure 4. Gross lesions associated with ferret systemic coronavirus (FRSCV). (A) Ferret,
coronavirus-associated granulomatous mesenteritis. Numerous, multifocal to coalescing, pale tan, firm
nodular masses (granulomas) distributed throughout the mesentery, often corresponding to vasculature.
(B) Ferret, coronavirus-associated serositis and splenitis. Numerous, multifocal to coalescing, pale
tan nodules (granulomas) expanding the serosa with variable parenchymal involvement. (C) Ferret,

coronavirus-associated hepatitis. Multifocal, pale tan, expansile nodular masses throughout the liver.
(D) Ferret, coronavirus-associated peritonitis. Multifocal to coalescing, pale tan, nodular masses
(granulomas) throughout the peritoneum. All images courtesy of Jordi Jimenez.
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4. Canine Enteric Coronavirus

4.1. Epidemiology and Clinical Features

As is true of FECV, canine enteric coronavirus (CCoV) is a common infection of dogs with
worldwide distribution. While not universally recognized as an important canine enteric pathogen,
multiple independent studies have demonstrated that CCoV is significantly associated with diarrhea
in dogs [102,103]. CCoV is transmitted via the fecal-oral route, with higher prevalence in dogs housed
in dense populations such as in shelters or kennels [104]. First reported in 1971 in dogs in a canine
military unit in Germany [105], CCoV generally causes mild, self-limiting diarrhea in dogs, especially
in young puppies. More severe hemorrhagic disease associated with higher mortality has also been
reported in combination with other pathogens [106], including canine parvovirus type 2 [107] and
canine adenovirus type I [108]. CCoV infection has a synergistic effect with canine parvovirus type 2,
increasing severity of enteric disease [109]. More virulent strains of CCoV, capable of causing significant
enteric disease in the absence of coinfection have recently been reported [110], as well as pantropic
strains that cause a fatal systemic disease involving lethargy, inappetence, vomiting, hemorrhagic
diarrhea, ataxia, and seizures [111-113]. CCoV has also been detected in a number of wild canids,
including foxes and raccoon dogs in China [114] and wolves in Alaska [115] and Europe. Remarkably,
sequences of the CCoVs found in European wolves were up to 98-99% homologous to known CCoV
sequences isolated from domestic dogs [116].

4.2. Virology

Similar to FECV, two serotypes of the CCoV exist: serotypes I and II. Mixed infections with
strains of both serotypes are common [117]. Like the feline coronavirus serotype II, CCoV serotype
II strains replicate well in tissue culture and use APN as an entry receptor. The cellular receptor for
serotype I viruses has not been determined, as these viruses are much more difficult to propagate in
tissue culture systems. CCoV serotypes I and II share close to 96% nucleotide identity throughout
most of their genome, while the gene encoding the S protein is much more divergent, with only 56%
sequence identity. It is likely that FECV serotype I and CCoV serotype I arose from a common viral
ancestor, while CCoV serotype II arose via recombination with an unknown coronavirus, in the process
acquiring an antigenically distinct S gene [83].

The continuing evolution of canine enteric coronaviruses with altered virulence and tropism
is likely a result of changes in the genome due to random point mutations and periodic genetic
recombination. Genetic recombination between serotype Il CCoV and other coronaviruses resulted in
the emergence of canine coronavirus variants with spike protein N-terminal domains that are largely
homologous to transmissible gastroenteritis virus (TGEV), a coronavirus of pigs [118].

4.3. Pathology

Similar to the pathology of other enteric coronaviruses, CCoV infects and replicates in the apical
and lateral enterocytes of the intestinal villi (mature enterocytes), resulting in cellular degeneration
and/or necrosis characterized by atrophy of enterocytes, loss of the cellular brush border, and sloughing
of necrotic cells into the intestinal lumen. Degeneration and destruction of mature enterocytes at the
villous tips can lead to villous atrophy, ultimately resulting clinically in maldigestion, malabsorption
and diarrhea [119].

A more severe form of enteritis in puppies infected with CCoV has also been reported, in the
absence of co-infection. Gross pathology in one case revealed moderate, diffuse, hemorrhagic enteritis,
and in another, severe ileo-cecal intussusception and segmental necrotic enteritis. Histologically, mild,
lymphocytic and plasmacytic enteritis was present in the first case, along with necrosis and enteric and
splenic lymphoid depletion. In the second case, depletion of gut associated lymphoid tissues was also
noted, along with diffuse villous blunting and crypt necrosis [110]. A case report of pantropic CCoV
described lesions in multiple organs, including a fibrinopurulent bronchopneumonia, renal cortical
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infarcts, severe coalescing centrilobular hepatic fatty change, and multifocal hemorrhage in the spleen
with lymphoid depletion. Chronic diffuse enteritis in this case was associated with the presence of
adult ascarids in addition to CCoV [120].

5. Canine Respiratory Coronavirus

5.1. Epidemiology and Clinical Features

First discovered in 2003 in dogs housed at a rehoming kennel in the United Kingdom [121],
canine respiratory coronavirus (CRCoV) is a coronavirus with worldwide distribution [122-125] and a
significant etiologic component of canine infectious respiratory disease (CIRD) or “kennel cough” [126].
CIRD is a highly contagious, polymicrobial respiratory disease syndrome associated with a number of
bacterial and viral agents and is readily transmitted via aerosols between dogs housed in relatively
high-density groups, like shelters or kennels. Pathogens associated with CIRD include CRCoV, canine
adenovirus 2 (CAV-2), canine parainfluenza virus (CPIV), Bordetella bronchiseptica, canine herpesvirus,
canine pneumovirus (CnPnV), Streptococcus equi subsp. zooepidemicus, and Mycoplasma spp [127,128];
infection by one or a combination of these pathogens may result in disease.

CRCoV has also been shown to be capable of causing disease on its own [4] and is thought to
play a role in early CIRD infection by damaging the mucociliary elevator. Affected dogs have an
impaired ability to clear pathogens and foreign material from the lower respiratory tract, predisposing
them to secondary infections and more severe clinical disease [129]. CRCoV is spread by aerosol
transmission and is most commonly associated with mild signs of upper respiratory disease, including
nasal discharge, sneezing, and coughing [4]. As is true of SARS CoV-2, CRCoV can also be associated
with more severe clinical signs, inappetence, and bronchopneumonia. Disease occurs most frequently
in fall to winter months [130], and populations most at risk are dogs densely housed in shelter,
kennel, or group environments [131]. CRCoV has been proposed as a naturally occurring animal
model of SARS-CoV-2 infection in humans, due to parallels in pathogenesis and early host immune
response [132].

5.2. Virology

CRCoV is a betacoronavirus, genetically distinct from the alphacoronavirus, canine enteric
coronavirus. Based on the polymerase gene sequence, the two canine coronaviruses have sequence
identity of 68.5%, but only 21.1% similarity based on the Spike gene [123]. Among betacoronaviruses,
CRCoV has the highest sequence identity with the polymerase gene of bovine coronavirus (BCoV)
(98.8%) and human “common cold” coronavirus OC43 (98.4%), all of which cause mild to moderate
upper respiratory disease in their respective hosts [126]. As is true for other betacoronaviruses, CRCoV
binds initially to sialic acids and heparan sulfate on the cell surface for attachment, prior to cell
entry via caveolin-dependent endocytosis [133]. Human leukocyte antigen class I (HLA-1), a human
transmembrane glycoprotein, has been shown to act as the entry receptor for the in vitro infection of
human airway epithelial cells by both CRCoV and BCoV [134].

5.3. Pathology

Histopathological lesions are most significant in the trachea and nasal cavity, where infection with
CRCoV causes inflammation and damage to the ciliated respiratory epithelium, impairing the clearance
of particulate matter in the lower respiratory tract and predisposing individuals to secondary bacterial
infection of the lungs. Histological examination following experimental infection with CRCoV has
demonstrated that the epithelia of the respiratory tract is disordered and devoid of cilia and goblet cells,
and inflammatory cells infiltrate within the epithelium and subjacent lamina propria [4]. The trachea
and nasal tonsil are the most common sites of CRCoV infection and are reported to have the highest
viral loads, detected by quantitative RT-PCR. Though infrequent, CRCoV has also been detected in the
spleen, mesenteric lymph node, and colon of infected dogs; while this may indicate the potential of
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CRCoV to display a dual tropism, it is likely that the detection of CRCoV outside the respiratory tract
is a result of passive transport from the respiratory tract through the ingestion of saliva and respiratory
secretions. [135].

6. Equine and Alpaca Coronaviruses

6.1. Epidemiology and Clinical Features

Equine coronavirus (ECoV) is an enteric coronavirus originally reported in 2000 in a neonatal foal
with enterocolitis [136]. Sporadic outbreaks in riding, racing, and show horses have been reported in the
USA, Europe, and Japan with increasing frequency. Clinically, ECoV is associated with anorexia, fever,
and lethargy, and in some cases, diarrhea, colic, and neurologic signs [137]. While ECoV infections are
generally self-limiting, severe damage to the intestinal mucosa and subsequent loss of barrier function
can lead to mortality due to secondary endotoxemia, septicemia, and hyperammonemia-associated
encephalopathy [138]. Signs of encephalopathy associated with ECoV infection have been reported
in 3% of clinical cases and include circling, head pressing, ataxia, proprioceptive deficits, nystagmus,
recumbency, and seizures [138,139]. Hyperammonemia may be caused by increased ammonia
production due to enteric microbiome dysbiosis associated with ECoV infection or increased absorption
of ammonia from the gastrointestinal tract due to breakdown of the normal intestinal mucosal
barrier function [137]. Similar to CRCoV, infections appear to be increased during colder months.
While mainly affecting adult horses, infection in foals is associated with more severe gastrointestinal
disease. Transmission is fecal-oral [140,141], and it is likely that subclinical horses play a role in
transmission of the virus [142].

Alpaca enteric coronavirus is associated with outbreaks of diarrhea in llamas and alpacas;
an Oregon study found alpaca enteric coronavirus to be the most common pathogen causing diarrhea
in unweaned crias. Alpaca enteric coronavirus was noted to cause diarrhea throughout the year and
was involved in outbreaks affecting adult animals as well as unweaned crias ranging in age from 1 to
7 months old [143].

A strong epidemiologic association has been made between alpaca respiratory coronavirus and
an outbreak of alpaca respiratory syndrome (ARS) in alpacas in 2007. ARS is characterized by acute
respiratory signs ranging in severity from mild upper respiratory disease to severe respiratory distress,
high fever, and death [144]. Though all signalments can be affected, ARS is primarily reported in
pregnant alpacas; severe fetal hypoxia in alpacas with ARS can result in abortion [145].

6.2. Virology

Equine coronavirus is a betacoronavirus, classified in the same genus as canine respiratory
coronavirus. The cellular entry receptor has not been identified. Complete genome sequences have
been determined for three ECoV isolates from Japan and one from the USA [146,147]. All three isolates
from Japan were genetically similar to the isolate from the USA (NC99), with a sequence identity between
98.2 to 98.7% [147]. ECoV is phylogenetically related to a wide variety of coronaviruses including
bovine coronavirus, human coronavirus OC43, and porcine hemagglutinating encephalomyelitis
virus. Compared to these three coronaviruses, the ECoV nsp3 protein, a critical component of the
replicase-transcriptase complex, is the most divergent, containing 3 amino acid deletions and 55 amino
acid insertions, though the functional significance of these insertions and deletions has not been
clarified [146].

Similar to equine coronavirus, the enteric alpaca coronavirus is a betacoronavirus, first recognized
as causing severe diarrhea in llamas and alpacas in 1998 [148]. The enteric alpaca coronavirus is
most closely related to bovine coronavirus (>99.5% nucleotide identity), human coronavirus OC43
(>96% identity), and porcine hemagglutinating encephalomyelitis virus (>93% identity), with the
most significant differences present in the spike protein sequences [149]. CRCoV, ECoV, and alpaca
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betacoronavirus are all either thought to descend from BCoV or have a common ancestor, likely a rat
betacoronavirus [7,150].

A novel alpaca coronavirus belonging to the alphacoronavirus genus was isolated in 2007
and associated with acute respiratory disease rather than enteric disease [144]. Complete genome
sequencing revealed less than 50% nucleotide identity with the previously reported enteric alpaca
coronavirus but a much higher 92.2% nucleotide identity with the human coronavirus (HCoV) 229E,
with striking similarity between the HCoV 229E and alpaca respiratory coronavirus spike proteins.
Comparison of spike gene sequences revealed that alpaca respiratory coronavirus is most similar to
HCoV 229E strains isolated between the 1960s and 1980s, suggesting the possibility that a transmission
event may have occurred between alpacas and humans [151].

6.3. Pathology

The pathology of equine coronavirus in two horses and one donkey ranging in age from 6 months
to 11 years old has been described. The naturally infected equids had severe diffuse necrotizing enteritis
characterized by marked villous attenuation, necrosis of apical enterocytes in the small intestinal villi,
pseudomembrane formation, and hemorrhage and microthrombosis within the mucosa and submucosa
(Figure 5B). In contrast to enteric coronavirus infections in the carnivores, ECoV infection in horses has
also been associated with crypt necrosis. In cases of hyperammonemia-associated encephalopathy,
Alzheimer type II astrocyte hypertrophy and hyperplasia were observed diffusely throughout the
cerebral cortex [2].

b

Figure 5. (A) Equine coronavirus-associated colitis, colon, horse. Moderate, necrohemorrhagic

colitis. Image courtesy of Silvia Siso. (B) Equine coronavirus-associated enteritis, jejunum, horse.
Mixed inflammatory enteritis with crypt ectasia and necrosis (crypt “abscesses”) and microvascular
thrombi. (C) Equine coronavirus-associated enteritis, jejunum, horse. Diffuse immunoreactivity at
the tips of necrotic villi using bovine coronavirus antiserum (immunohistochemistry). Figure 5B,C
courtesy of Federico Giannitti.
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Gross pathology has been reported in one adult alpaca infected with enteric alpaca coronavirus;
gross findings included diffuse thickening of the wall of the third gastric compartment, enlarged dark
red mesenteric lymph nodes, and watery intestinal contents mixed with mucous. Histopathological
lesions in the small intestine included moderate diffuse edema of the lamina propria and submucosa,
multifocal petechiae of the mucosa and submucosa in several sections, moderate autolysis, and small
amounts of necrotic debris present within crypts. Mesenteric lymph node sinusoids were hemorrhagic,
with fibrinopurulent exudate present in the lymph node parenchyma and lymphatics. Nutritional
stress, copper, and other mineral deficiencies may have played a role in the severity of disease seen in
this 4-year old alpaca [148].

Alpaca respiratory coronavirus pathology has been reported in 11 naturally infected alpacas:
Gross findings included severe pulmonary congestion and edema in combination with marked
pleural effusion. Histologically, pulmonary congestion and edema were associated with marked,
diffuse interstitial to bronchointerstitial pneumonia focused on terminal airways, including intraluminal
fibrin deposition and hyaline membrane formation. Epithelial necrosis and regenerative hyperplasia
between terminal airways and alveolar ducts and macrophage infiltrates within the septa and lumen
were also noted in several cases [144].

7. Zoonotic Coronaviruses

Coronaviridae is a highly successful family of viruses that infects many different vertebrate
classes and orders, including humans, causing diseases that range from localized respiratory or
enteric infections to systemic disease. Coronaviruses cause significant morbidity and mortality in
companion and agricultural animal species, including dogs, cats, ferrets, horses, alpacas, pigs, bovids,
and poultry, as well as numerous species of wild animals. Cross-species transmission of canine enteric
coronavirus to cats, leading to genetic recombination between FECV serotype I and CCoV serotype
II, resulted in the emergence of FECV serotype II [81]. Similarly, recombination between serotype II
CCoV and other coronaviruses resulted in the emergence of canine coronavirus variants with spike
protein N-terminal domains that are largely homologous to transmissible gastroenteritis virus (TGEV),
a coronavirus of pigs [118]. Viral polymerase error-driven point mutations, genetic recombination
between different strains and species of coronaviruses, and the incorporation of genes from other viral
taxa via nonhomologous recombination [152] demonstrate the genetic plasticity of coronaviruses and
contribute to the alarming ability of coronaviruses to “jump species” [153]. Over the past 20 years,
three human coronaviral pandemics (SARS, MERS, and most recently, COVID-19) all thought to
originate from bat coronaviruses [8], demonstrate the zoonotic potential of coronaviruses. Progressive
pathogen emergence along with amplified rates of global dissemination [154] represent a profound
threat to global health and world economies. In alignment with the concept of “One Health,” a more
thorough understanding of the coronaviruses of companion animals, their biological properties, their
ability to recombine and to acquire new biological attributes, and their capacity for cross-species
transmission has the potential to improve prevention and control measures for future emerging
zoonotic coronaviruses [155].
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Abstract: Feline infectious peritonitis (FIP) is a disease of domestic cats caused by the genetic variant
of the feline coronavirus (FCoV) and feline infectious peritonitis virus (FIPV), currently grouped
into two serotypes, I and II. Although serotype I FIPV is more prevalent in cats with FIP, serotype II
has been more extensively studied in vitro due to the relative ease in propagating this viral serotype
in culture systems. As a result, more is known about serotype II FIPV than the more biologically
prevalent serotype I. The primary cell receptor for serotype II has been determined, while it remains
unknown for serotype L. The recent development of a culture-adapted feline cell line that more
effectively propagates serotype I FIPV, FCWEF-4 CU, derived from FCWF-4 cells available through the
ATCC, offers the potential for an improved understanding of serotype I FIPV biology. To learn more
about FIPV receptor biology, we determined targeted gene expression patterns in feline cells variably
permissive to replication of serotype I or II FIPV. We utilized normal feline tissues to determine
the immunohistochemical expression patterns of two known coronavirus receptors, ACE2 and DC-
SIGN. Lastly, we compared the global transcriptomes of the two closely related FCWF-4 cell lines
and identified viral transcripts with potential importance for the differential replication kinetics of
serotype I FIPV.

Keywords: feline infectious peritonitis; FIP; serotype; cell receptor; coronavirus; viral replication

1. Introduction

Feline infectious peritonitis (FIP) is a generally fatal coronaviral disease of domestic
cats caused by a genetic variant of the feline coronavirus (FCoV), referred to as the FIP virus
(FIPV) [1,2]. FIP is a systemic immune-mediated, inflammatory disease variably character-
ized by fever, ascites accumulation, fibrinous exudate, pyogranulomatous perivasculitis,
and high mortality [3-5]. Virus-associated inflammation may be confined to the abdominal
cavity but can also involve the thoracic cavity, lymph nodes, brain, or eye [4].

FCoV is subclassified into two biotypes, feline enteric coronavirus (FECV) and feline
infectious peritonitis virus (FIPV), and further classified into two serotypes (serotype I
and serotype II), currently taxonomically grouped as a single species of Alphacoronavirus
based on genomic sequencing [6]. The two distinct serotypes are classified based on
variation in the humoral response stemming from marked sequence differences between
spike proteins [7]. The coronavirus spike (S) protein serves as the docking ligand for the
cell receptor, thereby defining the cellular tropism and tissue-based distribution of the
virus. Cellular tropism has been investigated for FIPV through in vitro recombination
studies and the generation of viral chimeras to map regions of the S protein that may be
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responsible for these differences in cell tropism [8,9]. Serotype II FIPV is the evolutionary
result of a recombination event between feline coronavirus and canine enteric coronavirus,
resulting in a chimeric FCoV encoding the canine coronavirus spike gene [10,11]. However,
this taxonomic organization has been challenged by the suggestion that serotype I and II
FCoV be redefined as distinct viruses based on distinguishing differences in spike protein
structure and function and the pivotal roles that spike plays in biological and clinical
outcomes [12].

In nature, serotype I FCoVs, including FIPV I, are more prevalent than FIPV II viruses
and are associated with the majority (80-95%) of naturally occurring cases of FIP in cats
(serotype I and II FIPVs are hereafter referred to as FIPV I or FIPV II) [13-15]. However,
the in vitro propagation of FIPV I isolates in tissue culture systems has proven to be
problematic, impeding forward progress in tissue-culture-based virology and pathogenesis
investigations. While the primary cellular receptor utilized for cell entry by FIPV II has
been identified as feline aminopeptidase N (feAPN/CD13), the primary cellular receptor
utilized by FIPV I remains to be determined [16-19]. There are conflicting results regarding
the possibility of feAPN serving as a primary cell receptor for FIPV 1. Tresnan et al. (1996)
found that non-permissive mouse or hamster cells, transduced to stably express feAPN,
became permissive to both FIPV I and II replication [16]. In contrast, Hohdatsu et al.
(1998) found that when applying feAPN antibodies to FIPV permissive cells (FCWF-4),
the cells were no longer infectable by FIPV II, while FIPV I was still able to infect the
antibody-treated cells [19]. Similarly, Dye et al. (2007) found out through the use of
retroviral pseudotypes bearing the type I or type II S glycoprotein that type I S glycoprotein
failed to transduce cell lines known to express feAPN (Crandall-Reese feline kidney cells
(CRFK)), Felis catus whole fetus 4 (FCWE-4), and feline kidney fibroblast cells) [18]. These
experimental inconsistencies, along with inconsistencies in reported abilities to propagate
FIPV I in a number of cell lines (including CRFK and FCWEF-4), call into question whether
feAPN can be absolutely eliminated as a putative FIPV I receptor.

FIPV II readily replicates in several different feline cell lines (e.g., CRFK and FCWEF-4) [20].
The FIPV I Black strain (also referred to as TN406 and hereafter referred to as Black I) was
originally isolated from an experimental case of FIP and is one of the few tissue-culture-adapted
FIPV Istrains [21]. Black I has been successfully propagated in a spontaneously immortal-
ized cell line derived from fetal feline airway epithelial cells (AK-D) [22]. However, FIPV
targets feline monocytes/macrophages in vivo and not airway epithelium. Thus, a more
biologically relevant cell line may provide better insight into the naturally occurring disease
in cats [23-25]. The cell line FCWF-4 is a feline macrophage-like cell that is permissive for
FIPV I replication [20]. FCWF-4 cells are described as “macrophage-like” based on studies
demonstrating nonspecific esterase expression (a cytochemical marker of macrophages),
the phagocytic properties of the cells, and the detection of Fc receptors on the FCWE-4
surface membrane [26]. Although permissive to FIPV I, viral replication has been shown to
be reduced (10* vs. 10° TCID50/mL) and delayed (96 vs. 24 h post-infection) in FCWF-4
cells relative to FIPV II replication [20,22,26-29]. Recently, an FCWF-4-derived cell line
established at Cornell University (herein referred to as FCWF-4 CU) demonstrated dramati-
cally improved Black I replication kinetics, with rapidly increased viral titers relative to
FCWF-4 obtained directly from the American Type Culture Collection (hereafter referred to
as FCWF-4 ATCC) [22]. Possible reasons for improved replication in FCWEF-4 CU cells rela-
tive to FCWF-4 ATCC cells include variations in antiviral interferon responses, differences
in expression and density of the presently undetermined FIPV I receptor [22], or differences
in the expression of host cell proteases necessary for coronavirus cell entry or activation.

Different alphacoronaviruses and betacoronaviruses share a discrete collection of
receptors for cell entry (Table 1) [16,30-33]. Known cellular receptors of coronaviruses
include APN, dendritic cell-specific intercellular adhesion molecule-3-grabbing noninte-
grin (DC-SIGN), angiotensin-converting enzyme 2 (ACE2), and dipeptidyl-peptidase 4
(DPP4/CD26). The C-type lectin, DC-SIGN, has been shown to enhance cell entry by FIPV
IT acting as a co-receptor [24,34]. One study demonstrated that the induction of DC-SIGN
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expression in CRFK cells renders them permissive to Black I infection, suggesting that
serotype I strains might be dependent upon lectins as a co-receptor and that CRFK cells
might express the primary receptor at low levels [24].

Table 1. List of known alpha- and betacoronavirus cellular receptors.

Genus Virus Species Receptor
Alpha HCoV-NL63 Human ACE2
229E Human APN
TGEV Pig APN
PRCoV Pig APN
FCoV Serotype I Cat ND
FCoV Serotype II Cat APN, DC-SIGN
CCoV Dog APN
Beta SARS-CoV-1 Human ACE2
SARS-CoV-2 Human ACE2, DC-SIGN
MERS-CoV Human DPP4

ND = not determined; HCoV-NL63 = human coronavirus NL63; 229E = human coronavirus-229E;
TGEV = transmissible gastroenteritis virus; PRCoV = porcine respiratory coronavirus; FCoV = feline coro-
navirus; CCoV = canine coronavirus; SARS-CoV-1 = severe acute respiratory syndrome-coronavirus-1;
SARS-CoV-2 = severe acute respiratory syndrome-coronavirus-2; ACE2 = angiotensin-converting enzyme 2;
APN = aminopeptidase N; DC-SIGN = dendritic cell-specific intercellular adhesion molecule-3 grabbing noninte-
grin; DPP4 = dipeptidyl-peptidase 4 (DPP4).

Here, we characterize FIPV I and II replication in three feline cell lines (CRFK, FCWF-4
ATCC, FCWEF-4 CU) and in primary feline monocyte-derived macrophages (feMDMs).
Based upon the known coronaviral receptor redundancy, we explored the targeted gene
expression patterns in feline cell lines and feMDMs and hypothesized that these expression
patterns would facilitate the identification of the FIPV I receptor. Using antibodies targeting
two of the investigated feline-specific receptor proteins (DC-SIGN and ACE2), we utilized
immunohistochemistry to characterize the feline tissue and cellular distribution patterns of
these putative coronaviral receptors. Finally, we hypothesized that the global transcriptome
for the two closely related FCWF cell lines would inform the identification of putative
viral receptors or other cellular features important for the differential replication kinetics of
FIPV L

2. Materials and Methods
2.1. FIPV Inoculum for In Vitro Experiments

FIPV II (WSU-79-1146; GenBank DQ010921) was propagated and viral infectivity was
quantified in CRFK cells using a biological plaquing assay (median tissue culture infectious
dose, TCID50); viral RNA was quantified using reverse transcription real-time polymerase
chain reaction (RT-qPCR) as previously described [35]. FIPV I (Black I) and FCWF-4 CU cells
were kindly donated by Dr. Susan Baker (Loyola University Chicago), originally obtained
from Cornell University College of Veterinary Medicine (Dr. Edward Dubovi). Briefly,
Black I virus was propagated in FCWE-4 CU cells by inoculating a confluent 75 cm? tissue
culture flask (Corning, Corning, NY, USA) with Black I virus at a multiplicity of infection
(MOI) of 0.1 in 3 mL of minimal essential media (MEM; Sigma, St. Louis, MO, USA) lacking
fetal bovine serum (FBS) and incubated for 1 h at 37 °C, tilting the flask every 15 min. The
inoculum was then removed, and 10 mL of MEM + 2% FBS was added to the flask and
incubated at 37 °C for an additional 24 h before collecting the cultured supernatant and
centrifuging the sample at 775x ¢ rpm for 5 min. The resulting supernatant was aliquoted
into 100 or 500 L volumes and frozen at —80 °C. The determination of the FIPV serotype
was confirmed using serotyping primers (FCoV IS For, FCoV II S For, FCoV I and II S Rev;
nFCoV IS For, nFCoV II S For, and nFCoV I and II S Rev) targeting a portion of the spike
gene previously published and listed in Table 2 [36]. All additional primers utilized in this
research project can be found in Table 2.
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Table 2. Primers utilized in all PCR reactions with annealing temperatures and expected amplicon
sizes for each primer set.

Target Sequence (5'-3) Annealing Temperature (°C) Size (bp)
FIPV Forward GGAAGTTTAGATTTGATTTGGCAATGCTAG 58 112
Reverse AACAATCACTAGATCCAGACGTTAGCT
GAPDH Forward AAATTCCACGGCACAGTCAAG 58 61
Reverse TGATGGGCTTTCCATTGATGA
CD16 Forward AACCAGCTTTCTGCTTCAGTATC 51 98
Reverse AGACCTGAGCGCATAGAGTATC
ACE2 Forward GACAACAGCCTGGAGTTTICT 51 134
Reverse GAGACGATGAGCAGGACAATAC
DC-SIGN Forward GGCCTTTAAGATCCTGAGAGAGA 51 102
Reverse GCTGAGACCATCAACAGAAGAAG
feAPN Forward GGTGTTTGACTCCATCTCCTAC 60 134
Reverse GGTAGATGGTGTTCCCGTATTT
DPP4 Forward ATGCAAGCACCGACTTCTAA 55 117
Reverse CGTAGCACCTCTAGCCATAAC
FCoV IS For (lffs type I) Forward GTTTCAACCTAGAAAGCCTCAGAT 50 376
FCoV IS For (lcfs type II) Forward GCCTAGTATTATACCTGACTA 283
FCoV Iand II S Rev (lubs) Reverse CCACACATACCAAGGCC
nFCoV IS For (nlffles type I) Forward CCTAGAAAGCCTCAGATGAGTG 47 360
nFCoV II S For (nlcfs 1) Forward CAGACCAAACTGGACTGTAC 218
nFCoV I and IT S Rev ?r,\!;l)\(:bs) Reverse CCAAGGCCATTTTACATA

2.2. RNA Processing

RNA for all experiments was isolated using Invitrogen’s PureLink RNA Mini Kit and
subsequently treated to remove possible DNA contamination using TURBO DNAse from
the same manufacturer. Samples in which cDNA was to be generated were reverse tran-
scribed using Applied Biosystem’s High-Capacity RNA-to-cDNA Kit, including reactions
lacking the reverse transcriptase (RT) enzyme (RT-control) (Thermo Scientific).

2.3. Black I and WSU-79-1146 Titers across Cell Types

To determine the relative replication efficiencies of Black I and WSU 79-1146 (FIPV II)
in the various cell types (CRFK, FCWF-4 ATCC, FCWE-4 CU, and feline monocyte-derived
macrophages (feMDMs)), TCID50 was determined by a biological plaquing assay as previ-
ously described and published [35]. Goat synovial membrane (GSM) cells were utilized as a
non-permissive negative control cell line. GSM cells were originally derived from fetal goat
tissues and were cultured in DMEM/10% FBS [37]. Due to challenges in obtaining complete
monolayers of feMDMs necessary for the colorimetric plaquing assay, the replication of
Black I and WSU 79-1146 viruses in feMDM cells was determined using RT-qPCR. Using
density /centrifugation-based separation, feMDMs were derived from feline peripheral
whole blood by isolating peripheral blood mononuclear cells (PBMCs) from approximately
5 to 7 mL of feline whole blood obtained from purposefully bred specific pathogen-free
cats from the University California Feline Nutrition Center (UC Davis) in accordance with
UC Davis Nutrition Center IACUC protocol and guidelines. Freshly isolated feline PBMCs
were resuspended and plated in RPMI-1640 (HyClone) media supplemented with 10% fetal
bovine serum (FBS; Gemini, New York, NY, USA), 10% feline serum (Equitech Bio, Ker-
rville, TX, USA), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Gibco, Waltham, MA,
USA), 2 mM GlutaMAX (Gibco), 20 ng/mL recombinant human granulocyte macrophage
colony-stimulating factor (GM-CSF; R&D Systems, Minneapolis, MN, USA), and 10 ng/mL
recombinant human interleukin-4 (IL-4; Gibco). Culture media was exchanged for fresh
media every two days for eight to ten days to allow for adherence and macrophage differ-
entiation based on cytomorphology (“fried-egg” morphology) and the immunofluorescent
labeling of the macrophage marker CD14 (BioRad, TUK4; method is described below,
Hercules, CA, USA) [38]. Feline MDMs were cultured in a 24-well tissue culture plate and
subsequently infected with either Black I or WSU 79-1146 at MOI 0.1 in triplicate wells.
Infected cells were incubated for approximately 36 h, at which time cell-associated total
RNA was isolated and processed as previously described (Section 2.2).

The copy number for all target genes was determined using Applied Biosystem’s
QuantStudio 3 Real-Time PCR System and PowerUp SYBR Green Master Mix, following
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the manufacturer’s protocol for a 10 uL reaction. Cycling conditions were as follows:
50 °C for 2 min and 95 °C for 2 min, followed by 40 cycles of 95 °C for 15 s, respective
annealing temperature for 30 s (see Table 2), and 72 °C for 1 min. The final step included
a dissociation curve to evaluate the specificity of primer binding. All reactions were
performed in triplicate with a water template as a negative control and plasmid DNA
as a positive control. Copies of target gene cDNA were normalized to 10° copies of
feline GAPDH cDNA based on standard curves generated in our laboratory. Results were
graphed using Prism 9 (GraphPad), and a Student’s t-test was performed to determine the
significance of differences in the mean viral titer.

2.4. Quantification of FIPV and Cellular Gene Expression by RT-gPCR

Four feline cell types (feMDM, FCWE-4 ATCC, FCWF-4 CU, and CRFK) were evalu-
ated for gene expression patterns of known coronavirus cellular receptors. FeMDMs were
cultured as described above. CRFK cells were grown in DMEM/10% FBS. FCWF-4 ATCC
and CU cells were grown in MEM supplemented with 1% pen/strep, 1% L-glutamine, 1%
HEPES (1M), 1% sodium pyruvate solution, 1% MEM non-essential amino acid solution,
and 10% FBS, followed by sterile filtration through a 0.22-micron membrane filter.

In order to assess gene expression patterns of known alpha- and betacoronavirus
receptors (ACE2, DC-SIGN, fAPN, and DPP4), the above-listed feline cell types were
propagated in tissue culture plates, and total cell-associated RNA was isolated and pro-
cessed as previously described (Section 2.2). Except for the listed and previously published
serotyping primers, all gPCR cycling conditions for all target genes were the same, aside
from annealing temperatures, which can be found in Table 2. The copy number for all
target genes was determined using Applied Biosystem’s QuantStudio 3 Real-Time PCR
System and PowerUp SYBR Green Master Mix, following the manufacturer’s protocol for
a 10 uL reaction. All reactions were performed in triplicate with a water template as a
negative control and plasmid DNA as a positive control. Copies of target gene cDNA were
normalized to 10° copies of feline GAPDH cDNA based on standard curves generated in
our laboratory.

2.5. CD14 Immunofluorescence

CD14 immunofluorescence was performed to provide supportive evidence of a histio-
cytic (macrophage) phenotype for feMDM cells. FeMDM cells were cultured in a 24-well
tissue culture plate, as described above. Feline MDM cells were gently washed three times
with phosphate-buffered saline (PBS) for 5 min per wash. Cells were then fixed with 100%
methanol for 10 min and then incubated with a blocking solution containing 5% bovine
serum albumin (tris-buffered saline with 0.1% Tween 20 and 5% bovine serum albumin),
rocking it for 1 h at room temperature. Cells were washed three times with PBS and
incubated with a primary antibody, mouse anti-human CD14, at a dilution of 1:500 for
one hour at room temperature. Cells were washed three times with PBS before incubation
with the conjugated secondary antibody (FITC anti-mouse IgG; Vector Laboratories) at
1:1000 dilution for 30 min at room temperature. After washing with PBS three more times,
one drop of SlowFade Gold Antifade reagent (Invitrogen, Waltham, MA, USA) containing
DAPI was applied to the well. The cells were then assessed visually using fluorescence
microscopy with GFP and DAPI light cubes (Life Technologies EVOS digital inverted
microscope and cell imaging system). This procedure was repeated for FCWF-4 ATCC,
FCWE-4 CU, and CRFK cells.

2.6. Determining the Systemic Distribution of ACE2 and DC-SIGN in Feline Tissues

In order to characterize the feline tissue distribution patterns of ACE2 and DC-
SIGN proteins, immunohistochemical staining was performed on formalin-fixed paraffin-
embedded (FFPE) tissues derived from a healthy cat. The feline FFPE tissues had been
previously archived in our laboratory from an unrelated study.
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Heat-induced epitope retrieval (HIER) was performed using citrate buffer (Dako,
Carpinteria, CA, USA) before incubation with the primary rabbit polyclonal anti-ACE2
antibody (Abcam) and human monoclonal anti-DC-SIGN antibody (NIH AIDS Reagent
Program; 9’ E9A8). Immunoreactivity was visualized using the NovaRED Substrate Kit
that utilizes horseradish peroxidase (Vector). Slides were assessed by visual inspection
performed by a board-certified veterinary pathologist (S. Cook). The antibodies utilized
were chosen due to previous use in feline cells or formalin-fixed tissue, and appropriate
expression was confirmed using positive control tissues (feline kidney for ACE2 and
lymph node for DC-SIGN (dendritic cells)) [34,39] The ACE2 antibody had been previously
published for use in cats and ferrets [40]. The DC-SIGN antibody had been previously
published for use in vitro in feline cell lines (CRFK) [34]. A complete set of feline tissues
was reviewed, and immunohistochemical staining was recorded for tissue type, cell type
expressing the protein, and subcellular localization of immunoreactivity and graded on
a semi-quantitative scale of 0 to 3 for intensity of staining. A grade of 0 indicates a
complete lack of staining; 3 indicates intense dark staining. Subcellular localization of
immunoreactivity was characterized as membranous, cytoplasmic, or both; there was no
nuclear immunoreactivity identified. Membranous refers to immunoreactivity primarily
localized to the cell membrane while cytoplasmic refers to signals limited to the cytoplasm
of the cell. In some cases, immunoreactivity was both membranous and cytoplasmic.

2.7. Gene Expression Profiles of FCWF-4 ATCC and FCWF-4 CU Cell Lines Using RNAseq

Three individual cell cultures representing different passage numbers of both FCWE-4
ATCC and FCWF-4 CU cells were individually processed for total cell-associated RNA
using the PureLink RNA mini kit (Invitrogen) and eluted into 50 puL of molecular grade
water (Invitrogen). Quality and quantity of the RNA were determined using NanoDrop
(ThermoScientific, Waltham, MA, USA), and approximately 10 pug of RNA from each
culture was subsequently treated with DNAse (TURBO DNAse; Invitrogen), following
the manufacturer’s protocol. The six total cell-associated RNA samples (3 for each cell
line) were stored at —80 °C until the time of submission for 3’ Tag-Seq RNA sequencing
(RNAseq) at the UC Davis Genome Center as a single batch.

2.8. RNAseq

Barcoded 3/Tag-Seq libraries were prepared using the QuantSeq FWD kit (Lexogen,
Vienna, Austria) for multiplexed sequencing according to the recommendations of the
manufacturer. The fragment size distribution of the libraries was verified via micro-
capillary gel electrophoresis on a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). The
libraries were quantified by fluorometry on a Qubit instrument (LifeTechnologies, Carlsbad,
CA, USA) and pooled in equimolar ratios. Ninety-three libraries were sequenced on one
lane of a NextSeq500 sequencer (Illumina, San Diego, CA, USA) with single-end 85 bp
reads. The sequencing generated more than 4 million reads per library.

HTStream [41] was used to clean raw sequencing reads, removing PhiX sequences,
Illumina adapters, poly AT sequences, low-quality regions (average quality less than 20),
and reads below 50 base pairs in length. Unique molecular identifiers (UMIs) were also
processed using a custom python script and UMI tools to remove PCR duplicates [42].
The remaining reads were then mapped to the Felis catus genome (Felis_catus_9.0) using
STAR [43], and a counts table was generated using featureCounts [44] and the corre-
sponding Ensembl (version 106) genome annotation. Differential expression analysis was
then conducted in R (The R Project for Statistical Computing) [45] with the limma voom
pipeline [46,47], which consists of normalization and statistical testing, followed by multi-
ple testing corrections via the Benjamini-Hochberg procedure [48]. Pathway enrichment
analysis was also performed, identifying enriched Gene Ontology (GO) terms in topGO [49]
(v2.48.0) with the Kolmogorov—Smirnov test [50] and enriched KEGG pathways using the
Wilcoxon rank-sum test in KEGGREST (v1.36.0) [51,52]. Heatmaps were prepared from the
data matrices of all transcripts and of the differentially expressed genes in R.
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3. Results
3.1. Comparison of Serotype I and II Titers Produced in Each Cell Line

In order to characterize the viral replication of Black I and WSU 79-1146 among the dif-
ferent cell types, biological plaquing assays were performed in 96-well tissue culture plates
(Figure 1). Black I replicated to maximal titers in FCWF-4 CU cells (5 x 10%* TCID50/mL)
and less efficiently in CRFK cells (5 x 1052 TCID50/mL) and demonstrated limited replica-
tion in FCWF-4 ATCC cells (5 x 10%1).

Cells onl Cells with WSU-79-1146
A. S —— —— C. Serotype |  Serotype Il
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B Black|  WSU-79-1146

CRFK 5 x 10°2 5 x 10%°
FCWF-4 ATCC  5x 10*! 5x 10%3
FCWF-4 CU 5x 10%* 5x107%
GSM no CPE no CPE

Figure 1. TCID50 results for Black I and WSU-79-1146 in feline cell lines. (A) Representative example
of a TCID50 plate for WSU-79-1146 grown in CRFK cells. Wells are stained with crystal violet stain
to evaluate the presence of cytopathic effect (plaque clearing) across serial dilutions of the virus.
(B) Summary table of TCID50 values (TCID50/mL) for Black I and WSU-79-1146 grown in four feline
cell lines. Numbers highlighted in red represent the maximal TCID50 achieved for each viral serotype.
(C) Agarose gel electrophoresis image confirming the serotype of the two viral stocks. The nested
serotyping primers are listed in Table 1 (FCoV IS For, FCoV II S For, and FCoV I and II S Rev; nested
primers are nFCoV I S For, nFCoV II S For, and nFCoV I and II S Rev). The nested primer set was not
necessary as PCR amplicons were evident using the initial primer set alone. The expected amplicon
size for serotypes I and II is 376 and 283 bp, respectively.

Interestingly, WSU 79-1146 replicated most efficiently in FCWE-4 ATCC cells
(5 x 1083 TCID50/mL), although relatively high viral titers were recovered from CRFK
cells (5 x 1062 TCID50/mL) and FCWE-4 CU cells (5 x 107 TCID50/mL). These results
suggest that CRFK cells may not be the optimal cell line for in vitro propagation of WSU
79-1146 FIPV. Neither virus displayed any evidence of cytopathic effect (plaques) in the
non-permissive caprine GSM cell line, consistent with a lack of viral replication (negative
control cells).

To genetically confirm the viral serotype, the two viral stocks were “serotyped” using
standard PCR targeting spike and the FCoV I S For and Rev primers (listed in Table 2).
These PCR reactions yielded the appropriate amplicon sizes of 376 bp (serotype I FIPV)
and 283 bp (serotype II FIPV, Figure 1C).

Due to challenges in producing a tightly confluent monolayer of primary feMDMs in
tissue culture wells, a comparison of viral replication between Black I and WSU 79-1146 in
feMDMs was obtained by quantifying cell-associated viral RNA normalized to GAPDH
expression. We found that WSU 79-1146 (FIPV II) replicated more efficiently (showed
higher copy numbers) than Black I in feMDMs by a factor of almost two logs (p = 0.0094,
t-test; Figure 2A).
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Figure 2. feMDM viral growth patterns and CD14 immunofluorescence. (A) Replication of serotype I
and II FIPV in feMDM cells was quantified using RT-qPCR and was normalized to the expression of
the housekeeping gene, GAPDH. Serotype II FIPV (WSU 79-1146) replicated more efficiently than
serotype I FIPV (Black I) in feMDM cells (* indicates significance between groups, p = 0.0094, Student’s
t-test). (B) Immunofluorescence of CD14 to confirm macrophage differentiation from feline monocytes
(green fluorescence). Blue staining represents DAPI staining for cell nuclei. Green fluorescence (FITC)
represents membranous CD14 staining.

Positive immunofluorescence with macrophage marker CD14 confirmed a macrophage-
type phenotype of the infected feMDM cells (green fluorescence, Figure 2B). As FCWF-4
cells have been described as “macrophage-like”, we also investigated the expression of
CD14 in these two cell lines (FCWF-4 CU and FCWEF-4 ATCC) and in CRFK cells, which are
not expected to demonstrate CD14 expression. As expected, membranous CD14 expres-
sion was identified in both of the FCWF-4 cell lines but was not identified in CRFK cells

(Figure 3).

CRFK FCWF-4 CU FCWF-4 ATCC

Figure 3. Comparison of cellular CD14 expression via immunofluorescence. CRFK cells demonstrate
alack of CD14 expression, and the two FCWEF-4 cell line images have variable membranous expression
by FCWF-4 cells (green fluorescence). Blue staining represents DAPI staining for cell nuclei. Green
fluorescence represents FITC membranous CD14 staining.

3.2. Cellular Expression of Known Coronavirus Receptors

Targeted gene expression patterns of known coronavirus receptors in feline cells
variably permissive to FIPV replication were determined and normalized to GAPDH
expression using RT-qPCR. Feline cells known to efficiently propagate FIPV Il include CRFK,
FCWE-4 ATCC, FCWF-4 CU, and feline monocyte-derived macrophages [22,53]. We found
that gene expression of feAPN was greatest in CRFK cells; however, feAPN expression was
pronounced in all four of the examined cell types (Figure 4). Since feAPN serves as the
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primary cellular receptor for FIPV II, these results are consistent with Figures 1B and 2A
(demonstrating efficient replication of FIPV Il in all four of these feline cell types).
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Figure 4. Expression profiles of known coronavirus receptor genes among cell lines permissive to
either FIPV I or II tissue-culture-adapted strains, Black I and WSU-79-1146, respectively. Colored
asterisks (*) represent undetected gene expression.

DC-SIGN expression, the receptor previously demonstrated to serve as an optional
co-receptor for FIPV II, was not detected in CRFK cells, consistent with the concept that
DC-SIGN is not required for FIPV II cell entry [54]. However, DC-SIGN expression was
identified in feMDMSs (macrophages serving as host cells for FIPV in vivo). Interestingly,
ACE2 expression, which has been suggested as a potential FIPV I receptor [55], was not
identified in feMDMs or in either of the FCWF-4 cell lines, yet all three of these cell types
are permissive to FIPV I replication (Figures 1 and 2). These results suggest that ACE2 does
not serve as the primary cellular receptor for FIPV 1. DPP4 expression was identified only
in CRFK cells and at low levels. If DPP4 served as a primary FIPV I receptor, its expression
would be expected in feMDMs and FCWE-4 CU and FCWE-4 ATCC cells.

3.3. Feline Tissues and Cellular Distribution of ACE2 and DC-SIGN Proteins via IHC

The systemic distribution of DC-SIGN and ACE2 proteins in feline tissues was de-
termined using immunohistochemistry. In this study, we found no evidence that ACE2
functions as a primary receptor for either FIPV I or II. However, given the interest in ACE2,
the primary receptor of SARS-CoV-2, and the role of DC-SIGN as a co-receptor for FIPV II,
we chose to characterize the distribution patterns of these proteins in normal feline tissues.

We found that ACE2 was more widely expressed than DC-SIGN in normal feline
tissues and cells. ACE2 protein expression was most pronounced in thyroid follicular cells,
epithelial cells (particularly tongue, airway, kidney, and small and large intestines), and scat-
tered cells in the intestinal lamina propria. In contrast, DC-SIGN expression (presumably
labeling histiocytes based on cell location and morphology) was most pronounced in indi-
vidualized, scattered cells within the lymph node paracortex, to a lesser extent within the
subcapsular sinuses and splenic red pulp, as well as in the intestinal lamina propria (Table 3,
Figure 5). The cell labeling with DC-SIGN is presumably labeling histiocytes (dendritic cells
and macrophages) based on the location of these cells as well as cell morphology. Dendritic
cells are found in tissues involved with immune surveillance and locations in contact with
the outside environment, which include lymphoid tissue and the intestinal tract, as we
have demonstrated immunohistochemically [56]. Individual cells with ACE2 expression
in the lymph node are mostly located within germinal centers, with rare individual cells
expressing ACE2 within the paracortex or subcapsular sinuses. ACE2 expression by cells
within germinal centers is morphologically consistent with macrophages (Figure 5A). ACE2
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expression by macrophages within the spleen and lymph nodes has also been reported in

humans [57].

Table 3. List of tissue- and cell-specific immunoreactivity for ACE2 and DC-SIGN in normal feline tissues.

Tissue Cell ACE2 DC-SIGN
Cerebrum Neurons 0 0
Glial cells +0-2 (C) 0
Cerebellum Purkinje cells 0 0
Granular cells 0 0
Choroid Plexus Ependymal cells +1(C) 0
Meninges Fibroblasts +1(C) 0
Eye Ganglion cells +2(C) 0
Nuclear layer of retina +0-1 (C) 0
Fibroblasts +2(C) 0
Pigmented epithelium U U
Melanocytes U 8)
Corneal epithelium +0-1 (C) 0
Keratocytes 0 0
Ciliary body epithelium +0-1(C) 0
Lens epithelium +1(C) 0
Optic nerve Glial cells +2(C) 0
Thyroid Follicular cells +2-3 (C) +2 (C)
Parafollicular cells +1(C) +0-1 (C)
Parathyroid Chief and oxyphil cells 0 0
Adrenal gland Cortex +0-2 (C) +1 (C; reticularis)
Medulla +1(C) 0
Lymph node Paracortex and follicles (scattered cells) +2(C) +3 (C, M)
Adipose tissue Adipocyte +2(C) +1(C)
Skeletal muscle Myocyte +1(C) 0
Smooth muscle Myocyte +0-1 (C) 0
Tongue Epithelium +2-3(C, M) 0
Esophagus Epithelium +2 (M) 0
Trachea Airway epithelium +2(C) 0
Submucosal gland epithelium +2(C) 0
Lung Bronchial/bronchiolar epithelium +2-3(C) +1-2(C)
Type I pneumocyte +1-2(U) +1-2 (U)
Type II pneumocyte +2(C) +1(C)
Submucosal gland epithelium +1-2(C) 0
Heart Myocyte +0-1 (C) +0-1(C)
Vessels Endothelium +1-2(C) 0
Mural smooth muscle +2(C) 0
Liver Hepatocyte +1(C) 0
Biliary epithelium 0 0
Kidney Cortical tubular epithelium +3 (M, apical); +1 (C) 0
Medullary tubular epithelium +1(C) 0
Spleen Red pulp, scattered cells +1-2(C) +2-3 (C)
White pulp (rare) 0 +1(C)
Pancreas Acinar cells +0-1 (C) 0
Islet cells 0 0
Stomach Mucosal epithelium +2(C) 0
Small Intestine Mucosal epithelium, apical +3 (M); +1 (C) 0
Ileum Mucosal epithelium, apical +3 (M); +1 (C) 0
Colon Mucosal epithelium +3(C) 0
Intestine as a whole Lamina propria, scattered cells +3(C) +3 (C)

0 = absent to nonspecific, +1 = weak, +2 = moderate, +3 = strong, C = cytoplasmic, M = membranous,

U = undetermined.
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DC-SIGN

Figure 5. ACE2 and DC-SIGN immunohistochemistry panel of representative tissues. Brown im-
munostaining represents antigen detection of either ACE2 or DC-SIGN (arrows denote examples
of antigen detection). (A) Scattered cells with antigen detection for ACE2 in lymphoid follicle ger-
minal centers and paracortex for DC-SIGN. (B) Bronchiolar epithelial antigen detection for ACE2
and weaker signal detected for DC-SIGN. (C) Small intestinal villous epithelial antigen detection
for ACE2, particularly along the apical aspect of epithelial cells and absent antigen detection for
DC-SIGN. (D) Strong antigen detection for ACE2 within renal cortex tubular epithelium for ACE2
and absent antigen detection for DC-SIGN.

3.4. RNAseq Gene Expression Profiles of FCWF-4 ATCC and FCWF-4 CU Cell Lines

RNAseq analyses were performed to determine the global transcriptome of FCWE-4
ATCC and FCWEF-4 CU cells. Differentially expressed (DE) genes and the magnitudinal
differences in gene expression between these two closely related cell lines were determined.
As Black I (FIPV I) replicates with different efficiencies in these two cell lines, we reasoned
that identifying DE genes would provide insight into cell factors critical for viral replication
(e.g., cell receptors, other cellular factors).

In this transcriptome dataset, the expression of 10,036 feline genes was identified, with
458 significantly DE genes (Figure 6). Visual assessment (cluster analysis heatmap) of the
overall differential gene expression covering all detected gene transcripts is depicted in
Figure 6A. In Figure 6B, the 458 DE genes are depicted. Minor transcriptional variability
was identified between cell passage replicates within each cell line.

FCWF-4 ATCC FCWF-4 CU

FCWF-4 ATCC FCWF-4 CU

Figure 6. Cluster analysis of differential gene expression. (A) Heatmap of 10,036 genes depicting
differential gene expression between FCWF-4 ATCC (blue bar) and FCWF-4 CU (red bar) transcriptomes.
(B) Heatmap of 458 significantly differentially expressed genes between FCWF-4 and FCWF-4 CU cell
lines. Each column represents a different cell passage. Both column and row clustering were applied.
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In alignment with the targeted RT-qPCR findings, FCWEF-4 CU and FCWF-4 ATCC
cell lines both expressed feAPN mRNA, with FCWE-4 CU cells exhibiting a slightly higher
transcription level for this receptor transcript, although not significantly greater than FCWE-
4 ATCC cells (Figure 7A). Expression of the other three investigated coronavirus receptor
transcripts (ACE2, DPP4, and DC-SIGN) was not detected in either cell line, in agreement
with the result of the targeted RT-qPCR gene expression (Figure 4).

A detailed evaluation of the 458 significantly DE genes identified six genes of interest
that might plausibly be associated with coronavirus cell entry and/ or replication (Figure 7B).
The expression of these six genes was significantly higher in FCWE-4 CU cells relative to
FCWE-4 ATCC cells (Figure 7B-D).

Two of these genes of interest identified in FCWF-4 CU cells are CTSS and CTSC,
cathepsins S and C, respectively. Cathepsins are cysteine proteases involved in the endoso-
mal route of coronaviral cell entry via spike cleavage [58-61]. Two serine proteases were
also identified. The first, TMPRSS?7, or transmembrane serine protease 7, is part of a group
of TMPRSS proteins associated with early coronavirus cell entry [62]. The other serine
protease is RHBDL2 (the rhomboid-like 2 serine endopeptidase). Although this serine
protease is not known to be associated with coronavirus cell entry, some coronaviruses
have been shown to utilize serine proteases for cell entry, making this serine protease
worthy of further investigation [60,63,64].

The final two significantly upregulated genes possibly associated with coronavirus cell
entry or pathogenesis are EFNB2 and EFNA1, ephrin B2 and ephrin A1, respectively. These
transcripts are of interest based on the fact that their encoded proteins can serve as entry
receptors for a variety of viruses, including Hendra, Nipah, hepatitis C, and Epstein-Barr
viruses [65-68]. These gene products have also been shown to serve as an alternative
co-receptor for viral entry by SARS-CoV-2, SARS-CoV-1, and Middle Eastern respiratory
syndrome (MERS)-CoV [69,70].
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Figure 7. Genes of particular interest associated with coronavirus cell entry and/or pathogenesis.
(A) Expression of known coronavirus cellular receptors detected or not detected in FCWF-4 CU and
FCWEF-4 ATCC cell lines. LogFC represents the log fold change of FCWF-4 CU gene expression
relative to FCWEF-4 ATCC gene expression. feAPN expression was detected in both FCWE-4 cell lines.
(B) Six genes of interest to potentially explain differential FIPV serotype I replication. (C) Volcano
plot of whole-transcriptome differentially expressed genes. The transcripts highlighted in red are
significantly up- or down-regulated genes in FCWF-4 CU cells relative to FCWF-4 ATCC cells. Genes
in (B) are specifically identified. (D) Bar graph depicting log fold change (logFC) of select genes in
FCWEF-4 CU cells relative to FCWF-4 ATCC cells.
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4. Discussion

In this study, we investigated the relative replication efficiencies of culture-adapted
FIPVs I and II (Black I and WSU-79-1146) and the expression patterns of a selection of
known coronaviral receptors in variably permissive feline cells. We found that feAPN,
the FIPV II cellular receptor, is abundantly expressed in all four of the evaluated cell
types, with CRFK cells demonstrating the highest level of expression. Although all of the
evaluated cell types expressed feAPN, expression in feMDMs and both FCWF-4 cell types
was approximately one to two logs less than in CRFK cells. We also found that all four of
the examined cell types are permissive to FIPV II replication, consistent with the concept
that feAPN serves as the FIPV II receptor. Prior studies have shown that although the
receptor DC-SIGN is not required, it can serve as an optional co-receptor by enhancing
FIPV 1I cell entry [34,70]. We only identified DC-SIGN expression in feMDMs, a cell type
closely related to the natural host cell of FIPV in vivo. Our RNAseq data corroborates these
gene expression findings in the two FCWF cell lines, with no transcripts detected for ACE2,
DC-SIGN, and DPP4 and a slightly higher expression level of feAPN in FCWEF-4 CU cells
relative to FCWF-4 ATCC cells (although not significantly different).

DPP4, a type II transmembrane ectopeptidase, serves as the receptor for the zoonotic
Middle Eastern respiratory syndrome coronavirus (MERS-CoV) [71]. Here, we detected
DPP4 expression only in CRFK cells and, therefore, found no evidence to support DPP4
serving as a primary cellular receptor for FIPV 1. ACE2, the cellular receptor for multiple
coronaviruses, including HCoV-NL63, SARS-CoV-1, and SARS-CoV-2, is well documented
in tissue and cellular distribution in humans and has been shown to be expressed in specific
subpopulations of human macrophages [72-76]. Since FIPV infects macrophages in vivo
and shares some pathogenic features similar to SARS-CoV-2, we reasoned that ACE2
expression should be examined in permissive feline cells and tissues. To our knowledge,
there is an absence of peer-reviewed literature focused on ACE2 as a potential receptor for
FIPV 1. Using IHC, ACE2 expression was detected in a broad range of feline tissues and cell
types, with the strongest staining intensity identified within a number of epithelial cells,
including respiratory and intestinal epithelium. Interestingly, we detected ACE2 expression
within the bronchiolar epithelium, while another recent study reported absent antigen
detection for ACE2 within domestic cat bronchiolar epithelium [77]. Here, we further
document a more extensive detailed list at both the tissue and cellular levels for ACE2
expression in cats, while previous studies have focused more on the evaluation of intestinal,
kidney, and respiratory tissues [40,77,78]. ACE2 expression was also detected in scattered,
individualized round cells in lymphoid tissues (lymph node and spleen specifically) within
germinal centers and the paracortex and to a much less degree relative to DC-SIGN.

We found that Black I replicated most efficiently in FCWEF-4 CU and CRFK cells;
however, we did not identify ACE2 gene expression via RT-qPCR in any of the evaluated
cell lines (or in the RNAseq data). Although, taken together, these results suggest that
ACE2 does not serve as the primary cellular receptor for FIPV I, ACE2’s function as a
co-receptor cannot be ruled out. It is worth noting that although we found CRFK cells to be
permissive to Black I replication, there are experimental inconsistencies with regard to FIPV
I replication in CRFK cells. Black (1980) initially reported CRFK permissibility to FIPV I
(Black I), while Hohdatsu et al. (1998) were unable to infect CRFK cells with multiple strains
of FIPV I (KU-2, Black I, UCD-1). Another study by Van Hamme et al. (2007) documented
the inefficient attachment and internalization of Black I in CRFK cells [79]. A definitive
explanation for these experimental differences is not available; however, it is possible these
variable results relate to genetic changes in either the CRFK cell line or the Black I virus
through prolonged subpassaging [19,21,79].

Expression of DC-SIGN, the co-receptor for FIPV II, was also examined using immuno-
histochemistry in feline tissues. It has been previously shown that antibody-mediated
blockade of DC-SIGN greatly reduces FIPV I binding to feline blood monocytes [54]. In
our in vitro experiments, we detected DC-SIGN expression only in fMDMs. Although
these results suggest that DC-SIGN does not function as the primary receptor of FIPV ], a
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co-receptor function cannot be excluded. IHC-determined DC-SIGN expression in feline
tissues was more limited than ACE2 expression and was predominantly associated with
scattered individual round cells in lymphoid tissues, presumed macrophages, and dendritic
cells, as discussed within the results. This is consistent with the expectation of histiocytic
(dendritic cell and macrophage) expression of DC-SIGN [80].

The markedly different replication kinetics of Black I in the FCWF-4 ATCC and FCWE-
4 CU cell lines (a 4-log difference) is interesting, considering that these cell lines are
closely related (FCWEF-4 CU is passage-derived from FCWE-4 ATCC). We reasoned that
the (presumed) genetic similarities of these two feline cell lines and markedly differential
viral growth kinetics might facilitate critical insights into FIPV serotype I replication. This
was the impetus for pursuing global transcriptome analyses (RNAseq) of the two related
cell lines. RNAseq data highlighted the overall similarities in gene expression patterns
between the two cell lines, as expected, given their relatedness. RNAseq also identified 458
significantly DE genes. From this subgroup of genes, we identified six genes of particular
interest to coronavirus biology.

Four of the six DE genes encode cellular proteases: two are cysteine proteases, cathep-
sins S (CTSS) and C (CTSC), and two are transmembrane serine proteases, transmembrane
serine protease 7 (TMPRSS7) and rhomboid-like 2 serine endopeptidase (RHBDL?2). Specific
viral and host proteases are known to be essential for coronavirus replication and are
involved in different steps of the virus life cycle, including cell entry, replication of the
virus, protein maturation, and virion assembly [81]. TMPRSS7 is a member of a larger
family of transmembrane serine proteases, one of which (e.g., TMPRSS2) is the dominant
protease responsible for the proteolytic cleavage of SARS-CoV-2 at the cell surface, thereby
triggering fusion of the viral lipid membrane with the host cell membrane [62]. Other
transmembrane proteases associated with enhanced entry of SARS-CoV-2 include TM-
PRSS11D and TMPRSS13 [82]. Although TMPRSS7 has not been previously identified
as a protease associated with coronavirus entry, its identification here warrants further
investigation. To the authors” knowledge, RHBDL2 has not been previously linked with
viral cell entry or viral activation, but the DE of this protease in FCWF-4 CU cells warrants
further investigation.

The two identified cysteine proteases are lysosomal peptidases (cathepsins), which
are the main class of lysosomal peptidases [83]. Cathepsins are involved in virion entry
and viral processing after endosomal uptake for a range of viruses, including reoviruses,
Ebola virus, and coronaviruses, with cathepsin L being most commonly associated with
the activation of coronaviral glycoproteins [84-86]. Of the two cathepsins identified in
this research, cathepsin S has been associated with cleavage of the capsid protein during
cellular entry in some strains of reovirus [87]. To the authors” knowledge, cathepsin C has
not been linked with viral entry or replication for any specific viruses to date; however, the
widespread roles of cathepsins with other viruses make the upregulation of this gene in
FCWE-4 CU cells notable and worthy of further investigation.

The remaining two DE genes of interest are ephrin B2 and ephrin Al. Ephrins
(erythropoietin-producing hepatocellular carcinoma) are the largest family of receptor
tyrosine kinases known amongst mammals [88]. Members of the ephrin and ephrin recep-
tor binding pathways have been identified as receptors for multiple RNA and DNA viruses,
including paramyxoviruses, flaviviruses, herpesviruses, and retroviruses [67]. Examples
include Hendra and Nipah viruses (Paramyxoviridae), which utilize ephrin B2 and B3 as
viral entry receptors [65,89], as well as the hepatitis C virus, which utilizes ephrin receptor
A2 as a co-factor for cell entry [90]. Although ephrin usage by coronaviruses has not
been previously reported in the peer-reviewed literature, a recent abstract reported an
upregulation of ephrin Al and B2 in the saliva of COVID-19 patients. The significance of
this finding is presently unknown but is being explored as a biomarker for disease severity
in COVID-19 patients [91].

Despite decades of study, multiple gaps in our collective understanding of FCoV
biology and pathogenesis remain, particularly with regard to FIPV I, the predominant
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coronavirus in naturally occurring cases of FIP. A definitive determination of the FIPV
I receptor, along with the phenotype of the viral host cell in cats, would likely facilitate
the development of targeted treatments and shed mechanistic light on the varied clinical
presentations of FIP. Recent success in propagating FIPV I (Black I) in FCWF-4 CU cells
provides a tool to explore these questions. The six candidate genes identified in this
research should be systematically evaluated for their biological relevance through targeted
gene disruption, genetic transduction of non-permissive cell lines, antibody blockade, and
pharmacologic inhibition of protease function. The data presented here provide a platform
for further exploration of a small group of candidate receptors and proteases.
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Abstract

Objectives Feline infectious peritonitis (FIP), caused by genetic mutants of feline enteric coronavirus known as
FIPV, is a highly fatal disease of cats with no currently available vaccine or US Food and Drug Administration-
approved cure. Dissemination of FIPV in affected cats results in a range of clinical signs, including cavitary effusions,
anorexia, fever and lesions of pyogranulomatous vasculitis and perivasculitis, with or without central nervous
system or ocular involvement. The objectives of this study were to screen an array of antiviral compounds for anti-
FIPV (serotype Il) activity, determine cytotoxicity safety profiles of identified compounds with anti-FIPV activity and
strategically combine identified monotherapies to assess compound synergy against FIPV in vitro. Based upon
clinically successful combination treatment strategies for human patients with HIV and hepatitis C virus infections,
we hypothesized that a combined anticoronaviral therapy approach featuring concurrent multiple mechanisms of
drug action would result in an additive or synergistic antiviral effect.

Methods This study screened 90 putative antiviral compounds for efficacy and cytotoxicity using a multimodal in
vitro strategy, including plaque bioassays, real-time RT-PCR viral inhibition and cytotoxicity assays.

Results Through this process, we identified 26 compounds with effective antiviral activity against FIPV, representing
a variety of drug classes and mechanisms of antiviral action. The most effective compounds include GC376, GS-
441524, EIDD2081 and EIDD2931. We documented antiviral efficacy for combinations of antiviral agents, with a few
examined drug combinations demonstrating evidence of limited synergistic antiviral activity.

Conclusions and relevance Although evidence of compound synergy was identified for several combinations
of antiviral agents, monotherapies were ultimately determined to be the most effective in the inhibition of viral
transcription.

Keywords: Feline infectious peritonitis; FIPV; coronavirus; antiviral; combined anti-coronaviral therapy
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Introduction

Feline infectious peritonitis (FIP) is a highly fatal dis-
ease of cats with no effective vaccine or US Food and
Drug Administration-approved treatment. Although the
pathogenesis has not been fully elucidated, FIP is gener-
ally understood to develop as a result of specific muta-
tions in the viral genome of the minimally pathogenic and
ubiquitous feline enteric coronavirus (FECV), creating the
virulent FIP virus (FIPV).12 These FECV mutations result
in a virus-host cell tropism switch from intestinal entero-
cytes to monocytes/macrophages. These two biotypes
(FECV and FIPV) are generally considered to exist as two
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serotypes (Iand II); however, this convention has recently
been questioned, and suggestions have been made that
the ‘serotypes’ be considered as distinct viruses based on
their spike protein differences and expected biologic and
clinical outcomes.? Regardless of whether these two sero-
types represent distinct viruses, both are capable of caus-
ing FIP, with serotype I being more prevalent in nature.*
Although serotype I is more prevalent, it is less well stud-
ied than serotype II owing to challenges in propagating
this virus in vitro.

Productive monocyte/macrophage infection by
FIPV, variably widespread anatomic dissemination and
immune-mediated perivasculitis results in the highly
fatal systemic inflammatory disease, FIP5 As a result of
viral dissemination, FIP may present with clinical signs
reflecting inflammation in a variety of anatomic sites
potentially including the abdominal cavity and associ-
ated viscera, thoracic cavity, central nervous system
and/or eye.*” FIP remains a devastating viral disease
of cats owing to its high mortality rate, challenges in
establishing a precise etiologic diagnosis, and the cur-
rent lack of available and effective treatment options.31
The development of an effective vaccine for FIP has been
complicated by the role of antibody-dependent enhance-
ment in FIP disease pathogenesis, where the presence of
non-neutralizing anticoronaviral antibodies have been
shown to exacerbate FIP disease.!l-13

Recent antiviral clinical trials in both experimentally
and naturally FIPV-infected cats have shown promise in
treating and curing FIP through the use of GS5-441524, a
nucleoside analog and metabolite of remdesivir (Veklury;
Gilead Sciences), or GC376, a 3C-like protease inhibitor
of FIPV (Anavive Lifesciences).14-16 There have been par-
ticular treatment challenges for cats with more compli-
cated and multisystemic forms of FIP, including those
with neurologic or ocular involvement. A recent clinical
trial of GS-441524 at higher dosages for the treatment of
neurologic FIP established the possibility of long-term
resolution of disease for some of these more complicated
forms of FIP."V Despite the recent clinical successes, these
antiviral compounds are currently unavailable for legal
clinical veterinary use in cats with FIP.

Using a collection of compounds selected based on
their proven efficacy in interfering with the replication of
other RNA viruses, we identified a subset of compounds
with variable anti-FIPV activity against serotype II and
characterized their safety and efficacy profiles in vitro.
Of these compounds, several have been used as treat-
ments for retroviral, hepatitis C or other coronaviral
infections, including current investigations as therapies
for COVID-19.18-21 Given the success of combined anti-
retroviral therapy (cART) against HIV-1 and combina-
tion therapies against hepatitis C virus,? it would seem
feasible that concurrently targeting FIPV at different steps
of the virus lifecycle with a combined anticoronaviral
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therapy (cACT) may offer a greater level of sustained
and more complete success than has been achieved with
monotherapies alone. The inclusion of an antiviral agent
in cACT capable of penetrating the blood-brain barrier
and/or blood—ocular barrier and achieving pharmaco-
logically relevant tissue concentrations may facilitate
system-wide eradication of FIPV.

Here, we describe a set of in vitro assays facilitating
the identification of effective and safe anticoronaviral
compounds. We hypothesized that the combinatorial use
of two or more effective antiviral monotherapies with
differing mechanisms of action would facilitate the iden-
tification of additive or synergistic combinations provid-
ing superior anticoronaviral efficacy vs their use as sole
agents (monotherapy).

Materials and methods

FIPV inoculum for in vitro experiments

Crandell-Rees feline kidney cells (CRFK; ATCC) were cul-
tured in T150 flasks (Corning), inoculated with serotype
II FIPV (WSU-79-1146; GenBank DQ010921) and propa-
gated in 50ml Dulbecco’s Modified Eagle’s Medium with
4.5g/1 glucose (Corning) and 10% fetal bovine serum
(Gemini Bio). After 72h of incubation at 37°C, extensive
cytopathic effect (CPE) and large areas of cell clearing/
detachment were noted. Flasks were then flash frozen at
—70°C for 8 mins, thawed briefly at room temperature, and
the cells and supernatant were then centrifuged at 1500 g
for 5mins, followed by a second centrifugation step at
4000¢ for 5mins, in order to isolate cell-free viral stocks.
Supernatant containing the viral stock was divided into
0.5 and 1.0ml aliquots in 1.5ml cryotubes (Nalgene) and
stored at—70°C. After freezing, a single tube was thawed,
and the viral titer established using both bioassay (tissue
culture infectious dose-50 [TCIDj;]) and real-time quan-
titative RT-PCR (RT-qPCR) methods (below).

The TCID;, was determined using a viral plaquing
assay. CRFK cells were grown in a 96-well tissue culture
plate (Genesee Scientific) until the CRFK cells achieved
approximately 75-85% confluency. Serial 10-fold dilu-
tions were made of FIPV stock and 200 ul samples of each
dilution were added to 10-well replicates. At 72h post-
infection, the cells were fixed with methanol and stained
with crystal violet (Sigma-Aldrich). Individual wells were
evaluated visually for virus-induced CPE, scored as CPE
positive or negative, and the TCID;, was determined
based upon the equation log;(TCIDs, = [total number of
wells CPE positive/number of replicates] + 0.5 to reflect
infectious virions per milliliter of supernatant.?

Quantification of FIPV by RT-qPCR

Cell-free viral RNA was isolated from the viral stock
using the QIAamp Viral RNA Mini Kit (Qiagen), follow-
ing the manufacturer’s instructions. The isolated RNA
was treated with DNase (TURBO DNase; Invitrogen)



and subsequently reverse transcribed using the High-
Capacity RNA-to-cDNA Kit (Applied Biosystems) fol-
lowing the manufacturers’ protocols. The copy number
of FIPV and feline GAPDH cDNA were determined
using Applied Biosystem’s QuantStudio 3 Real-Time
PCR System and PowerUp SYBR Green Master Mikx, fol-
lowing the manufacturer’s protocol for a 10l reaction.
Each PCR reaction was performed in triplicate with water
template as a negative control and plasmid DNA as a
positive control. A control reaction excluding reverse tran-
scriptase was included in each real-time PCR assay set.
cDNA templates were amplified using the FIPV for-
ward primer, 5-GGAAGTTTAGATTTGATTTGGCAA
TGCTAG, and the FIP reverse primer, 5-AACAATCACT
AGATCCAGACGTTAGCT (terminal portion of the FIPV
7b gene).15 Real-time PCR for the feline GAPDH house-
keeping gene was performed concurrently using the prim-
ers,5GAPDH, 5-AAATTCCACGGCACAGTCAAG, and
3 GAPDH, 5-TGATGGGCTTTCCATTGATGA. Cycling
conditions for both FIPV and GAPDH amplicons were
as follows: 50°C for 2mins and 95°C for 2mins, followed
by 40 cycles of 95°C for 15s, 58°C for 30s and 72°C for
1min. The final step included a dissociation curve
to evaluate specificity of primer binding. FIPV and
GAPDH copy numbers were calculated based on stand-
ard curves generated in our laboratory. Copies of FIPV
cDNA determined via RT-qPCR were normalized per 10
copies of feline GAPDH cDNA.

Development of anti-helicase chemical fragments

In general, the drugs examined and described in this
study were pre-existing antiviral agents. In contrast,
the helicase enzyme of FIPV was cloned, expressed and
used as a target for coronavirus and enzyme-specific
viral discovery. The target DNA sequence of AviTag-FIP
Helicase-HisTag was optimized and synthesized. The
synthesized sequence was cloned (Dr Adeyemi Adedeji)
into vector pET30a with Avi-His tag for protein expres-
sion in Escherichia coli. E coli strain BL21(DE3) was trans-
formed with recombinant plasmid. A single colony was
inoculated into 11 of auto-induced medium contain-
ing antibiotic, and the culture was incubated at 37°C at
200rpm. When the ODy, reached about 3, the temper-
ature of the cell culture was changed to 15°C for 16h.
Cells were harvested by centrifugation. Cell pellets were
resuspended with lysis buffer, followed by sonication.
The precipitate after centrifugation was dissolved using
denaturing agent. Target protein was obtained by one-
step purification using a nickel (Ni) column. Target pro-
tein was sterilized by a 0.22 um filter. Yield was 7.2mg at
0.90mg/ml, and was stored in phosphate buffered saline,
10% glycerol and 0.5mM vr-arginine at pH 7.4. The con-
centration was determined by Bradford protein assay,
with bovine serum albumin as the standard. The protein
purity and molecular weight were determined by sodium
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dodecyl sulfate polyacrylamide gel electrophoresis with
Western blot confirmation.

Surface plasmon resonance (SPR) fragment screening
was performed on a ForteBio Pioneer FE SPR platform.
A HisCap sensor chip, which contains a nitrilotriacetic
acid surface matrix, was used. Channels 1 and 3 were
charged with 100 M NiCl,, followed by injection of
50g/ml of FIP protein. Channel 2 was left free of pro-
tein, as well as NiCl,, as a reference. Channel 1 was
immobilized to a density of ~8000 response units (RU),
while channel 3 contained about 12,000 RU. Channel 1
was used. The buffer used for immobilization was 10mM
HEPES (pH 7.4), 150 mM NaCl and 0.1% Tween-20. For
the assay, dimethyl sulfoxide (DMSO) was added to a
final concentration of 4%. The proprietary compound
library was diluted into the same buffer without DMSO,
to a final DMSO concentration of 4% DMSO. Library
compounds were screened at a concentration of 100 uM
using the OneStep gradient injection method. Hits were
selected based upon RU and kinetics and utilized for cell-
based screening.

Viral plaquing assay

To screen compounds for antiviral activity, infected CRFK
cells were treated with compounds in six-well replicates
and compared with positive control wells (infected cells),
negative controls (uninfected cells) and treatment con-
trols (infected cells treated with a known effective anti-
viral compound) run concurrently on each tissue culture
plate. CREK cells were grown in 96-well tissue culture
plates (Genesee Scientific) containing 200l of culture
media. At ~75-85% cell confluency, the media in the
uninfected control wells was aspirated and replaced with
200 ul of fresh media. The media in the infected wells
was aspirated and replaced with media inoculated with
FIPV at a multiplicity of infection (MOI) of 0.004 infec-
tious virions per cell. At 1h post-infection, each putative
antiviral compound was added to six FIPV-infected wells
and six uninfected control wells (to screen for compound
cytotoxicity). All compounds were initially screened at
10uM, except for the ‘chemical fragment’ compounds
supplied by M Olsen (Midwestern University), which
were assessed at 50uM. The tissue culture plates were
incubated for 72h at 37°C and subsequently fixed with
methanol and stained with crystal violet. Plates were
scanned for absorbance at 620nm using an ELISA plate
reader (FilterMax F3 [Molecular Devices] and Softmax
Pro [Molecular Devices]). The individual well absorbance
values along with the average absorbance value and SEM
for the six-well experimental replicates were recorded for
each treatment condition.

For agents that demonstrated antiviral efficacy in the
initial screening at 10 or 50 uM (protected from virus-
associated CPE), the half-maximal effective concentra-
tion (EC;y) was determined by performing a progressive



two-fold compound dilution series in the viral plaquing
assay. For EC;; determination, CRFK cells were grown in
96-well tissue culture plates similarly to that performed
for the antiviral screening assay. Aside from the unin-
fected control wells, all remaining wells were infected
with the FIPV as described above in two-fold dilution
series ranging from 20 uM to 0 uM in six-well replicates.
The number of dilution steps ranged from six to 14 and
was compound dependent. Six-well replicates of unin-
fected CRFK cells served as a control for normal CRFK
cells; six-well replicates of CRFK cells infected with FIPV
served as untreated, FIPV-infected control wells; and six-
well replicates of FIPV-infected CRFK cells treated with
(GS5-441524 served as control wells for protection against
virus-induced cell death based on published data regard-
ing the efficacy of GS5-441524 use in vitro in CRFK cells.16

Tissue culture plates were incubated for 72 h and sub-
sequently fixed with methanol, stained with crystal violet
and scanned for absorbance at 620nm using an ELISA
plate reader. The ECy, was calculated by plotting a non-
linear regression equation (dose-response curve) using
Prism 8 (GraphPad).

Viral RNA knock-down assay

RT-qPCR assays were used to quantify compound inhibi-
tion of viral RNA production. CRFK cells were cultured
in a six-well tissue culture plate (Genesee Scientific). At
approximately 75-85% cellular confluency, the culture
media was replenished with fresh media and the cells
were infected with FIPV serotype Il at a MOI of 0.2. One
hour post-infection, FIPV-infected wells were treated
with one (monotherapy), two or three (cACT) antiviral
compounds performed in triplicate. Compound dos-
age was based upon the compounds” EC;, and ranged
from 0.001 to 20 uM. Triplicate wells of FIPV-infected and
untreated CRFK cells acted as virus-infected controls.
All cell culture wells were subsequently incubated for
24h, and cell-associated total RNA was isolated using
the PureLink RNA mini kit (Invitrogen). The RNA was
treated with DNAse (TURBO DNase; Ambion), reverse
transcribed to cDNA using a High-Capacity RNA-to-
cDNA Kit (Applied Biosystems) and FIPV ¢cDNA and
feline GAPDH cDNA were measured using RT-qPCR, as
described above. Fold reduction in viral titer was deter-
mined by dividing the normalized average FIPV RNA
copy number for untreated, FIPV-infected CRFK cells
into the normalized average FIPV RNA copy number for
treated CRFK cells with the compound(s) of interest. The
expected additive effect was determined by adding the
fold reduction for each monotherapy treatment used in
combination. Foldover additive effect was determined by
dividing the predicted additive effect into the combined
fold reduction value for the particular combined therapy
of interest.

Determination of cytotoxicity safety profiles

Compound cytotoxicity in feline cells was assessed
using the commercially available kit (CellTox Green
Cytotoxicity Assay; Promega) according to the manu-
facturer’s instructions. Untreated CRFK cells were used
as negative controls and cells treated with a cytotoxic
solution provided by the manufacturer was used as the
positive toxicity control. Briefly, in addition to the control
wells, CRFK cells were plated in 96-well tissue culture
plates (Genesee Scientific) in four-well replicates with 5,
10, 25, 50 or 100uM concentrations of the compound of
interest and were incubated for 72h. After 72h, the kit
DNA binding dye was applied to all wells, incubated at
37°C, shielded from light for 15mins and the fluorescence
intensity determined at 485-500nmyg, /520-530 nmg,
using a plate reader (FilterMax F3 [Molecular Devices]
and Softmax Pro [Molecular Devices]). Compound cyto-
toxicity at a particular concentration was assumed to be
proportional to the intensity of fluorescence based on the
selective penetration and binding of the dye to the DNA
of degenerate, apoptotic or necrotic cells. The cytotox-
icity range was determined by setting the fluorescence
value for cells treated with the positive control reagent
as 100% and the untreated feline cells as 0% cytotoxicity.
The mean fluorescence value for the four wells contain-
ing each compound concentration were then interpolated
as a percentage (percent cytotoxicity) ranging from 0%
to 100%. Clofazimine cytotoxicity was determined by
dosing monolayers of CRFK cells in a 96-well plate with
serial dilutions of the compound starting at a maximum
dose of 100 M, incubated for 72h and then stained with
crystal violet and scanned for absorbance at 620 nm using
an ELISA plate reader. The 50% cytotoxic concentration
(CCsp) was calculated by plotting a non-linear regression
equation (dose-response curve) using GraphPad Prism
version 8.

Results

Compound screening

In order to identify compounds with anti-FIPV activity,
a compilation of 90 compounds (Figure S1 in the supple-
mentary material) from differing drug classes and with
a variety of reputed mechanisms of antiviral action were
screened for anticoronaviral activity in in vitro assays.
Compounds screened included nucleoside polymerase
inhibitors (NPIs), non-NPIs, protease inhibitors (PIs),
NS5A inhibitors, a set of anti-helicase chemical “frag-
ments'?* and a set of compounds with undetermined
or multiple antiviral mechanisms of action. From this
group of 90 compounds, 26 different compounds were
determined to possess antiviral activity against FIPV,
including NPIs, PIs, NS5A inhibitors and three com-
pounds with undetermined mechanisms of action
(termed ‘other’; Figure 1). The antiviral compounds that
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(a) All Screened Compounds (b) Compounds with Anti-FIPV Activity

Il Nucleoside Polymerase Inhibitor (NP1)

Il Protease Inhibitor (P1)

[l NS5A Inhibitor

@@ Non-nucleoside Polymerase Inhibitor (NNP!)
Il Other

[ Chemical "fragments"” (Midwestem U.)

Bl Nucleoside Polymerase Inhibitor (NP1)
Bl Protease Inhibitor (P1)

@l NSS5A Inhibitor

Il Other

Total=90 Total=26

Figure 1 Compounds screened by mechanism of action. (a) Pie graph depiction of all compounds screened. (b) Compounds
identified during screening to possess anti-feline infectious peritonitis virus (FIPV) activity in vitro

CRFK Only

10 puM Daclatasvir
10 puM Velpatasvir

10 uM Ombitasvir

FIPV + 5 uM GS-441524

FIPV + 10 uM Daclatasvir

FIPV + 10 uM Velpatasvir

FIPV + 10 uM Ombitasvir

10 puM Pibrentasvir FIPV + 10 uM Pibrentasvir

10 puM Ravidasvir FIPV + 10 uM Ravidasvir

FIPV only

FIPV Only

Figure 2 Example screening plaque assay using crystal violet staining to identify anti-feline infectious peritonitis virus (FIPV)
activity at 10pM. The top left row shows control wells with Crandell-Rees feline kidney (CRFK) cells only and no drug or
FIPV. The top right row shows a positive control using GS-441524 with known complete protection of CRFK cells against
FIPV-induced cell death. The entire bottom row of wells represents CRFK cells infected with FIPV and no drug treatment.
The remaining rows are screening wells with the left half assessing for cytotoxicity at 10pM (no FIPV infection) and the right
half assessing for anti-FIPV activity at 10pM for any given compound. Loss of staining indicates cell loss. Daclatasvir and
velpatasvir demonstrated anti-FIPV activity evidenced by increased crystal violet staining (relatively intact cell monolayers)
relative to FIPV-only control wells (bottom row of plate). Ombitasvir, pibrentasvir and ravidasvir demonstrated an absent-to-

minimal antiviral effect, with ravidasvir also demonstrating cytotoxicity at 10 M based on the dramatic well clearing seen

on the left half of the plate without FIPV

demonstrated efficacy against FIPV included toremifene
citrate, daclatasvir, elbasvir, lopinavir, ritonavir, nelfina-
vir mesylate, K777/K11777, grazoprevir, amodiaquine,
EIDD1931, EIDD2801, clofazimine and GS-441524
sourced from three different China-based manufactur-
ers (Figure 2). We tested several nucleoside analog com-
pounds provided by Gilead Sciences structurally related
to the nucleoside analogs GS-441524 and remdesivir for
their antiviral properties and found several with poten-
tial (included in the above-reported 26 identified com-
pounds), but we did not pursue these agents further.
As a result, the total number of antiviral agents carried
forward for further analyses was 14. This total includes
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the previously identified 3-C protease inhibitor, GC376
(Anavive Lifesciences).

Determining antiviral efficacy

The EC;; (antiviral efficacy) was determined for 10
antiviral compounds. For these compounds, the ECs
ranged from 0.04uM to 13.47uM (Figure 3). One of the
antiviral agents — daclatasvir — demonstrated unaccep-
table cytotoxicity at 20uM and was removed from fur-
ther testing. GS5-441524 sourced from China (HY-103586;
MedChemEXxpress) was shown to have a comparable EC;,
relative to previously published values for G5-441524
sourced from Gilead Sciences,!5 and the EC;, for GC376,



(a) (b)

Compound Name Drug Category EC50 (uM) GS-441524 (MCE)
EIDD 1931 NPI 0.09 1.2
Elbasvir NS5A Inhibitor 0.16 ¥ 4a-
GC376 Pl 0.19 g 0.8 1
EIDD 2801 NPI 0.4 8 ot }
GS-4415247 NPI 0.66 3 al t
K777/K11777 PI 0.67 o ECS0=086uM
Clofazimine Other*** 1.08 0.2 : z )
Toremifene citrate Other* 5 Concentration (uM)
Amodiaquine Other** 6.5
Lopinavir PI 76 Lopinavir
Ritonavir PI 8.7 1.0+
Grazoprevir Pl 12.13 E
Nelfinavir mesylate PI 13.47 § "

8 064 ¢
Pl =Protease Inhibitor; NP| =Nucleoside Polymerase Inhibitor §
0.4+ EC50 = 8.08 uM

*MedChem Express, HY-103586
*Selective Estrogen Receptor Modulator 02 g 3 = " .1
**4-Aminoquinoline Concentration (uM)
**Riminophenazine dye

Figure 3 (a) Half-maximal effective concentration (ECs,) values and (b) representative non-linear regression analyses for
two of the compounds with anti-feline infectious peritonitis virus (FIPV) activity. Serial dilutions of each compound with anti-
FIPV activity were performed to identify the ECg,. GS-441524 results shown here represent the compound sourced from

MedChemExpress (MCE)

previously reported as 0.041M,? was determined in our
laboratory to be 0.19 uM.

Cytotoxicity safety profiles

Cytotoxicity safety profiles (CSPs) were determined by
using the Promega CellTox Green Cytotoxicity Assay for
11 different antiviral compounds in CRFK cells. At 5uM,
seven of the tested compounds demonstrated essentially
no cytotoxicity, while two of the antivirals —amodiaquine
and toremifene — had 11% and 12% cytotoxicity, respec-
tively (Figure 4). The CC;, for GC376 has been reported
previously as >150uM.% The CC;, for clofazimine was
determined to be 8.3 uM. Interestingly, based upon the
Promega CellTox Green Cytotoxicity Assay, the cytotoxic-
ity of both EIDD compounds was essentially undetectable
up to 100uM. However, visual inspection of the EIDD-
treated tissue culture wells just prior to fluorescent dye
application revealed evidence of agent-associated CPE.
The untreated CRFK cells featured an adherent spin-
dloid morphology in a closely packed monolayer, while
the EIDD-treated wells demonstrated an overt decrease
in cellular confluency with variable cell morphology,
including rounding and detachment of cells (CPE). The
discordance between the subjective visual assessment of
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EIDD-treated wells and the results of the fluorescence
assay (CellTox Green) remains enigmatic. It is possi-
ble that the agent-associated reduction in cell number
in EIDD-treated wells resulted in loss and degradation
of nucleic acid necessary for fluorescence binding and
detection in the CellTox Green assay. These results sug-
gest that the EIDD compounds may be associated with a
greater degree of agent-associated cytotoxicity than the
CellTox Green assay results indicate.

Quantification of compound inhibition of

viral RNA production with monotherapy

An RT-qPCR assay was used to measure each antivi-
ral compound’s ability to inhibit coronaviral transcrip-
tion as monotherapy (viral RNA knock-down assay).
Compounds demonstrating the greatest inhibition of
FIPV RNA production were GC376 (a 3C-like coronavirus
protease inhibitor), GS-441524, EIDD1931 and EIDD2801,
the latter three all being nucleoside analogs (Figure 5).
Those with the least inhibitory effect on viral RNA
transcription include elbasvir, nelfinavir and ritonavir.
Ritonavir — a protease inhibitor — is used in combination
with lopinavir to treat HIV-1 infection (Kaletra; AbbVie).
Lopinavir monotherapy has poor oral bioavailability in



(a)

Compound Name 5uM 10uM 25uM 50 uM 100 uM
Elbasvir 0.67 0.46 1.4 2 49
K777/K11777 0.61 0.29 2.3 9 16
Toremifene citrate 12 22 23 35 39
Amodiaquine 1 12 19 23 26
Lopinavir 0.67 15 13 16 18
Ritonavir 0.49 0.84 2 33 26
Grazoprevir 0.55 0 0.81 3.9 19
EIDD 1931 1.2 0.94 0.6 0.78 2.8
EIDD 2801 0 0.95 0.63 1.7 0.8
GS-441524% 0.21 0 0 0 0
Clofazimine* - - = - ==
*NMPharmTech
*See text for CC50
(b) K777 Toremifene citrate
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Figure 4 Cytotoxicity safety profiles and representative graphs. (a) Compounds with demonstrated anti-feline infection
peritonitis virus (FIPV) activity and the percent cytotoxicity at 5, 10, 25, 50 and 100uM. (b) Representative percent cytotoxicity
bar graphs = SD for two of the compounds with anti-FIPV activity. Percent cytotoxicity values were determined by normalizing
cytotoxicity to the positive toxicity control wells (100% cytotoxicity) and untreated Crandell-Rees feline kidney control cells (0%

cytotoxicity)

people; however, when used in combination, ritonavir
has been demonstrated to markedly improve lopinavir’s
plasma concentration.?® Therefore, despite the relatively
minimal FIPV inhibition identified with ritonavir as
monotherapy, this compound was assessed for combined
anticoronaviral efficacy with ritonavir.

Quantification of compound inhibition of

viral RNA production with cACT

To identify drug combinations with additive or fold-
over-additive (synergistic) antiviral activity over mono-
therapy, combinations of two or more drug compounds
were selected based upon: (1) established combinations
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used for other viral infections like HIV-1 and HCV; (2)
drugs with different mechanisms of action; (3) potential
variations in systemic distribution of the compound (eg,
predicted ability to penetrate the blood-brain or blood-
ocular barriers); and (4) minimal cytotoxicity (based on
the CSP). For each cACT, any resulting decrease in FIPV
copy number over the calculated additive effect for each
drug used as monotherapy was considered to be syner-
gistic (Figure 6).

Owing to the pronounced anti-FIPV activity of GC376,
as well as its potential availability for moving forward
into in vivo pharmacokinetic studies and clinical appli-
cations, this compound was focused on in a series of



(a)
Monotherapy Fold Reduction in FIPV Copies/1E06 GAPDH
Compound Fold Reduction
GC376 (20uM) 25,000
GC376 7,300
GS-441524 (NMPharmTech) 5,280
EIDD-1931 3,700
GS-441524 (MedChemExpress) 3,500
EIDD-2801 2,110
Lopinavir 309
Toremifene 10
K777 7
Grazoprevir 5
Amodiaquine 4
Clofazimine (3 uM) 2
Elbasvir 2
Nelfinavir mesylate 1
Ritonavir 1
*Unless otherwise indicated, all compounds utilized at 10 uM.
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Figure 5 Fold decrease in feline infectious peritonitis virus (FIPV) RNA copy number using antiviral compounds as
monotherapy. (a) FIPV-infected Crandell-Rees feline kidney cells were incubated for 24 h with various antiviral compounds.
Viral copy number was subsequently determined via quantitative RT-PCR and normalized to feline GAPDH copy number, in
order to determine the compound’s fold decrease effect. All compounds were tested at 10uM unless otherwise specified.

All experimental treatments were performed in triplicate wells and the fold decrease calculated by dividing the average
experimental, normalized FIPV copy number by the average normalized FIPV copy number determined for untreated, FIPV-
infected wells. (b) Graphical representation of fold decrease values in FIPV RNA copy number. Graph bars with SD error
bars represent experiments that were repeated. 'GS-441524 sourced from NMPharmTech (China); 2GS-441524 sourced from

MedChemExpress (China)

mono- and combined viral RNA knock-down assays.
Overall, 20puM of GC376 demonstrated superior anti-
FIPV activity when used as monotherapy and in combi-
natorial therapies in vitro. Although the combination of
elbasvir and lopinavir demonstrated the highest cACT
synergy, this combination was ultimately less effective
than either GC376 or GS-441524 used as monotherapy.
Interestingly, cACT using GC376 or GS-441524 resulted
in no or limited detectable synergy.

Discussion

As there is no currently effective vaccine for FIP, there
is an immediate clinical need for effective, affordable
and available antiviral treatment options for FIPV-
infected cats. Here we describe the in vitro screening
of 90 compounds, resulting in the identification of 26
antiviral agents with antiviral efficacy against the feline
coronavirus, FIPV serotype II. Based on the results of
both the plaquing and viral RNA inhibition (RT-qPCR)
assays, the most effective antiviral compounds that were
identified include GC376, GS-441524, EIDD2081 and
EIDD2931. Importantly, the agents demonstrating the
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least cytotoxicity include GC376 and GS-441524, with no
evidence of toxicity up to 100 uM.

We also documented antiviral efficacy for combina-
tions of antiviral agents (cACT). A few of the examined
drug combinations demonstrated evidence of limited
synergistic antiviral activity. cACT synergism, deter-
mined using RT-qPCR, was defined as the fold reduction
in viral copy number beyond the additive effect (com-
bined reduction in viral copy number for each individ-
ual agent). The cACT with the greatest foldover-additive
(synergistic) effect was determined to be elbasvir and
lopinavir. However, all the cACTs proved to be ultimately
less effective than GC376, GS-441524 and both EIDD com-
pounds used as monotherapies. This may be the result
of the relative effectiveness of these agents when used as
monotherapies in our in vitro culture-based systems and
an assay-limited inability to identify an antiviral effect
beyond a certain level of viral inhibition. Attempts were
made to further optimize the detection of compound syn-
ergy by modifying the experimental protocol without
success. It remains possible that combinations of agents
may manifest synergy in in vivo studies. In addition,



(a)

Compound 1 Compound 2 Compound 3 Fold Additive Fold over
GC376 (20 uMm) Amodiaquine Toremifene 256,000 25014 10
GC376 (20 uM) K777 - 248,000 25007 10
GC376 (20 um) Toremifene - 128,000 25010 5.1
GC376 (20 uM) Nelfinavir mesylate - 91,100 25001 3.6
GC376 (10 uM) Clofazimine (3 uM) - 59000 153000 0
GS-441524 (NMPharmTech) Clofazimine (3 uM) - 17700 15200 1
Elbasvir (5 um) Lopinavir - 14,000 311 45
Elbasvir (5 uM) GC376 (20 uM) = 12,600 25002 0.50
GC376 (10 uM) Amodiaquine - 11,700 7304 1.6
GC376 (10uM) Grazoprevir - 8,290 7305 1.1
GC376 (20 uV) GS-441524 (NMPharmTech) 8,260 30280 0.27
GC376 (10 uM) Amodiaquine Elbasvir (5 uM) 7,570 7306 1.0
GC376 (10uM) GS-441524 (MedChem) - 6,910 10800 0.64
GC376 (20 uM) Ritonavir - 6,560 25001 0.26
K777 Lopinavir - 5,530 316 18
GC376 (10 uMm) GS-441524 (NMPharmTech) - 4,340 12580 0.34
GC376 (20 um) Lopinavir - 3,400 25309 0.13
Lopinavir Ritonavir - 3,130 310 10
Lopinavir Ritonavir Toremifene 1,740 320 5.4
GC376 (10 um) EIDD-2801 - 255 9410 0.03
K777 Toremifene - 25 17 1.5

*Unless otherwise indicated, all compounds utilized at 10 uM.
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Figure 6 Additive and foldover-additive reduction in feline infectious peritonitis virus (FIPV) viral RNA copy number using
combined anticoronaviral therapy. The expected additive effect reflects the sum of the fold reduction in viral RNA based

on each agent used as monotherapy (from Figure 5). (a) List of anti-FIPV combinations with associated fold reduction and
foldover-additive reduction in FIPV copies normalized to 1 x 108 GAPDH copies. (b) Bar graph demonstrating comparison
between overall fold reduction in FIPV copies and foldover-additive values. 1 = GC376 (20 uM) + amodiaquine + toremifene;
2=GC376 (20uM) + K777; 3=GC376 (20 uM) + toremifene; 4 = GC376 (20 uM) + nelfinavir mesylate; 5= GC376

(20 M) + clofazimine (3uM); 6 = GS-441524 (NMPharmTech) + clofazimine (3puM); 7 = elbasvir (5 uM) + lopinavir; 8 = elbasvir
(5uM) + GC376 (20uM); 9= GC376 (10uM) + amodiaquine; 10=GC376 (10 uM) + grazoprevir; 11 =GC376 (20uM) +
GS-441524 (NMPharmTech); 12=GC376 (10uM) + amodiaquine + elbasvir (5uM); 13=GC376 (10 uM) + GS-441524
(MCE); 14=GC376 (20 pM) + ritonavir; 15 =K777 + lopinavir; 16 = GC376 (10pM) + GS-441524 (NMPharmTech); 17 = GC376
(20uM) + lopinavir; 18 = lopinavir + ritonavir; 19 = lopinavir + ritonavir + toremifene; 20 = GC376 (10pM) + EIDD-2801;

21 =K777 + toremifene
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combinatorial therapy may also serve as a method to pre-
vent the development of antiviral resistance. However,
this would require further investigation using long-term
culture, viral sequencing and in vivo studies, and is
beyond the scope of this study.

Repeated plaque assay data indicated that elbasvir
prevented the formation of viral plaques with an impres-
sive EC5, of 0.16 uM. However, there was essentially
no detectable difference in the viral RNA copy number
between infected cells treated with or without elbasvir.
Subjective visual analysis of FIPV-infected CRFK cells
that were treated with elbasvir revealed evidence of
CPE. Interestingly, the treated cells with evidence of CPE
did not appear to detach from the culture plate and, as
a result, the absorbance values acquired in the plaque
assay were comparable to uninfected control wells. This
discordant result between the plaquing and viral RNA
knock-down assay results suggests that the putative anti-
viral effect of elbasvir may be downstream of viral tran-
scription (eg, translation, virion assembly and other) and,
as a result, elbasvir may reduce overall viral replication
but not protect cells from the accumulation of viral RNA
and cellular injury.

Prior in vivo clinical successes using GS-441524 or
GC376 in cats with experimental and naturally occurring
FIP demonstrate that an effective antiviral cure for FIP
is an achievable goal. However, therapeutic challenges
in treating non-effusive (granulomatous), multisys-
temic neurologic and ocular FIP remain. A cACT utiliz-
ing a compound(s) with effective penetration into these
anatomic reservoirs (brain and eye) may be required to
achieve a cure in multisystemic FIP. The 3C protease inhib-
itor GC376 has been demonstrated to be effective in the
treatment of experimental FIPV infection but appears to be
less effective in treating and eradicating the more chronic
neurologic or ocular forms of the disease.!3 Optimizing the
dose and administration of GC376 to establish an effective
tissue distribution in the brain and eye may improve the
overall clinical success of this compound.

Conclusions

This study reports the screening of 90 putative anti-
viral agents and the identification of 26 compounds with
variable anti-FIPV activity. Further, we designed strategic
combinations of efficacious anti-FIPV compounds based
on differing antiviral mechanisms of action to determine
the presence of additive or synergistic activity. Although
evidence of compound synergy was identified, overall,
the most effective antiviral compounds were determined
to be specific monotherapies, mechanistically featuring
either a nucleoside analog or protease inhibitor.

Supplementary material The following file is available
online:
Figure S1: Complete list of compounds screened for anti-FIPV
activity.
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Chapter 4: An optimized bioassay for screening combined anticoronaviral compounds for
efficacy against feline infectious peritonitis virus with pharmacokinetic analyses of GS-
441524, remdesivir, and molnupiravir in cats
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Abstract: Feline infectious peritonitis (FIP) is a fatal disease of cats that currently lacks licensed and
affordable vaccines or antiviral therapeutics. The disease has a spectrum of clinical presentations
including an effusive (“wet”) form and non-effusive (“dry”) form, both of which may be complicated
by neurologic or ocular involvement. The feline coronavirus (FCoV) biotype, termed feline infectious
peritonitis virus (FIPV), is the etiologic agent of FIP. The objective of this study was to determine

Feline Infectious Peritonitis Virus and compare the in vitro antiviral efficacies of the viral protease inhibitors GC376 and nirmatrelvir

and the nucleoside analogs remdesivir (RDV), GS-441524, molnupiravir (MPV; EIDD-2801), and
B-D-N*-hydroxycytidine (NHC; EIDD-1931). These antiviral agents were functionally evaluated

using an optimized in vitro bioassay system. Antivirals were assessed as monotherapies against FIPV

with Pharmacokinetic Analyses of
(GS-441524, Remdesivir, and
Molnupiravir in Cats. Viruses 2022,
14, 2429. https://doi.org/10.3390/

14112429 serotypes I and II and as combined anticoronaviral therapies (CACT) against FIPV serotype II, which
v

provided evidence for synergy for selected combinations. We also determined the pharmacokinetic
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properties of MPV, GS-441524, and RDV after oral administration to cats in vivo as well as after
intravenous administration of RDV. We established that orally administered MPV at 10 mg/kg,
GS-441524 and RDV at 25 mg/kg, and intravenously administered RDV at 7 mg/kg achieves plasma
levels greater than the established corresponding ECs values, which are sustained over 24 h for
(GS-441514 and RDV.
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1. Introduction

Feline infectious peritonitis (FIP) is a common and generally fatal viral disease of
domestic cats caused by various genetic mutants of feline coronavirus (FCoV), collectively
referred to as FIP virus (FIPV). Although the complex pathogenesis of FIP remains incom-
pletely understood and involves both pathogen and host factors, FIP disease is thought to
result from de novo mutations in the relatively benign coronavirus biotype, feline enteric
coronavirus (FECV) [1,2]. A critical switch in viral tropism from intestinal enterocytes to
monocytes/macrophages, facilitating systemic spread and inflammation [1,2], results from
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these viral mutations. FCoV is also categorized into serotypes I and II, with serotype II
evolving as a result of a historic recombination event between FCoV and canine coron-
avirus (CCoV). This recombination resulted in the stable incorporation of the CCoV spike
gene within the FCoV genome [3]. The spike gene encodes an exposed coronaviral surface
protein and serves as a target of antibody production by the infected host [4]. Although
FCoVs are currently classified as a single viral species within the Alphacoronavirus 1 species,
given the biological significance of the coronavirus spike protein in host cell tropism and
pathogenesis, it has been suggested that the two coronaviral serotypes be considered as
distinct viruses [5,6].

The clinical presentation of FIP is a continuum ranging from a predominantly effusive
or “wet” form (abdominal or pleural fluid accumulation) to a non-effusive or “dry” form
(granulomatous inflammation in organs such as the kidney, brain, eye and lymph nodes) [7].
In both forms of FIP, there may be variable ocular and/or neurologic involvement, although
this is less commonly identified with the effusive form [7-9]. Once clinical signs of FIP
appear, FIP-associated mortality is high without treatment, with one study reporting an
average survival time post-presentation of 21 days for cats with effusive FIP and 38 days
for cats with non-effusive FIP [10].

The antiviral compounds GC376 and GS-441524 have been extensively explored in
both tissue culture and in vivo studies for their ability to inhibit FIPV replication and to
treat cats with experimental or naturally acquired FIP [9,11-17]. Both antiviral agents have
variable but generally high success rates in their ability to cure cats with FID, particularly
the effusive form of the disease [9,11-16]. GC376 (Anivive Lifesciences), a 3C-like protease
(3CLP™) inhibitor, targets the viral 3CL protease which is also referred to as the main viral
protease (MP™). 3CLP™ is a cysteine protease and represents an attractive pharmacologic
target due to its specific role in viral polyprotein cleavage [17-19]. An initial clinical trial
that utilized GC376 in 20 cats with naturally occurring FIP documented remission in seven
of the 20 cats [11]. A recent retrospective study found that 29 of 30 cats treated with either
GC376 or GS-441524 were clinically cured of FIP [20]. GS-441524 is a nucleoside analog with
demonstrated efficacy against feline coronavirus [9,13,14] and SARS-CoV-2 [21,22]. In a
study of 10 cats that were experimentally infected with FIPV, GS-441524 treatment resulted
in the rapid reversal of clinical signs and disease remission in all 10 cats [14]. In a subsequent
clinical trial, 31 cats with naturally occurring FIP were treated with GS-441524, which
resulted in 25 of 31 cats healthy and disease free at the time of manuscript publication [13].
A large anecdotal study that surveyed owners of cats with FIP being treated with unlicensed
GS-441524 found that 96.7% of the cats (n = 380) were alive at the time of publication and
54.0% of those cats considered cured, while another 43.3% were still being monitored as
part of the 12-week observation period [9].

The nucleotide analog remdesivir (RDV), a phosphoramidate prodrug of GS-441524, has
been demonstrated to be effective in blocking the replication of multiple families of RNA
viruses, including Coronaviridae (including SARS-CoV, MERS-CoV, FCoV, SARS-CoV-2) [23-28],
Paramyxoviridae (including Nipah virus and Hendra virus) [29], and Filoviridae (including
Ebola virus and Marburg virus) [30]. RDV is currently utilized for the treatment of hospital-
ized adults and children over 12 years of age infected with SARS-CoV-2 [31]. However, to
the authors” knowledge, there are no peer-reviewed studies describing the in vivo pharma-
cokinetics of RDV in cats and no published reports evaluating the antiviral efficacy of RDV
against FIPV. However, a non-peer reviewed study recently reported that a compounded
form of RDV is being successfully and regularly used in Australia via the intravenous (IV)
or subcutaneous (SC) route for the treatment of client-owned cats with naturally occurring
FIP [32].

Nirmatrelvir is a MP™ (or 3CLP™) coronaviral protease inhibitor similar to GC376,
which has conditional approval for the treatment of mild to moderate COVID-19 in adults
and children over 12 years old [33]. For COVID-19 patients, nirmatrelvir is administered
orally in combination with ritonavir, and together are marketed under the name Paxlovid
(Pfizer) [33]. The protease inhibitor ritonavir is a cytochrome P450 3A4 (CYP3A4) enzyme
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inhibitor, affecting the absorption and metabolism of other protease inhibitors [34]. The
use of low-dose ritonavir in combination with other protease inhibitors results in delayed
first-pass metabolism and increased dosing intervals for the primary protease inhibitor [35].

The nucleoside analog molnupiravir (MPV; EIDD-2801) has demonstrated anti-coronaviral
activity against both FIPV and SARS-CoV-2 [16,36,37]. Although peer-reviewed trials
examining the efficacy of MPV in cats with FIP have not been published, the social media
group FIP Warriors anecdotally reports that it is highly effective [38]. To our knowledge,
there are no peer-reviewed publications documenting the in vivo pharmacokinetics in
cats. The active metabolite of MPV, B—D—N4—hydroxycytidine (NHC; EIDD-1931), has also
demonstrated broad-spectrum antiviral activity against multiple coronaviruses, including
SARS-CoV-2, MERS-CoV, SARS-CoV-1 [39], multiple bat coronaviruses [39], and FIPV
in vitro [16].

Some systemic manifestations of FIP, including those with neurologic or ocular involve-
ment, appear to be more difficult to treat, possibly as a result of impaired drug penetration
into specific anatomic compartments. However, a study documented successful resolution
of disease in 3 of 4 cats with neurological FIP using an escalating dose of GS-441524 [40] and
a separate anecdotal study based on owner survey responses reported that 161 of 169 cats
with neurological or ocular signs could be successfully treated with GS-441524 [9].

Based on the clinical success of combination therapy for the treatment of certain viral
diseases including HIV-1 (e.g., combined antiretroviral therapy or CART) [41] and hepatitis
C (e.g., Zepatier, Mavyret) [42,43], it is reasonable to explore combined anticoronaviral
therapies (CACT) for the treatment of FIP. In a prior in vitro study assessing the efficacy
of FIPV antivirals, certain combinations of antiviral drugs demonstrated additive activity
against FIPV; however, none of the investigated combinations were more efficacious than
GS-441524 or GC376 when used as monotherapy [16]. The study described here builds on
the results of this prior study and applies an optimized in vitro bioassay for the assessment
of combined anticoronaviral efficacy. Here we compare five antiviral agents used as
monotherapies and as CACT in in vitro screening assays utilizing FIPV serotype I (Black I)
and serotype II (WSU-79-1146). Additionally, we performed pharmacokinetic (PK) analyses
of MPV (oral), GS-441524 (oral), and RDV (oral, intravenous) in specific pathogen free (SPF)
cats in vivo to determine a rational feline dosing protocol.

2. Materials and Methods
2.1. In Vitro Propagation of FIPV I and 11

Serotype I FIPV strain Black I (GenBank EU186072) and culture adapted Felis catus
whole fetus 4-Cornell University (FCWF-4 CU) [44] cells were generously donated by
Dr. Susan Baker (Loyola University Chicago), originally obtained from Cornell University
College of Veterinary Medicine (Dr. Edward Dubovi). Black I virus was propagated in
FCWE-4 CU cells, cultured in minimal essential media (MEM; Sigma, St. Louis, MO,
USA) with 2% fetal bovine serum (FBS; Gemini Bio, West Sacramento, CA, USA) and
viral infectivity quantified using a colorimetric bioassay (median tissue culture infectious
dose, TCIDs) as previously described [45]. FIPV serotype II strain WSU-79-1146 (GenBank
DQ010921) was propagated in Crandell-Rees feline kidney cells (CRFK; ATCC, Manassas,
VA, USA) in complete Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Billings, MT,
USA) supplemented with 10% FBS (Gemini Bio) and 1x penicillin/streptomycin (P/S;
Gibco). Similar to Black I, viral infectivity was quantified using a colorimetric bioassay
(TCIDsy) as previously described [16,45]. Titered virus was aliquoted into 100 or 500 uL
volumes and stored at —80 °C until further utilized.

2.2. Determination of Antiviral Efficacy In Vitro

Antiviral compounds were selected based on previous documented efficacy against
serotype II FIPV (WSU-79-1146) [14,16,17,46], differing mechanisms of action (nucleo-
side/nucleotide analog or viral protease inhibitor), and previously documented low to
absent evidence of in vitro cytotoxicity in feline cells [16]. GC376 was obtained from
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Yunjeong Kim (Kansas State University), NHC was sourced from DC Chemicals (dcchemi-
cals.com), and all other antiviral compounds used in the in vitro studies (GS-441524, RDV,
nirmatrelvir, and MPV) were sourced from Natural Micron Pharm Tech (NM PharmTech;
Tai’an, China). For in vitro experiments, the compounds were received as a powder and
stored at 4 °C until reconstituted to 10 mM in DMSO (Sigma Aldrich, St. Louis, MO, USA)
and stored at —20 °C.

The half-maximal effective concentration (ECs) for each antiviral compound was
determined through a colorimetric bioassay to determine the concentration of drug required
to obtain 50% of its maximal effect (ECsp), as a modification of a previously described
method [16]. Select FIPV-infected feline cells demonstrate cytopathic effect (CPE), which
results in cell injury and loss (or attenuation) of the cell monolayer. Virus-associated CPE
can therefore be quantified colorimetrically (loss of absorbance) using a plate reader and
can be utilized as a surrogate metric for viral infection. For each assay, a progressive
two-fold compound dilution series ranging from 50 to 0.05 uM (10 dilution step series) was
performed in tissue culture media [either Minimal Essential Media (MEM)/FBS (FCWEF-4
CU cells with Black I) or Dulbecco’s MEM/FBS (CRFK cells with WSU-79-1146)]. FCWE-4
CU (Black I) or CREK cells (WSU-79-1146) were plated in 96-well tissue culture plates at
approximately 25,000 cells per well in their respective media (MEM/FBS or DMEM/ FBS,
respectively), incubated for 24 h, and then infected with either Black I or WSU-79-1146
virus at a multiplicity of infection (MOI) of 0.1 (one infectious virion for every 10 cells). The
virus-infected tissue culture plates were incubated for 1 h and then treated with serially
diluted antiviral compounds. Control wells included cells only, and cells with virus but
no antiviral agents. All experimental treatments were performed in six well replicates.
Culture plates were incubated for 72 additional hours at 37 °C in CO, incubator, fixed with
methanol, stained with crystal violet, and scanned for absorbance at 620 nm using an ELISA
plate reader (Softmax Pro, Molecular Devices, Silicon Valley, CA, USA). The absorbance
data were graphed and the ECj5 calculated by plotting a non-linear regression equation
(inflection point of the dose-response curve) using Prism 9 software (GraphPad, San Diego,
CA, USA).

Select antivirals with different mechanisms of action were evaluated for their CACT in
blocking the replication of serotype II FIPV (WSU-79-1146). These antiviral combinations
included: (i) RDV and GC376, (ii) RDV and nirmatrelvir, and (iii) MPV and nirmatrelvir.
Each of these antiviral combinations include a nucleos(t)ide analog (RDV or MPV) along
with a viral protease inhibitor (nirmatrelvir or GC376). GS-441524 was not assessed in com-
bination with other compounds as CACT with GS-441524 has been previously reported [16]
and this agent faces regulatory challenges with regards to patent protection and advancing
to approval for veterinary usage. The combined antiviral efficacy was determined using
the colorimetric bioassay and serial 2-fold dilutions of each compound ranging from 50
to 0.05 uM. The ECs for the combined therapy and constituent monotherapies were de-
termined concurrently, as described above. To evaluate CACT for evidence of additive or
synergistic effect, the compound fractional inhibition was calculated, and synergy calcu-
lations were performed with the freely available software program CompuSyn [47]. To
calculate fractional inhibition, absorbance data were converted to “viral activity” using
cells with no virus as 0% activity and cells with virus only (no drug) as 100% viral activity.
Fractional inhibition for each drug concentration (fraction affected) was then calculated as
1-viral activity and used as input for synergy calculations.

2.3. Single Dose Pharmacokinetics of Orally Administered MPV, GS-441524, and RDV and
Intravenously Administered RDV

A series of in vivo PK studies to determine the feline-specific pharmacokinetics and
metabolism of orally administered MPV, GS-441524, and RDV as well as intravenously
administered RDV were performed in healthy, specific pathogen free (SPF) cats sourced
from the University of California, Davis’ (UC Davis) Feline Nutrition and Pet Care Center.
UC Davis is an AAALAC International accredited institution (#000029), and all experi-
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mental procedures were approved by the University’s Institutional Animal Care and Use
Committee (UC Davis IACUC #22839 and #22483). Powdered MPV and GS-441524 was
sourced from NM Pharmtech, powdered RDV was sourced from MedKoo Biosciences
(Morrisville, NC, USA), and the commercially available intravenous formulation of RDV
(Veklury®, Gilead, Foster City, CA, USA) was utilized for the RDV IV PK study.

Fasted male cats (N = 3 per group) were enrolled per study and were weighed within
24-48 h prior to receiving the study drug to ensure dosing accuracy. Study drugs were
administered at the following doses: 10 mg/kg MPV, 25 mg/kg GS-441524, 25 mg/kg RDV
(oral), and 7 mg/kg RDV (IV). Orally administered MPV was formulated as excipient-less
powder in size 4 gelatin capsules (Spectrum Scientific, Irvine, CA, USA). Orally adminis-
tered GS-441524 and RDV were formulated as tightly packed powders in gelatin capsules
(size 5, XPRS Nutra). Powdered drug was weighed using Fisherbrand weighing paper and
a Metler Toledo AX105 DeltaRange scale, and then transferred with a spatula into capsules.

For intravenously administered RDV, pharmaceutical-grade Veklury® (lyophilized
powder, 100 mg per vial) was reconstituted in 19 mL of sterile water and diluted to
5 mg/mL in 0.9% saline prior to slow bolus administration per manufacturer’s instructions
over five minutes [48,49]. All cats were male and approximately 1.5 years old.

For all PK studies, a physical examination was performed on each cat at study initiation
(timepoint zero). For orally administered MPV, approximately 2.5 mL of whole blood
was obtained from a peripheral vein prior to compound administration (time point 0)
to establish a baseline complete blood count and serum biochemistry analysis panel for
the MPV study. These panels were repeated 48 h post-MPV administration to assess for
acute toxicity. After blood collection, the cat was administered an oral gelatin capsule
containing the study drug and then mildly sedated with dexmedetomidine (10-40 ug/kg),
butorphanol (0.1-0.4 mg/kg), ketamine (1-3 mg/kg), and midazolam (0.1-0.4 mg/kg)
administered subcutaneously. Approximately 0.5-1 mL of whole blood was collected at
each of the following time points: 0.25,0.5, 1, 1.5, 2, 3, 6,9, 12, and 24 h post-administration
of MPV. After the 15-min blood collection, an IV catheter was placed into a cephalic vein,
secured in place, and flushed with heparinized saline. For the MPV study, one cat (20-024)
required a second peripheral blood collection at the 30 min time point due to the IV
catheter not being in place or functional at that time point. For all PK studies, after catheter
placement, a heparin lock of 0.1 mL of a 10,000 USP per mL solution was placed. At this
time, the sedation was reversed with atipamezole intramuscularly (IM) and recovery took
approximately 20 min. Prior to all blood collections, approximately 0.5 mL of blood was
collected and discarded to remove the heparin lock. After each blood sample was collected,
a fresh 0.1 mL heparin lock was placed into the catheter. Blood collection at the 24 h time
point was collected via manual restraint and from the jugular vein.

For orally administered MPV, at each collection time point the blood sample was
incubated for 5 min at room temperature to allow for clotting and then centrifuged at
12,000% g for 10 min to separate the serum fraction from the blood cells. One hundred
microliters of serum were aliquoted into a 1.5 mL microcentrifuge tube containing 300 uL
of acetonitrile to halt compound metabolism by serum esterases and immediately placed
in an insulated container with dry ice for temporary storage and freezing. Samples were
subsequently stored at —80 °C prior to liquid chromatography tandem-mass spectrometry
(LCMSMS) analysis.

(GS-441524 is the main systemically circulating metabolite of RDV [48,50] and was
thus quantified in plasma for both GS-441524 and RDV studies. For orally administered
GS-441524 and RDV, approximately 0.5-1 mL of whole blood was collected at the following
timepoints: 0.5, 1, 3, 6, 8, and 24 h post-dose. The encapsulated study drug was orally
administered at timepoint zero and then each cat immediately sedated with a combination
of ketamine (1-3 mg/kg), butorphanol (0.1-0.4 mg/kg), and midazolam (0.1-0.4 mg/kg)
followed by catheter placement. For intravenously administered RDV, approximately
0.5-1 mL of whole blood was collected at the following timepoints: 0.0833, 0.5, 1, 3, 6, 8, and
24 h post-dose. The cats were immediately sedated, followed by catheter placement, and
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then IV RDV was administered. Whole blood sampled at each time point was centrifuged
at 500x g for 5 min, the plasma transferred to a clean 1.5 MCT tube, and centrifuged a
second time at 1000x ¢ for 5 min. The resulting plasma was stored at —20 °C prior to
LCMSMS analysis.

2.4. LCMSMS Quantitation of Serum MPV Concentrations and Pharmacokinetic Analysis

Analysis of serum MPV and its main metabolite, NHC (EIDD-1931), was performed
by modification of a previously validated and published method for human samples [51].
Briefly, stock solution of MPV (EIDD-2801; NM Pharmtech, 99.0% purity) and NHC (EIDD-
1931; MedChemExpress, Monmouth Junction, NJ, USA, 99.73% purity) were prepared
at 2 mg/mL in methanol and stored at —80 °C. Stock solutions were further diluted in
methanol to produce calibration standards for a low concentration curve at 1, 5, 10, 50,
and 100 ng/mL of MPV and NHC combined and a high concentration curve at 250, 500,
750, 1000, 2500 and 5000 ng/mL of NHC alone. Calibration curves were generated by
fortification of blank feline serum obtained from the clinical pathology laboratory at the UC
Davis Veterinary Teaching Hospital (pooled from 6 individuals). Quality control samples
were generated at 10 and 100 ng/mL (MPV and NHC combined) and at 500 ng and 2500 ng
(NHC only). Calibrator and QC serum samples (100 L) were added to 300 uL acetonitrile
(as was done for samples in the in vivo PK study) and then all calibrators, QCs and
unknown samples were vortex mixed for 5 min followed by centrifugation at 10,000 g for
5 min at 4 °C. After centrifugation, 275 uL of supernatant was removed, transferred to clean
2 mL microcentrifuge tubes, and evaporated to dryness (approximately 1 h) in a SpeedVac
(Eppendorf, Hamburg, Germany). Samples were reconstituted in 100 uL of starting HPLC
mobile phase (98% 1 mM ammonium acetate pH 4.3 and 2% acetonitrile containing 1 mM
ammonium acetate). For analysis, 5 uL was injected into the LC-MS/MS system.

2.5. Mass Spectrometry and Liquid Chromatography Conditions

Negative ion electrospray ionization mass spectra were obtained on a Sciex 6500+
Q-TRAP triple quadrupole mass spectrometer (AB Sciex LLC, Framingham, MA, USA)
with a turbo ionspray source coupled to the Sciex ExcionLC™ UHPLC system with a cooled
(15 °C) autosampler. Chromatographic separation was carried out on a Luna® Phenyl-
hexyl 3.0 um column (50 x 2.0 mm) with a filter frit guard column (both from Phenomenex,
Inc., Torrance, CA, USA). A gradient mobile phase was employed consisting of 1 mM
ammonium acetate pH 4.3 (mobile phase A) and acetonitrile containing 1 mM ammonium
acetate (mobile phase B). Separation was carried out by holding mobile phase B constant
at 2% for 1.2 min, increasing linearly to 90% at 2.2 min, holding at 90% until 3.5 min,
decreasing linearly back to 2% from at 3.75 min and equilibrating at 2% until 5.0 min.
Analytes were identified by monitoring the ion transitions for MPV (m/z 328.1 — 126.0
and 168.1) and for NHC (m/z 257.9 — 125.9 and 107.9). Quantitation was performed by
linear regression of analyte peak areas in unknown samples with calibrator samples using
1/x?* weighting.

2.6. LC-MS/MS Quantification of GS-441524 in Plasma

Plasma levels of GS-441524 were analyzed at Covance, Inc. (Princeton, NJ, USA) on a
fee-for-service basis using a liquid chromatography mass spectrometry (LC-MS/MS) assay
described previously [48]. Briefly, For plasma samples, a 25 uL aliquot was treated with
200 pL of 100% acetonitrile with 20 nM 5-(2-aminopropyl)indole (5-IT; as the internal stan-
dard). Samples were filtered through an Agilent Captiva 96-well 0.2 um filter plate. Filtered
samples were then dried down completely for approximately 30 min and reconstituted
with 250 uLL water. A 10 uL aliquot was then injected for LC-MS/MS analysis. Analytes
were separated on a Phenomenex Synergi Hydro-RP 30A column (150 A~2.0 mM, 4.0 um)
at 25 AaC using a Waters Acquity Ultra Performance LC (Waters Corporation, Milford, MA,
USA), a flow rate of 0.26 mL/min, and a gradient from mobile phase A (Water containing
0.2% formic acid) and 1% mobile phase B (acetonitrile/water, 95:5, containing 0.2% formic
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acid) over 4.5 min. MS/MS analyses used a Waters Xevo TQ-S triple quadrupole mass
spectrometer (Waters Corporation) with a electrospray probe and analytes were detected
in positive ion mode with a multiple reaction monitoring (MRM) method (1m/z 292—163
for GS-441524 and 393 — 261 for 5-IT). Plasma concentrations were determined using an
8-point calibration curve spanning a concentration range of over three orders of magnitude
(6.9 to 3430 nM). Quality control samples were run at the beginning and end of the run to
ensure accuracy and precision within 20%.

2.7. Pharmacokinetic Analysis

Pharmacokinetic parameters for both MPV and NHC were examined following oral
dosing of MPV and were estimated by noncompartmental analysis using the commercially
available software program Phoenix WinNonlin v8.3 (Certara Inc., Princeton, NJ, USA)
and estimation of T/, was made using three to four timepoints. For GS-441524 and
RDV studies, data from all were analyzed using PKSolver 2.0 using non-compartmental
parameters using two elimination timepoints and graphs were generated using GraphPad
Prism 8.

3. Results
3.1. All of the Antiviral Agents Effectively Block the In Vitro Replication of Both Serotype I and 11
FIPV as Monotherapies

A plate-based colorimetric bioassay was used to determine the antiviral ECs( values for
the nucleoside analogs GS-441524, RDV, MPV, NHC, and the protease inhibitors GC376 and
nirmatrelvir against both FIPV I and II. Used as monotherapies, all of the tested compounds
were determined to be potent inhibitors of FIPV I and II replication with ECs values close
to 1 uM or less (Figure 1). GC376 was determined to be the compound with the lowest ECs
(highest antiviral efficacy) for FIPV I (0.01 M) while the NHC had the lowest ECs for FIPV
ITFIPV (0.11 uM). All of the tested antiviral compounds consistently demonstrated lower
ECsp values for FIPV I relative to FIPV II with nirmatrelvir demonstrating the greatest
differential efficacy (nearly 100-fold). Evidence of CPE was not identified in the control
wells (cells only) and marked CPE (clearance of the well monolayer) was identified within
wells with cells and virus only (no antiviral agent).

3.2. Select Antiviral Agents Have a Synergistic Effect When Used in Combination

Individual antiviral combinations were selected based on differing mechanisms of
action (e.g., nucleoside analog paired with a protease inhibitor). NHC (EIDD-1931) was not
utilized in combination antiviral assessment based on a progressive reduction in absorbance
(presumed cytotoxicity) appreciated above 1.5 uM in the monotherapy assessment above
(Figure 1, NHC). EC5) values were as follows: (A) nirmatrelvir alone—1.313 uM, MPV
alone—0.693 uM, nirmatrelvir combined with MPV—0.5640 uM. (B) ECs, values: GC376
alone—0.406 uM, remdesivir alone—0.181 uM, GC376 combined with remdesivir—0.046 uM.
(C) EC5p values: remdesivir alone—6.416 uM, nirmatrelvir alone—2.936 uM, and RDV
combined with nirmatrelvir—1.670 uM (Figure 2, left column).

Similarly, fractional inhibition curves are shifted left for every drug combination eval-
uated except for nirmatrelvir combined with RDV between 1 and 2 uM (Figure 2, middle
column). Further, these curves show that the combination of GC376 and remdesivir reached
almost complete fractional inhibition at the lower range of compound concentration, nir-
matrelvir combined with MPV only reached approximately 50% fractional inhibition, and
nirmatrelvir combined with RDV approached 100% fractional inhibition at approximately
2.5 uM.

Compound synergy was calculated and determined to be present for the following
antiviral combinations: (1) nirmatrelvir with MPV, (2) GC376 with RDV, and (3) nirmatrelvir
with RDV. Synergy was indicated by combination index (CI) values of <1 for the three
antiviral combinations (Figure 2, right column).
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Figure 1. Compound inhibition of serotype I and II FIPV as monotherapies. Half-maximal effective
concentration (ECsp) values for the tested nucleoside analogs and protease inhibitors against either
Black I (serotype I FIPV) or WSU-79-1146 (serotype II FIPV) and corresponding non-linear regression
analyses; all plate absorbance values obtained at 620 nm. For each compound concentration, the
absorbance value is the mean of 6 independent wells and error bars reflect the standard deviation.
Serial dilutions of each compound were performed to determine the ECs.

3.3. Pharmacokinetics of Oral MPV in Cats

An abbreviated method validation was performed to ensure the method adapted from
human plasma was reproducible in feline serum. Blank feline serum did not have a signal
at the retention time for the analytes. The calibration curve (n = 11 non-zero concentrations)
was linear with an r > 0.99 and accuracy of each concentration within 10% of nominal.
The quality control (QC) samples had accuracies within 15% of nominal and precision of
calibrators and QC samples was within 10%. A single freeze-thaw cycle was performed at
50 ng/mL (NHC and MPV) and 1000 ng/mL (NHC) and demonstrated stability of NHC
and MPV (when combined with acetonitrile) in feline serum with calculated concentrations
within 5% or original concentration.
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Figure 2. EC50, fractional inhibition values, and isobologram plots (combination index) representing
the three evaluated compound combinations. Left column visually demonstrating individual non-
linear regression curves overlain with combination nonlinear regression curves for the three listed
combinations. ECsg values: (A) Nirmatrelvir alone—1.313 uM, MPV alone—0.693 uM, nirmatrelvir
combined with MPV—0.5640 uM. (B) GC376 alone—0.406 uM, remdesivir alone—0.181 uM, GC376
combined with remdesivir—0.046 uM. (C) remdesivir alone—6.416 uM, nirmatrelvir alone—2.936
uM, and RDV combined with nirmatrelvir—1.670 pM. The middle column shows fractional inhi-
bition curves demonstrating the increased fractional inhibition for antiviral combinations at the
corresponding drug concentrations. The right column includes isobologram plots that illustrate
CI values generally below 1 for all three antiviral compounds, consistent with compound synergy
(horizontal line). Fraction affected (Fa) shown on x axis.

We found no evidence of MPV-associated acute organ toxicity in any of the cats based
on the pre- and post-treatment complete blood count (CBC) and serum biochemistry panels
(Supplementary Tables S1-S3). However, all three of the MPV-treated cats demonstrated
variable signs of nausea, including hypersalivation and/or vomiting, after oral admin-
istration of MPV (10 mg/kg). Cat 20-024 demonstrated hypersalivation at 1.5 h post
administration, had a small amount of vomitus at 2 h, and maintained hypersalivation
until 3 h post-administration, at which point the cat regained an appetite. Cat 20-025
exhibited lip licking between 1.5- and 2-h post-administration and lacked an appetite until
approximately 6 h post-administration. Cat 20-031 had marked hypersalivation at 1-h
post-administration and regained an appetite at 5.5 h post-administration of MPV.

The MPV prodrug was detected in the serum of all three cats at low levels in the
first 12 h post-administration while the NHC metabolite was detected at much higher
concentrations between 12 to 24 h post-administration. Marked variability in detected
NHC levels was present between individual cats (Figure 3A). For cat 20-024, the peak
detection level for NHC and MPV occurred at the 3-h time point with NHC detected at
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a 10-fold greater level than MPV. For cat 20-031, peak detection levels occur at the 1.5-h
time point, with MPV nearly 100-fold below NHC. The peak detection levels occurred
for cat 20-025 at the 9-h time point with NHC detected nearly 100-fold over MPV. NHC
was more consistently and quantifiably detected over the 24-h time period, aside for cat
20-031, for which NHC was no longer detected (based on limit of detection) after 12 h
post-administration. MPV, however, was not consistently detected at the early time points
nor after the 12-h time point.
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Figure 3. Serum detection of prodrug MPV and the metabolite NHC over a 24-h time period in cats.
(A) Detection of MPV and NHC in the serum (ng/mL) of each individual cat over 24 h. (B) Combined
detection of MPV and NHC in three cats over 24 h.

In aggregate, the data for the three cats (Figure 3B) indicate that peak detection time
points for MPV and NHC occur at approximately 1.5 and 2 h post MPV administration.
MPV was not detected after the 12-h time point, consistent with rapid metabolic conversion
to NHC in vivo.

For orally administered MPV at 10 mg/kg, the PK parameters for the parent drug
(MPV) showed a mean maximal concentration of drug in plasma (Cmax) of 14.237 ng/mL
(0.043 uM; SD = 13.781) and an average exposure [measured as area under the curve
(AUCy.t) where t = last measurable concentration] value of 27.546 h*ng/mL (0.085 uM*h)
(Table 1).
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Table 1. Pharmacokinetic parameters for parent drug (MPV) from noncompartmental analysis
following a 10 mg/kg oral dose of molnupiravir in three cats.

CatID Cunax AUC Vz/F CUF MRT
(ng/mL; uM)  (h*ng/mL) (L/kg) (L/h/kg) (h)
20024 9.3(0.03) 396 11017 209.0 14
20025 3.6 (0.01) 217 1229.4 381.8 8.1
20031 29.8(0.09) 214 3124 449.6 12
Mean  14.2(0.04) 275 881.1 346.8 16
SD 13.8 104 405.5 101.3 34

Cmax: maximum serum concentration; AUC: area under the MPV serum concentration-time curve; Vz (apparent
volume of distribution) and ClI (apparent clearance) are reported as Vz/F and Cl/F as only oral dose data were
collected. MRT: mean residence time.

For orally administered MPV at 10 mg/kg, the PK parameters for the NHC metabolite
demonstrated an average plasma Cpyax of 790 ng/mL (3.05 uM; SD =+ 1006) at a correspond-
ing average time of maximum concentration (Tmax) of 4.3 h with an average AUC value
of 1779.7 h*ng/mL (6.87 uM*h) (Table 2). In all three cats, serum exposure reached levels
greater than the NHC ECs (0.05 uM for Black I, which is equivalent to 12.9 ng/mL) early
in the 24-h time period, and in one cat fell to approximately the level of the EC5, by the
12-h time point.

Table 2. Pharmacokinetic parameters for metabolite (NHC) from noncompartmental analysis follow-
ing a single 10 mg/kg dose of molnupiravir in three cats.

Cat ID Chnax Tmax Ke T2 AUC MRT
(ng/mL; uM) (h) (1/h) (h) (h*ng/mL) (h)

20-024 265 (1.02) 3.0 0.12 6 1709.47 8.33

20-025 154 (0.15) 9.0 0.29 24 950.03 10.51
20-031 1950 (7.52) 1.0 0.26 2.65 2679.57 2.46
Mean 790 (3.05) 43 0.2 3.1 1779.7 7.1
SD 1006 42 0.1 1.2 866.9 42

Ke: terminal elimination rate; Ty/p: half-life. Half-life is reported as the harmonic mean and pseudo
standard deviation.

3.4. Pharmacokinetics of GS-441524 after Administration of GS-441524 or RDV in Cats

No clinical abnormalities were noted in the G5-441524 or IV RDV group. However,
mild ptyalism, nausea, and lethargy were observed in 2 of 3 cats after oral RDV treatment;
these symptoms eventually subsided, and the cats were determined to be clinically normal
by the end of the day (~12 h later).

Across all treatment groups, plasma levels of GS-441524 were high (Figure 4). In
the oral GS-441524 cohort, plasma concentrations reached an average Cpax value of
10,290 ng/mL (35 uM) (Table 3). The time-of-maximum concentration (Tmax) occurred
at 3 h for two of the cats; however, one cat exhibited a Tmax at 8 h, which could be at-
tributed to fractious behavior during dose administration. Drug exposure was AUC.p4
of 89,708 h*ng/mL (308 uM*h) and a 24 h concentration (herein referred to as Cp4) of
approximately 664 + ng/mL (2.3 £ 1.4 uM).

In the oral RDV cohort, GS-441524 exhibited an average plasma Cpax of 2480 ng/mL
(7.9 uM) at a corresponding Tmax of 6 h. The average AUCy.o4 value was found to be
32,038 h*ng/mL (110 uM*h; average Cps = 302 £ 75.7 ng/mL, 1 £ 0.26 uM) (Table 4).
Finally, in the IV RDV cohort, GS-441524 exhibited an average plasma Cpax of 2003 ng/mL
(6.9 uM) at a corresponding Tmax of 0.83 h and an average AUC 24 value of 131,645 h*ng/mL
(45 uM*h; average Cyy = 64 £ 32 ng/mL, 0.22 & 0.11 uM) (Table 5). In general, plasma
exposure to GS-441524 was above the ECs for all treatment groups, with 0.22-2 uM of
GS-441524 remaining 24 h post-treatment. Average percent oral bioavailability (F%) of
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(GS-441524 when either GS-441524 or RDV were orally administered was high, exceeding
that observed for IV administered GS-441524 (Tables 3 and 4) [14].

0.1

GS-441524 uyM

0.014

100000

GS-441524 ng/mL

0.001

4 8 112 1l6 2l0 2I4 0 4 8 12 16 20 24

Time (h) Time (h)
—— GS-441524 (25 mg/kg PO) —4— (GS-441524 (25 mg/kg PO)
—— RDV (25 mg/kg PO) -+ RDV (25 mg/kg PO)
-k- RDV (7 mg/kg IV) -&- RDV (7 mg/kg IV)

Figure 4. Detection of the metabolite, GS-441524, in the plasma of cats administered either oral
(GS-441524 (25 mg/kg, red line), oral RDV (25 mg/kg, solid black line), or intravenous RDV (7 mg/kg,
dashed black line) over 24 h. Data are shown as the mean + SD (N = 3) per drug cohort.

Table 3. Pharmacokinetic parameters for GS-441524 after a single oral dose of GS-441524 (25 mg/kg)

in 3 cats.

Crax Tmax AUC 0/ %

CatID (ng/mL; uM) (h) Ty, (h) (h*ng/mL) F%
20-036 13,300 (45.66) 8 45 132,232 235

20-044 9100 (31.24) 3 8.8 54,756 100

20-046 8470 (29.08) 3 5.6 82,135 145

Mean 10,290 (35.33) 4.7 6.3 89,708 160

SD 2625 (9.01) 2.9 2.2 39,028 69

* Relative to 5 mg/kg IV GS-441524 [14].

Table 4. Pharmacokinetic parameters for GS-441524 after a single oral dose of RDV (25 mg/kg) in 3 cats.

Cmax Tmax T1/2 AUC 0/ %

CatID (/M) (h) (h) (h*ng/mL) F
20003 2100 (7.21) 8 59 31,747 120
20024 2390 (8.21) 8 46 2825 103
20-031 2950 (10.13) 6 6.0 36,116 137
Mean 2480 (8.51) 73 55 32,038 120

SD 432 (1.48) 12 08 4077 17

* Relative to 5 mg/kg IV GS-441524 [14].

Table 5. Pharmacokinetic parameters for GS-441524 after a single IV dose of RDV (7 mg/kg) in 3 cats.

Crnax Tmax T AUC
CatID (ng/mL; uM) (h) (h) (h*ng/mL)
20045 1730 (5.94) 05 53 14271
21001 1960 (6.73) 1 5.7 15,201
21004 2320 (7.97) 1 45 99,312
Mean 2003 (6.89) 0.83 52 131,645
D 297(L0) 0.29 0.6 2854
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4. Discussion

Through a series of in vitro assays, these data demonstrate the feasibility of CACT for
the treatment of FIP in cats based on evidence of synergy in select antiviral combinations
in vitro. We have also provided data on the in vivo pharmacokinetics and metabolism in
cats of MPV administered orally, GS-441524 administered orally, and RDV administered
orally or intravenously. Further, we have documented the in vivo detection of the MPV
active metabolite, NHC, over a 24-h time period.

A selection of antiviral compounds (nucleoside analogs and viral protease inhibitors)
with either previously determined evidence of antiviral efficacy against FIPV serotype II or
promising anecdotal evidence of antiviral efficacy were comparatively evaluated using an
in vitro colorimetric plate bioassay in order to determine efficacy against FIPV serotype I
(Black I) and serotype II (WSU-79-1146) [11,13,14,16]. We found that all of the evaluated
compounds, with the exception of nirmatrelvir, had ECs( values below 1 uM when tested
against FIPV serotype II (WSU-79-1146). For serotype I FIPV, all compounds consistently
demonstrated greater efficacy (lower ECs values) relative to serotype Il FIPV (2- to 84-fold).
The cause of this consistent difference in ECs values between the two viral serotypes was
not definitively determined, however, it may reflect differences in viral growth kinetics and
a differential temporal manifestation of CPE between the two viruses and their respective
permissive cell lines. The ECs values for GC376, GS-441524, MPV, and NHC against WSU-
79-1146 propagated in CRFK cells were comparable to values previously determined in our
laboratory (0.39, 0.61, 0.7 and 0.11 uM, respectively) [16]. A prior study reported an ECs,
for GC376 against FIPV II of 0.9 uM, relatively comparable to the findings reported here
(0.39 uM) [52]. The ECs for GS-441524 against serotype Il FIPV has also been previously
reported to be 0.78 uM [14], similar to the results described here (0.61 uM).

The antiviral compounds were evaluated in vitro at concentrations ranging up to
50 uM. For NHC, there was a notable and progressive decrease in well absorbance values
at concentrations greater than 1.5 uM in FCWF-4 CU cells, consistent with direct compound-
associated cell injury (cytotoxicity). NHC-associated cytotoxicity has been demonstrated
in other cells lines with a 50% cytotoxic concentration (CCsg) of 7.5 uM when used in the
CEM/C1 human cell line [53]. NHC-associated cytotoxicity has also been documented in
CRFK cells using a fluorescence methodology [16]. More in-depth evaluations of potential
NHC cytotoxicity in both in vitro and in vivo experiments are warranted, including evalu-
ation of repeat dosing and long-term monitoring of systemic parameters in cats, such as
CBC and serum biochemistry panels.

Based on the monotherapy results demonstrating a predictable and consistently lower
ECs) for antivirals against the Black I tissue culture strain relative to WSU-79-1146, we
performed select combination experiments in vitro against WSU-79-1146 (CACT). The three
evaluated combinations were (1) nirmatrelvir combined with MPV, (2) GC376 combined
with RDV, and (3) RDV combined with nirmatrelvir. All three antiviral combinations
demonstrated a nonlinear regression curve shift to the left indicating increased efficacy
when the antivirals were used in combination. Consistent with the improved ECs values
for antiviral combinations, there was a similar left shift in fractional inhibition (the fraction
of cells protected from death appreciated via absorbance). Interestingly, the combination of
nirmaltrelvir and MPV only reached approximately 50% fractional inhibition, suggesting
that this combination may be less attractive with regards to overall antiviral efficacy. GC376
combined with RDV was the most effective combination when considering fractional
inhibition, as this combination approached 100% fractional inhibition at the lowest range
of compound concentrations utilized. Combination index (CI) values were also plotted in
order to identify evidence of compound synergy at different fractions affected (indicating
the fraction of cells inhibited after drug exposure). The CI values were <1 at almost all data
points, consistent with compound synergy. Antiviral synergy suggests that CACT may
offer an alternative approach to the use of monotherapies for the treatment of FIP. Further
investigations are needed to define if CACT may result in increased cure rates for FIP,
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particularly for those cats with neurologic or ocular involvement or those cats experiencing
therapeutic relapse.

The GS-441524 dose was selected based on earlier findings that once-daily oral admin-
istration at 25 mg/kg yielded curative efficacy in cats with FIP (personal communication,
unpublished), although dosages in the literature and in practice vary [9]. Oral RDV dosage
was selected based on a combination of peer-reviewed publications documenting differ-
ences in pharmacokinetics and oral bioavailability between RDV and GS-441524 in mice
as well as non-peer reviewed recommendations put forth by veterinarians in Australia
who have been successfully treating cats with FIP [32,54]. Although the molecular weight
(MW) of RDV is approximately twice that of GS-441524, bioavailability differences between
the two compounds negate these differences in MW and require relatively higher doses of
RDV [54]. This is supported by comparing pharmacokinetics data of GS-441524 and RDV
in vitro and after oral administration in mice [54]. The IV RDV dose corresponds to the
allometrically scaled 200 mg first dose used for treating COVID-19 human patients [55].

Although we found no evidence of acute toxicity in the MPV-treated cats based on
complete blood count and blood chemistry assessments, all three cats had clinical signs
consistent with nausea for several hours post administration. This suggests an association
between administration of MPV and nausea in cats. However, all cats were sedated after
administration of the drug in order to place an indwelling IV catheter for subsequent blood
collections so nausea secondary to sedation cannot be completely ruled out. The cats were
also fasted prior to receiving MPV, which might play a role in the development of nausea.
In a first-in-human study with MPV, a food effect on the rate of absorption was observed;
however, the therapeutic exposures under fasted and fed states were comparable [56]. Due
to the emergence of these treatment-related events, a higher oral dose of RDV equimolar to
25 mg/kg GS-441524 was not investigated.

Similar to what has been identified in humans, we found that MPV is rapidly metabo-
lized in feline plasma to the active metabolite, NHC [56]. We detected the NHC metabolite
at early timepoints and at markedly higher levels than the administered prodrug, MPV.
In all three cats, we established that serum exposure rapidly reached levels greater than
the NHC ECs, and in one cat fell to approximately the level of the ECsy by the 12-h time
point. We also found marked interindividual variability in MPV metabolism. A definitive
cause for the metabolic variability between individual cats is presently undetermined
but possible causes could include minor variability in the timing between centrifugation
of individual whole blood samples between cats and the timing of the transfer of feline
serum into acetonitrile. Variation in genetic polymorphisms related to metabolic pathways,
such as the cytochrome P450 system, might also play a role in this variability [57,58]. One
study focused on the administration of clopidogrel in cats found that high interindividual
variability was associated with sex and cytochrome P450 2C genetic polymorphisms [59].
With a determined NHC half-life of approximately 3 h, we predict that twice daily dosing
should not lead to accumulation of drug within the plasma.

The PK data demonstrate that GS-441524 and RDV have sufficient oral bioavailability
and that this route of administration can yield therapeutic plasma levels of GS-441524
for treatment of FIP. Peak plasmatic concentrations of GS-441524 were > 30 uM after oral
administration of GS-441524 at 25 mg/kg with no treatment-related adverse events; this is
approximately 3-fold higher than the C,ox when GS-441524 is subcutaneously administered
at the 5 mg/kg (~10 uM). Multiple clinical studies have used ~5 mg/kg as the therapeutic
dose, although higher doses are now commonly used with an approximate range of
2-16 mg/kg [9,13,14]. A significant clinical advantage for oral administration of GS-441524
is the elimination of injection site reactions associated with the pH 1.5 solution required
for solvating the compound. This suggests that oral GS-441524 may be more amenable
for long-term treatment of neurological or ocular FIP [13,40]. The data indicate that oral
administration of RDV for systemic delivery of GS-441524 is feasible. When cats were
administered 25 mg/kg RDV orally, plasma Cyy,x values of GS-441524 were approximately
10 uM, which is similar to that observed with 5 mg/kg subcutaneously administered
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GS5-441524. Further investigation into the nausea and ptyalism observed in 2 of 3 cats in
the oral RDV group is warranted and loading/maintenance dose modification similar to
that used for RDV in humans should be explored to circumvent these treatment-related
events [55].

While some of the studied antivirals have prior demonstrated success in the treatment
of FIP in vivo [9,11,13,14] or hold promise based on in vitro data [14,16], the differing
forms of FIP and clinical presentations indicate that a “one-size-fits-all” monotherapy
approach to treatment may be overly simplistic. Determination of optimal combination
therapies and consideration of a compound’s ability to penetrate into certain viral anatomic
niches (e.g., CNS and/ or ocular compartments) should be determined in order to optimize
therapeutic approaches to cats that experience therapeutic relapse. Although multiple
non-peer reviewed clinical strategies for treating FIP are readily available, there are limited
rigorously designed clinical trials focused on the treatment of cats with naturally occurring
FIP in the peer-reviewed literature. Further, there are little to no PK data for many of
these antiviral agents and essentially no information regarding the penetration of various
compounds into feline tissues. Such pharmacologic information serves as a critical and
rational foundation for designing clinical trials aimed at treating cats with refractory FIP.

Additional in vivo pharmacokinetic studies (CACT assessment), assessment of com-
pound penetration into tissues and rigorously designed and peer reviewed clinical trials
focused on both monotherapies and CACT are needed to further optimize and individual-
ize the successful treatment of this historically fatal disease in cats, now demonstrated to
be amenable to a variety of antiviral therapies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14112429 /51, Table S1: Baseline and 48 h post-MPV complete
blood count and biochemistry panel for 20-024; Table S2: Baseline and 48 h post-MPV complete blood
count and biochemistry panel for 20-025; Table S3: Baseline and 48 h post-MPV complete blood count
and biochemistry panel for 20-031.
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ABSTRACT

Chronic renal disease (CRD) is a common disease of aged cats, often associated with
clinically significant nonregenerative anemia as a result of reduced renal production of
erythropoietin (EPO). Multiple medical approaches have been attempted to manage feline CRD-
associated anemia including periodic blood transfusions, parenteral treatment with recombinant
EPO, and a variety of gene therapy strategies. We designed a series of third-generation
lentivirus-based vectors to encode and produce the feline EPO (feEPO) gene product in tissue
culture cells in vitro and in rodent models in vivo. These vectors incorporated a genetic

mechanism to facilitate the pharmacologic termination of the therapeutic effect in the event of
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supraphysiologic polycythemia, the herpes simplex virus thymidine kinase (HSV-TK) “suicide
gene”. We hypothesized that feline cells transduced in vitro by a lentiviral vector encoding
native feline erythropoietin would express feEPO mRNA and biologically active feEPO protein
and that this expression could be terminated by the administration of ganciclovir (GCV, the
nontoxic substrate of HSV-TK). The in vitro assays facilitated optimization of the vector for in
vivo studies in mice and rats in which we demonstrated a progressive, lentiviral dose-dependent
significant elevation of blood packed cell volume (PCV) in treated animals. Despite in vitro
evidence supporting functional efficacy of the suicide gene, administration of GCV in vivo did

not abrogate the elevated PCV effect of the lentiviral vector.

INTRODUCTION

Gene therapy involves the transfer of genetic material for a broad range of therapeutic
applications including cancer, tissue regeneration and functional gene replacement[1-4].
Although more limited in its use in veterinary medicine relative to human medicine, it continues
to gain attention in veterinary medicine, with a recent review identifying particular areas of gene
therapy applications, including cardiovascular disease, ocular disease, neoplasia, skin disease,
and blood/hematopoietic disorders, such as anemia secondary to chronic renal disease, among
others[5]. Chronic renal disease (CRD) is a common, progressive disease reported in up to 50%
of aged domestic cats[6]. Although the pathogenesis is not completely understood, the causes of
CRD are numerous, inter-related, and complex with disease development thought to be an
outcome of a combination of genetic, environmental, and individual animal factors[7-11]. Cats
presenting with chronic CRD are typically older animals with clinical evidence of weight loss,

altered kidney size and shape, dehydration, polyuria, and polydipsia. Abnormalities in serum
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chemistry panels and urinalyses typically include azotemia, hyperphosphatemia, and
unconcentrated urine in the face of dehydration (isosthenuria)[12]. Grossly, affected kidneys are
typically small and have an irregular to spherical shape with surface pitting. Histologically, CRD
lesions are generally restricted to the tubulointerstitial compartment with variable secondary
involvement of glomeruli[ 13]. Microscopic lesions often include an interstitial mononuclear cell
infiltrate, tubular degeneration, tubular loss, and interstitial fibrosis with a loss of renal
parenchyma[13].

With progression of CRD, approximately 30-65% of affected cats will develop a
clinically significant nonregenerative anemia[14, 15]. Anemia secondary to CRD is a result of
decreased production of kidney-associated erythropoietin (EPO), the principal hormonal
regulator of erythropoiesis. Spliced feline EPO mRNA is 579 nucleotides long (GenBank
accession #JQ413414.1) and encodes a 192 amino acid protein (30-40 kD, GenBank accession
#AFN85670.1) produced by peritubular fibroblast-like cells in the kidney[16-19]. CRD-
associated reduction in EPO production results in a loss of bone marrow erythroid progenitor
cells and nonregenerative anemia characterized by decreased reticulocyte production and
decreased packed cell volume (PCV) of circulating red blood cells [20, 21].

Therapeutic approaches to CRD-associated nonregenerative anemia include whole blood
transfusions, parenteral administration of exogenous recombinant EPO (replacement therapy),
and a variety of gene therapy strategies utilizing either non-viral (plasmid) or viral vectors
encoding the EPO transgene. Cats have been successfully treated parenterally with human
erythropoietin (EPOGEN, epoetin alfa, Amgen) and longer-acting darbepoetin (Aranesp,
darbepoetin alpha, Amgen)[22, 23]. However, this approach often requires repeated injections

and the therapeutic response can become attenuated over time, possibly as a result of antibody
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production directed against the human EPO transprotein[22, 23]. Approximately 25-30% of cats
treated with EPOGEN develop pure red cell aplasia (PRCA), a severe adverse event in which
neutralizing antibodies produced against the human EPO transprotein cross-react and neutralize
endogenous feline EPO resulting in a severe and progressive anemia[22]. A recombinant feline-
specific EPO protein product was developed[24] in an attempt to avoid the immunologic
complications associated with administration of the human specific transprotein. Investigators
found that administration of this exogenous feline specific EPO reestablished erythropoiesis in
most cats with CRD, although the risk of PRCA was not eliminated[24].

The use of viral vectors offers improved efficiency of gene delivery (transduction) and
can be engineered to target specific cell types. Disadvantages of viral vectors include a more
complex production process, potential limitations in packaging capacity, and certain
immunologic obstacles[3, 25, 26]. Several published studies have explored the use of adeno-
associated viral vectors as a method to deliver and produce native feline EPO in cats. In one
study involving six clinically normal cats, administration of a recombinant adeno-associated viral
(rAAV) vector encoding the feline EPO gene resulted in a dose-responsive and statistically
significant increase in mean PCV from 31.2% to 59.5% approximately 6-8 weeks post-treatment
[27]. A separate study involving a different rAAV vector also reported an increase in the PCV of
the treated cats, however, several adverse events occurred including the development of PRCA
in one cat and persistent erythrocytosis in a second animal that failed to respond to surgical
excision of the injection site[28]. These rAAYV studies lacked a predictable therapeutic response
and method of reliably terminating the effect of the feEPO transgene. Importantly, the reported
sequence of the feline EPO transgene utilized in both of these studies had a single nucleotide

misincorporation resulting in an amino acid substitution at the 44™ codon of the feline EPO gene
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(glycine for glutamic acid)[29]. Whether this amino acid misincorporation had any effect in the
study outcome is unknown.

To the authors’ knowledge, there are no peer-reviewed studies focused on the parenteral
administration of plasmid DNA encoding the feline EPO gene as a therapeutic approach to CRD-
associated anemia. Plasmid vectors encoding feline EPO are attractive in that the method is
relatively inexpensive and plasmids can be designed to encode large amounts of genetic material.
However, the efficiency of gene transfer with plasmid-based therapies can be poor[25].

Optimal gene therapy approaches for cats with CRD-associated anemia should induce a
persistent and physiologically appropriate effect, eliminating the need for frequent therapeutic
injections to maintain normal PCV. The inclusion of additional safety mechanisms within the
viral vector, so-called suicide genes, facilitate the pharmacologically mediated and selective
elimination of the vector-transduced cells. In the event of an adverse supraphysiologic response
(excessively elevated PCV), the suicide gene product (Herpes simplex virus thymidine kinase,
HSV-TK) phosphorylates the non-toxic prodrug ganciclovir (GCV) into the cytotoxic metabolite
GCV triphosphate. GCV triphosphate is subsequently incorporated into host cell genomic DNA
during cell replication, thereby inhibiting DNA synthesis and resulting in apoptosis of the
transduced cell[30]. Therefore, in the event of supraphysiologic polycythemia, the administration
of GCV results in targeted cell death of the transduced cells [31, 32].

Third generation lentiviral vectors are capable of efficiently packaging a relatively large
transgene (approximately 9 kb), permanently integrate into the host cell genome, can transduce
both dividing and non-dividing cells, can be pseudotyped to selectively transduce specific cell
types and have not been reported to be associated with insertional mutagenic events[33-35].

Permanent integration of the vector into the host genome is beneficial in that the introduced
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(transduced) transgene functions like host cell genetic material and is passed on to daughter cells
during subsequent cell divisions. As a result, the incorporation of the transgene into the host
genome should facilitate a persistent therapeutic effect.

We have previously reported on the efficacy of a lentiviral vector system encoding native
feline EPO using in vitro assays[29]. In this previous work, feline peripheral blood mononuclear
cells, human 293H cells, and feline CRFK cells were transduced with a lentiviral vector
encoding the native feline EPO cDNA; transcription of feline EPO mRNA and production of
bioactive feline EPO protein were confirmed using multiple techniques[29]. Here we describe
the further optimization of the vector construct, including promoter selection and the
incorporation of a tandemly expressed HSV-TK gene as a safety mechanism for terminating the
effect. We document the efficacy and safety of the lentiviral gene therapy strategy in a variety of
cell types in vitro. These in vitro studies were followed by a series of in vivo experiments in
multiple rodent models, including normal rats and genetically modified EPO-deficient anemic

mice.

METHODS and MATERIALS
Design and packaging of lentiviral vectors

Feline EPO (feEPO) mRNA was previously PCR-amplified from feline renal tissue-
derived RNA and the resulting reverse transcribed cDNA was incorporated into an initial
lentiviral vector system, referred to here as Vector A [29]. The feEPO gene (cDNA) was
subsequently utilized in the design and construction of three third-generation, replication-
defective lentiviral vectors, Vectors B, C and D. A UC Davis Biological Use Authorization

(BUA; #895) was approved for the use of lentiviral vectors A, B, C, and D.

81



The plasmid encoded feEPO ¢cDNA was confirmed by sequencing (GenBank JQ413414).
The construct design was similar for Vector B, C and D but varied in the promoter regulating
feEPO transgene expression (Fig 1). All of the lentiviral vectors feature a HIV-derived and gene-
deleted backbone with one of three internal promoters regulating expression of feEPO: the
constitutively active human cytomegalovirus immediate-early enhancer and promoter (CMV,
Vector B), a hypoxia-inducible promoter (9X- hypoxia response element (HRE)-SV40 mini,
Vector C), or the early promoter of simian virus 40 (SV40, Vector D).

The CMV promotor is a commonly used element for the production of high levels of
recombinant protein[36, 37]. The CMV promoter is a powerful, constitutively active promoter;
however, a potential disadvantage is that it is prone to transcriptional silencing over time after
transduction (attenuation of promoter effect), suspected to be a result of promoter
methylation[36, 38-40]. Given that reduced oxygenation and delivery of blood to the kidney is a
key signal in the induction of renal erythropoietin production, the hypoxia-inducible promoter
(9X-HRE-SV40 mini) is a rational and physiologically relevant synthetic promoter [41, 42].
Hypothetically, this promoter should function as an oxygen-regulated promoter for the
physiologically appropriate production of erythropoietin in vivo- once sufficient EPO production
occurs and anemia resolves, promoter function should cease. The SV40 promoter (Vector D) was
selected as a constitutively active promoter with moderately attenuated function relative to the
CMV promoter[43].

All three of the promoters were situated directly 5’ to the cloned feEPO gene (cDNA)
which was linked through an internal ribosome entry site (IRES) to the herpes simplex virus
thymidine kinase gene (suicide gene) [44]. A Control Vector was also designed based on the

HIV-derived backbone and featured the EF1A promoter regulating expression of the reporter

82



gene mCherry (Figure 1). The Control Vector also featured a second internal promoter (CMV)
regulating expression of the enhanced green fluorescent protein (EGFP) and an antibiotic
resistance gene (puromycin-N-acetyltransferase gene, Puro) linked to EGFP through an
autocleaving 2A site[45]. The plasmid constructs for each vector were assembled by
VectorBuilder (VectorBuilder.com) and confirmed by sequencing.

Plasmid constructs were packaged into pseudotyped (VSV-G), single-cycle infectious
lentiviral particles using a set of packaging plasmids (Invitrogen) transfected into human 293FT
cells as described previously[29] and were utilized for all of the Vector B and C in vitro studies.
For Vector D in vitro and in vivo rodent experiments, infectious lentiviral vectors were packaged
and titered by VectorBuilder as transducing units per mL (TU/mL). Ultra-purified lentiviral

vectors were shipped frozen from VectorBuilder on dry ice to Davis, California in HBSS buffer.

Vector B —1 CMV> feEPO }E{ HSV TK }—
Vector C  —|9X HR> feEPO E=HSV TK —
Vector D —m feEPO =l HSV TK —
— \ —
blasticidin

Control Vector EF1A m

Figure 1. Vector construct schematics. Vector B, C, and D with different promoter sequences

regulating transcription of the feline EPO and HSV TK genes.

RNA isolation and RT-PCR assays
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For in vitro experiments using Vector B and C, RNA was isolated using TRIzol reagent
(Invitrogen) and further processed with the RNeasy Kit (Qiagen). RNA was DNase treated
(TURBO DNase, Ambion) and reverse transcribed to complimentary DNA (cDNA) using the
First Strand cDNA Synthesis System (Origene) following the manufacturers’ protocols. Standard
RT-PCR was performed to determine the presence of feline EPO mRNA using the primers EPO
short forward 5°’- AAC CTC TGC TGC TCC ACT CC and EPO reverse 5’- CCT GTC TCC
TCT TCG GCA GGC and Invitrogen’s recombinant 7ag DNA polymerase following the
manufacturer’s protocol for a 50 pL reaction. Expected amplicon size is 130 bp. Cycling
conditions as follows; 95°C for 2 min followed by 40 cycles of 95°C for 15 s, 56°C for 30 s,
72°C for 30 s, and a final extension step of 72°C for 5 min. PCR amplicons were
electrophoresed on 1% agarose gels, stained with ethidium bromide and digitally imaged.

For experiments utilizing Vector D, total cell-associated RNA was isolated with the
PureLink RNA mini kit (Thermo Fisher Scientific), DNase treated, and reverse transcribed as
described above. Quantitative reverse transcription PCR (RT-qPCR) was utilized to determine
copy number for feline EPO and feline glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
using Applied Biosystems’ QuantStudio 3 Real-Time PCR System and PowerUp SYBR Green
Master Mix, following the manufacturer’s protocol for a 10 pL reaction. The primers utilized for
amplifying the feline EPO gene were EPO forward 5’- AAC CTC TGC TGC TCC ACT CC,
EPO reverse ‘5- TCA CCT GTC TCC TCT TCG GCA G (amplicon size of 130 bp). RT-qPCR
was performed concurrently for amplifying the feline housekeeping gene GAPDH using the
following primers: GAPDH forward 5’- AAA TTC CAC GGC ACA GTC AAG, and GAPDH
reverse 5’- TGA TGG GCT TTC CAT TGA TGA primers (amplicon size of 61 bp) [46].

Cycling conditions for both feline EPO and feline GAPDH amplicons were 50°C for 2 min,

84



95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 58°C for 30s and 72°C for 1 min. The
final step for both reactions included a dissociation curve to evaluate specificity of primer
binding. All PCR reactions were performed in triplicate alongside a water template negative
control, a reaction lacking reverse transcriptase (RT-) and a positive control reaction using feline
EPO and feline GAPDH plasmid DNA. The resulting feline EPO copy number was normalized
to 10° copies of feline GAPDH as described previously [46].

A set of three primers was utilized for genotyping the EPO-deficient anemic mice,
facilitating the differentiation of wildtype, heterozygous and homozygous EPO disrupted
animals. The 3 genotyping primers were used in a set of two real time PCR reactions and each
reaction included a water template as a negative control and positive controls (DNA controls
from previously genotyped wildtype, heterozygous, and homozygous EPO disrupted mice).
Wildtype murine EPO primers included mEPO forward — 5°-CGC ACA CAC AGC TTC ACC C
and mEPO reverse — 5’-CTG TAG GGC CAG ATC ACC. The primers for the EPO disrupted
gene included the mEPO forward primer paired with the SV40T reverse primer — 5’-GCC TAG
GCC TCC AAA AAA GC. The wildtype PCR cycling conditions were as follows: 50°C for 2
min, 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 56°C for 15 s, 72°C for 15 s. The
EPO disrupted PCR cycling conditions were as follows: 50°C for 2 min, 95°C for 2 min,
followed by 40 cycles of 95°C for 15 5,63°C for 15 s, 72°C for 15 s. The final step for both
reactions included a dissociation curve to evaluate specificity of primer binding. Expected
amplicon sizes for mice with the wildtype EPO amplicon were 228 bp and 200 bp for mice with
the EPO disrupted genotype (SV40-mutant amplicon). Heterozygous mice possessing both a
wildtype murine EPO allele and an EPO disrupted allele were expected to exhibit both

amplicons.
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Detection of feEPO protein using western blot assays

A series of western blot (WB) assays were performed to identify the presence of feEPO
protein in tissue culture cells and/or culture supernatants. For each WB, controls included 5 pL
(10 U) of human recombinant EPO protein (Epoeitin alpha, EPOGEN, positive control) and
lysates from non-transfected/non-transduced cells (negative control).

Either cell lysates, culture supernatants or both were collected for WB analyses. Cultured
cells were detached from the plate with 0.25% Trypsin-EDTA (Gibco), washed with phosphate-
buffered saline (PBS; Gibco), centrifuged at 500 g for 5 min and resuspended in lysis buffer
(150mM NacCl, 50 mM Tris base, 1% NP-40, 0.25% deoxycolic acid, 0.1% SDS, pH 7.4) and
protease inhibitor complex (PIC; Thermo Scientific). Cell lysate samples were then incubated on
ice for 30 min, centrifuged at 16,000g for 10 min, and the cleared extract transferred to a new
tube. Culture supernatants were centrifuged at 500g for 5 min, transferred to a clean tube, and
centrifuged at 3000g for 5 min before storage in -20°C prior to WB analysis.

In preparation for electrophoresis, 13 pL of extracted protein or processed supernatant
was mixed with 5 pL. of 4X LDS Sample Buffer RunBlue (Abcam) and 2uL of 10X DTT
Reducer RunBlue (Abcam). Lysate samples were incubated for 10 min at 70°C. The molecular
weight marker, cell lysates, culture supernatant samples, positive and negative control samples
were electrophoresed on a 4-20% SurePAGE, Bis-Tris polyacrylamide gel (GenScript) at 150 V
for 50 min using a PowerPack 200 Universal Power Supply (BioRad) and then transferred to a
PVDF membrane (BioRad) using a Mini-PROTEAN Tetra electrophoresis system (BioRad) at
5°C for 12 hours at 50 V with constant stirring. The PVDF membrane was washed three times

with tris-buffered saline 0.1% tween-20 (TBS-T) and placed in blocking buffer consisting of
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TBS-T 5% non-fat dry milk for 1 hour at room temperature. The PVDF membrane was washed
three times with TBS-T before incubation with rabbit anti-human erythropoietin antibody (Bio
Rad) at a dilution of 1:1000, rocking overnight at 5°C. The membrane was subsequently washed
three times with 10mL of TBS-T prior to incubation with a goat anti-rabbit [gG-HRP
Immunopure antibody (Thermo Fisher Scientific) at a dilution of 1:10,000 for one hour at room
temperature. Antibodies were diluted in TBS-T with 5% bovine serum albumin.

For experiments utilizing Vectors B and C, protein-antibody interactions were treated
with Pierce SuperSignal WestPico Chemiluminescent Substrate (Perbio Science) enhanced
chemiluminescence reagent and visualized via autoradiograph using Kodak BioMax MS Film
and developed using a medical film processor (Konika Minolta Medical & Graphic). For
experiments utilizing Vector D, the blots were treated with Prometheus ProSignal Femto
Chemiluminescent HRP substrate (Genesee Scientific) and imaged with a Protein Simple

FluorChem E System.

MTT assay

An MTT cell-proliferation bioassay was utilized to evaluate the bioactivity of the feline
EPO transprotein in culture supernatants derived from transduced feline PBMCs. In this assay,
proliferation of the human TF-1 erythroblastic leukemia cell line (ATCC) is induced by the
presence of EPO protein and proliferation is detected by absorbance (optical density) using a
plate reader. The assay was performed according to a previously published protocol[29].
Untreated cells served as a negative control. Supernatants derived from control (untransfected)

and Vector B transduced cells (MOI of 5) were collected on days 4, 6, and 12. The MTT assays
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were performed in triplicate for each sample and the optical density of the wells was determined

at 595 nm using a Thermomax microplate reader (Molecular Devices).

Statistics

For the MTT assay, Student’s t-tests were performed for each sample time point
comparing the control and transduced samples. For the in vivo studies where there were more
than two treatment groups involved, a one-way ANOVA was performed for each dataset
(timepoint) in order to identify significant differences between the three treatment groups
followed by Tukey’s multiple comparisons test. When only two experimental groups were
present, a Student’s t-test was performed for each dataset timepoint. Significance was defined as

p <0.05.

In vitro Vector B experiments

A series of in vitro experiments were performed in human and feline cells to assess
feEPO mRNA and bioactive protein production in cells treated with Vector B. In an initial
plasmid DNA transfection experiment, human embryonal kidney (HEK) 293FT cells (Thermo
Fisher Scientific) were cultured in 10 cm diameter culture dishes (Corning) in complete
Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% fetal bovine
serum (FBS; Gemini Bio) and 1x penicillin/streptomycin (P/S; Gibco) to approximately 90%
confluency in 37°C and 5% COs,. Sixty puL of Lipofectamine 2000 (Thermo Fisher Scientific)
was combined with 1.5 mL of DMEM and incubated at room temperature for 5 minutes.
Twenty-four ng of Vector B plasmid DNA was added to the DMEM/Lipofectamine 2000

reagent and incubated at room temperature for 20 minutes. The mixture was then added to the
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293FT cells and incubated for 24 hours in 37°C and 5% CO». Untreated 293FT cells served as
negative control samples. The culture media was then replaced with complete DMEM and
incubated for an additional 24 hours. Media was centrifuged at 500g for 5 min, transferred to a
new tube, and centrifuged at 3000 g for 5 min before storage in -20°C prior to WB analysis. The
remaining adherent 293FT cells were detached with trypsin-EDTA (Gibco), washed with 8 mL
of PBS (Gibco), and centrifuged at 500g for 5 min, washed in 10 mL PBS and enumerated using
a hemacytometer. Thirty million cells were processed for evaluation of feEPO protein expression
using WB analysis as described previously.

In a subsequent transduction experiment with human 293H cells (Gibco), cells were
plated at 2 x 10° cells per well in a 6-well tissue culture plate (Corning) in complete DMEM.
Cells were transduced with Vector B lentivirus at either 0.1 MOI, 0.01 MOI, or 0 MOI (negative
control). Transduced cells were incubated for 72 hours in 37°C 5% CO; at which point
supernatant and cell lysates were harvested for WB analyses as described previously.

Freshly isolated feline peripheral blood mononuclear cells (fePBMC) were transduced
with Vector B and assessed for feEPO mRNA production (RT-qPCR), protein production (WB)
and bioactivity of the feEPO transprotein (MTT assay). Briefly, feline specific pathogen-free
(SPF) PBMC were isolated by density centrifugation using Hystopaque-1077 (Sigma-
Aldrich)[47]. Four x 10° PBMC were added to a 25 cm? tissue culture flask (Corning) with
complete peripheral blood leukocyte (PBL) media consisting of Roswell Park Memorial Institute
(RPMI) 1640 Medium (Gibco) with 10% fetal bovine serum (FBS, Gemini Bio), 1x
Penicillin/Streptomycin (Gibco), 1% L-Glutamine (Gibco), 1% HEPES (Gibco), 100 U/mL
recombinant human IL-2 (Hoffman-La Roche), 0.05 mM 2-Mercaptoethanol (MP Biomedicals).

FePBMC were transduced (infected) with Vector B lentivirus at an MOI of 5. Non-transduced
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fePBMC cultured under the same conditions served as a negative control. Samples of culture
supernatant were collected on days 4, 6, and 12 after transduction. After the final collection of
supernatants on day 12, the remaining culture cells were detached with 0.25% Trypsin-EDTA
(Gibco), washed in PBS (Gibco) and enumerated using a hemacytometer. Two million cells were
used for RNA processing and subsequent RT-qPCR analysis for the detection of feEPO mRNA
as described while the remaining cells were lysed and processed for WB analysis as described.
Negative controls were non-transduced cells and recombinant human EPO protein (Epoietin

alpha, EPOGEN) was used as a positive control.

In vitro Vector C experiments

A series of in vitro experiments were performed in human and feline cells to assess the
hypoxia-associated regulation of feEPO expression in Vector C. Human 293T cells (ATCC)
were grown to confluency in four 25 ¢cm? tissue culture flasks. In two of the flasks,
Lipofectamine 2000 (Thermo Fisher Scientific) was used to transfect 8 pug of Vector C plasmid
DNA following the manufacturer’s protocol. The transfected culture flasks were incubated
overnight at 37°C and then expanded into 75 cm? culture flasks. One non-transfected control
flask and one Vector C-transfected flask were incubated in normoxic conditions (37°C, ~21%
02, 5% CO»), while the other non-transfected control and Vector C transfected flask were
incubated in a hypoxia chamber (Stemcell Technologies) for 72 hours (37°C, 1% Oz, 5% CO»).
Culture supernatants were then collected, and cells were processed for WB and RT-qPCR
analyses, as described.

In a subsequent transduction experiment using feline cells, 4.0 x 10° fePBMCs were

cultured in four T-25 tissue culture flasks with complete PBL media and 5 ug/mL concanavalin
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A (ConA) (Sigma-Aldrich) under previously described normoxic and hypoxic conditions for 48
hours. One normoxic and one hypoxic flask were transduced with 2.0 x 107 viral particles each
(Vector C, MOI 5). The remaining two flasks served as controls. One set of infected and control
flasks were incubated under normoxic conditions while the other set was incubated under
hypoxic conditions, as described above. Cell culture supernatants were harvested 24- and 72-
hours post-transduction via centrifugation at 500 g for 5 min and the culture media was replaced
with fresh media. On day 12 post-transduction, both cells and supernatants were harvested. Two
million cells were used for DNA and RNA extraction using QIAGEN’s AllPrep DNA/RNA Kit
and 3 x 10° cells were processed for protein extraction (WB analysis). Isolated total cellular
RNA was used for RT-qPCR analysis of feEPO mRNA production as well as GAPDH

expression, as described previously.

In vitro Vector D experiments

An in vitro experiment was performed to evaluate the Vector D SV40 promoter-regulated
expression of feEPO and to assess functionality of the HSV-TK suicide gene system. Crandell-
Rees Feline Kidney (CRFK) cells were cultured in DMEM/10%FBS in 12-well tissue culture
plates (Corning) at a concentration of 4.5 x 10° cells per well and incubated at 37°C and 5%
COz. Experimental groups included i) non-transduced CRFK control cells, ii) CRFK cells
transduced with the Control Vector lentivirus (MOI of 10), iii) CRFK cells transduced with
Vector D lentivirus (MOI of 10), and iv) CRFK cells transduced with Vector D lentivirus (MOI
of 10) and subsequently treated with ganciclovir (GCV, ThermoFisher) at a concentration of 25
uM, 24 hours post-transduction for 3 consecutive days. The concentration of GCV utilized was

based on the determination of cytotoxicity for GCV used alone with CRFK cells, which was not
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observed at 25 uM (50% cytotoxicity concentration [CCso] determined to be 52.3 uM). All
experimental conditions were carried out in triplicate wells. Cells were transduced 24 hours after
plating the CRFK cells by aspirating off the culture media and replacing with the appropriate
amount of Vector D or Control Vector lentivirus diluted in 2 mL fresh media.

An inverted fluorescent microscope (Life technologies, EVOS digital inverted
microscope and cell imaging system) was used to visualize cell morphology at 24-, 48-, 72-, and
96-hour post-transduction using bright-field illumination. Visual assessment was performed to
assess cytotoxicity in the wells treated with GCV. For wells transduced with the Control Vector,
GFP and mCherry fluorescence was used to confirm lentiviral transduction of CRFK cells
qualitatively.

At each timepoint (24-, 48-, 72-, and 96-hours post-transduction), supernatants were
aspirated from the wells and centrifuged at 500g for 5 min, transferred to a new tube, and
centrifuged at 3000g for 5 min before storage in -20°C prior to determination of feEPO protein
production via WB analyses as previously described. All of WB analyses utilized the same
volume culture supernatant from wells seeded with a constant cell density. After processing the
supernatant, cell-associated RNA was collected from the cells in the same wells, as described
previously using PureLink (Invitrogen) RNA Mini Kit and following the manufacturer’s
instructions. Isolated RNA was stored at -80°C until utilized for feEPO and GAPDH RT-qPCR

reactions, as described above.

In vivo rodent experiments

In order to demonstrate the in vivo efficacy, longevity of effect, and safety of the feEPO

lentiviral gene therapy system, a series of rodent studies were performed. An initial pilot study

92



using Fischer rats was followed by a series of lentiviral dose-escalation studies utilizing
genetically modified EPO-deficient (disrupted EPO gene) anemic mice. For these experiments,
packaged, concentrated and ultra-purified Vector D (1.94 x 10° TU/mL) and Control Vector

(8.52 x 10® TU/mL) lentivirus were obtained from VectorBuilder.

Rat study

A pilot rat study was performed in order to demonstrate the in vivo efficacy of Vector D
(UC Davis Institutional Animal Care and Use Committee [TACUC] #19202; Biological Use
Authorization [BUA] #R2033). Eight 15-week-old female Fischer rats (Charles River) between
147 and 183 grams in weight were randomized into three experimental groups: (Group A) Vector
D plasmid DNA-treated (n=3), (Group B) inoculated with Vector D lentivirus (n=3), and (Group
C) untreated control rats (n=2). Group A rats were injected intramuscularly (IM) into the
hamstring muscles of the right caudal thigh with 100 ug sterile Vector D plasmid DNA diluted in
Tris EDTA (TE) buffer (70 uL). Group B rats were each injected with 6.32 x 10° TU Vector D
divided into two injection sites (180 pL divided between right and left caudal thigh). The
remaining two rats (Group C) served as untreated controls.

Using either a sterile #10 scalpel blade or a lancet (Medipoint) to create a small nick in
the tail tip, peripheral blood samples were obtained once per week and loaded into one or two
heparinized capillary tubes (Fisher Scientific). For each peripheral blood sample, the red blood
cell packed cell volume (PCV) was determined by centrifuging the capillary tubes at 12,000g for
5 minutes (Beckman Microfuge 11) and determining the percentage of packed RBC in the total
blood volume (PCV). The peripheral PCV was determined for each rat for the two weeks prior to

treatment in order to establish baseline values. The peripheral PCV and body weights were
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assessed on a weekly basis for each animal over a period of 12 weeks post-inoculation. All of the
in vivo experimental manipulations were approved and in alignment with the UC Davis Office of
Research and IACUC.

At the 12-week terminus of the experiment, the rats were euthanized by isoflurane
anesthesia followed by CO» asphyxiation and whole blood exsanguination via cardiocentesis (no
anticoagulant; approximately 3-5 mL blood obtained per rat). The terminal blood sample was
allowed to clot, serum separated, and the serum frozen at -80°C. Unclotted terminal whole blood
was also collected into heparinized capillary tubes and utilized for a final PCV determination. A
complete necropsy was performed for each rat with tissues collected and preserved in 10%
neutral buffered formalin (NBF). Targeted fresh tissue samples (spleen, liver, kidney, and
skeletal muscle of the caudal thigh) were frozen and archived in RNALater (Ambion) at -80°C.
Formalin-fixed tissues were fixed for 24-72 hours, routinely sectioned, embedded into paraffin
blocks using standard protocols, stained with hematoxylin and eosin, and examined

microscopically by a board-certified pathologist (SEC).

Genetically modified anemic mouse studies

A series of in vivo studies using an EPO-deficient mouse model was approved and carried
out under the UC Davis IACUC protocol #20925 and a Biological Use Authorization (BUA
R2033). A mixed colony of wild type (WT), heterozygous (Het), and homozygous (Hom)
genetically EPO-deficient mice (EPO-tagh) was obtained as a gift of Dr. J. Solnick (UC Davis)
originally sourced from France (N. Voituron)[48]. The EPO-tag" mice have the gene encoding
the SV40 Large T antigen integrated into and disrupting the regulatory sequence of the

endogenous murine £PO gene resulting in targeted disruption of murine erythropoietin
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expression and subsequent chronic anemia[48, 49]. Mice were maintained in a vivarium
managed by the UC Davis Teaching and Research Animal Care Services (TRACS) where the
mice were bred in order to produce the required number of EPO-deficient mice (homozygous
EPO disruption) for the two murine studies detailed below. Founder mice were genotyped using
PCR by the Solnick laboratory, who provided 15 mice total. The mice were genotyped by
obtaining an approximately 1-2 mm long tail tip between 19 and 21 days of age for DNA
isolation using the QlIAamp DNA mini kit (Qiagen) following the manufacturer’s protocol for
DNA purification from tissues. Isolated DNA samples were stored in microcentrifuge tubes at -
20°C prior to PCR analysis. Mice were genotyped using qPCR as described previously and were
phenotyped in parallel using their tail blood to determine blood PCV. Wildtype mice have a PCV
of approximately 55%, heterozygous mice approximately 40%, and homozygous EPO-tag" mice
have a PCV of approximately 20%[50]. Two of the founder mice were determined to be WT
(lacking a disrupted EPO gene), six were homozygous EPO-deficient (EPO-tag"), and seven of

the mice were heterozygous for the disrupted EPO gene.

Murine experiment #1

The initial murine study was performed to evaluate the efficacy of feEPO transduction
and longevity of effect when inoculated with a high dose of Vector D lentivirus (vector to body
weight ratio, relative to the rat study). All of the mice were approximately 13 weeks old at
initiation of the experiment. Twenty-four genetically confirmed homozygous EPO-deficient mice
with an average PCV of approximately 20% were divided into two groups: Group A mice were
inoculated intramuscularly with Vector D lentivirus (16 mice, 10 males and 6 females) and

Group B mice were inoculated intramuscularly with Control Vector lentivirus (8 mice, 5 female
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and 3 males). Group A mice each received 7.75 x 107 transducing units (TU) Vector D in a total
volume of 50 pL diluted with sterile phosphate buffered saline (PBS) delivered into the right
hamstring musculature. Group B mice each received 8.5 x 10° TU Control Vector diluted with
sterile PBS in a total volume of 50 pL also delivered into the hamstring musculature of the right
thigh.

Mouse behavior and body weight were serially assessed, and peripheral blood was
collected from the tail tip into heparinized hematocrit tubes, centrifuged at 12,000g for 5 minutes
(Beckman Microfuge 11), and a peripheral blood PCV was determined for each animal on a
weekly basis. At the end of the nine-week study, the mice were euthanized using isoflurane
anesthesia followed by CO» asphyxiation and cardiac exsanguination (approximately 0.5 to 1 mL
per mouse). Terminal blood was used to determine PCV, and serum separated by centrifugation
and serum stored at -80°C. A complete necropsy was performed for all animals and tissues were
preserved in 10% neutral buffered formalin (NBF). Select tissues (caudal thigh skeletal muscle,
spleen, liver, and kidney) were collected fresh in 700 uL. RNAlater solution (Ambion) and a
duplicate set of tissues was archived at -80°C. Tissues collected in formalin were fixed for a
minimum of 24 hours prior to trimming into cassettes, embedded in paraffin wax, cut into 4 pM
sections, mounted on glass slides, and stained with hematoxylin and eosin (HE) for histologic
evaluation. For bone marrow evaluation, both right and left femora were fixed in 10% NBF for a
minimum of 24 hours and then decalcified in 15% formic acid for approximately 48 to 72 hours
prior to processing for histologic evaluation as described above. All murine tissues were

examined by a board-certified veterinary pathologist (SEC).

Murine experiment #2
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In the second murine experiment, the inoculating dose of Vector D lentivirus was
increased to 1x10® TU/mouse, one group of mice received a second dose of the lentiviral vector
(same amount as initial), and the in vivo functionality of the HSV-TK suicide gene was assessed
via the intraperitoneal administration of the GCV substrate. This murine study was approved
under the UC Davis IACUC #22226 and BUA R2033.

Fifteen genetically confirmed EPO-deficient anemic mice were randomly divided into
three groups of 5 animals each: Group A control mice were inoculated with Control Vector
lentivirus (two females, three males), Group B mice were inoculated with two serial doses of
Vector D lentivirus (two females, three males), and Group C mice were inoculated with a single
dose of Vector D lentivirus followed by GCV treatment (two males, three females).

The inoculating doses of both the Control Vector and Vector D lentiviruses were
increased to 1x10® TU/mouse, administered intramuscularly in the same manner and location as
the first murine study with Group A control mice receiving the Control Vector diluted in sterile
PBS in a total volume of 39 uL and Group B and C mice receiving Vector D in a volume of 53
pL. Peripheral blood was obtained from the tail tip and PCV determined along with body weight
on a weekly basis. Each Group B mouse was re-inoculated with a second dose of Vector D
lentivirus (1x10® TU/mouse) when an individual animal’s PCV fell below 25%. Based on
published protocols [51], Group C mice received 50 mg/kg of GCV (Hospira, reconstituted with
sterile water) beginning three weeks after inoculation with Vector D for five consecutive days
via the intraperitoneal route. At the time of GCV treatment in Group C mice, the PCV was
determined to be elevated relative to the control animals and averaged 47.4%. Re-inoculated
Group B mice were euthanized at 5 weeks post-reinoculation. Group C mice were euthanized

when their PCV values dropped below 25%, aside from one mouse, which was maintained to 31
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weeks post-inoculation (PCV of 28% at time of euthanasia). Mice were euthanized using
isoflurane anesthesia followed by CO; asphyxiation and cardiac exsanguination when their PCV
had returned to near baseline (PCV <25%). A complete necropsy, tissue collection and

histologic examination were performed for each mouse as described for the first murine study.

RESULTS
Transfection and transduction experiments using Vector B

WB analyses of cell lysates and supernatants from human 293FT cells transfected with
Vector B plasmid demonstrate feEPO protein production within both the culture supernatant and
the cell lysates (Fig 2A, lanes 3 and 5). An appropriate-sized feline EPO protein band was
detected in the positive control lane (Fig 2A, faint band, lane 1, human rEPO) and was not
detected in the untransfected negative control samples (Fig 2A, supernatant and cell lysate, lanes
2 and 4).

For 293FT cells transduced with Vector B lentivirus at an MOI of 0.1 or 0.01, feEPO
protein was detected within the culture supernatants (Fig 2B, lanes 4 and 6) but was not detected
in the cell lysates (Fig 2B, lanes 3 and 5). These results suggest that once feEPO protein is
produced in Vector B transduced cells, it is secreted into the extracellular fluid. A qualitatively
greater amount of feEPO protein was detected in supernatants derived from cells transduced at
an MOI of 0.1 relative to 0.01 (the same volume of supernatant was utilized for each assay).
Feline EPO protein was not detected in the non-transduced negative control samples (Fig 2B,
lanes 1 and 2) and an appropriate-sized band was detected in the positive control sample (Fig 2B,

human rEPO protein, lane 7).
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Figure 2. Western blot images demonstrating protein detection in 293FT cells. (A) 293FT cells
transfected with Vector B plasmid. Lane 1- human rEPO (EPOGEN; positive control), lane 2-
untransfected control cell supernatant, lane 3- culture supernatant from Vector B-transfected
cells, lane 4- untransfected control cell lysate, lane 5- cell lysate from Vector B-transfected cells.
(B) 293FT cells transduced with Vector B infectious viral particles. Lanes 1, 3, and 5- cell
lysates, lanes 2, 4, and 6- supernatant, lane 7- human rEPO (EPOGEN; positive control).

Arrowhead for A and B: 34 kDa (approximate size of EPO protein).

Feline PBMC transduced with Vector B lentivirus transiently produce feEPO mRNA and
bioactive feEPO protein. Feline EPO mRNA (Fig 3A, lane 3) and protein (Fig 3B, lanes 2 and 3)
were detected in the cell-associated RNA (standard RT-PCR, cDNA) and supernatant (WB,
protein) of feEPO transduced cells 4 days post infection, but not at 6- or 12-days post infection
(data for 6- and 12-days post infection are not shown for RT-PCR reaction). The results for the
positive and negative controls (standard RT-PCR and WB assays) were appropriate. Feline EPO
protein bioactivity was detectable in supernatants derived from the transduced PBMC at days 4

and 6, but not day 12 relative to control supernatants (MTT assay, Figure 3C). Collectively, these
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results suggest that fePBMC transduced with Vector B produces feEPO mRNA and biologically

active protein and that the CMV promoter function of Vector B becomes attenuated over time.
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Figure 3. Feline PBMCs transduced with Vector B. (A) Gel image from feEPO standard RT-
PCR demonstrating detection of cell-associated feEPO mRNA (cDNA). Lane 1- molecular
weight marker, lane 2- negative control water template, lane 3- feEPO-transduced PBMC:s, lane
4- RT- (negative control); arrowhead = 130 bp. (B) Western blot image demonstrating feEPO
protein detection in the supernatant of transduced PBMCs. Lane 1- negative control/non-
transduced cells, lane 2- supernatant derived from transduced PBMCs on day 4, lane 3-
supernatant derived from transduced PBMCs on day 4 at 1:2 dilution, lane 4- supernatant derived
from negative control/non-transduced cells, lane 5- supernatant derived from transduced PBMCs
on day 6, lane 6- supernatant derived from negative control/non-transduced cells on day 12, lane
7- supernatant derived from transduced PBMCs on day 12, and lane 8- positive control (human
rEPO, EPOGEN). Arrowhead: 34 kDa (approximate size of EPO protein). (C) MTT assay
absorbance values demonstrating transient EPO bioactivity (cell replication). Day 4 and day 6, p

=0.0007 and p = 0.026, respectively.
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Infection experiments using Vector C in human and feline cells

Using Vector C, feEPO mRNA was detectable in both human 293T (transfected) and
fePBMC (transduced) and feEPO protein was detected in supernatants derived from transduced
fePBMC cultured in either normoxic or hypoxic conditions (Fig 4). Cell associated RNA derived
from 293T cells transfected with Vector C and cultured under normoxic (lane 4) or hypoxic (lane
6) conditions demonstrate feEPO mRNA expression (Fig 4A). Cell associated RNA derived
from fePBMCs transduced with Vector C lentivirus also demonstrate feEPO mRNA
transcription under both normoxic (lane 4) and hypoxic (lane 6) conditions with no appreciable
difference in signal intensity (Fig 4B). Control GAPDH reactions were appropriate (data not
shown).

In fePBMC transduced with Vector C lentivirus, feEPO protein is detectable in
supernatants (Fig 4C) under both normoxic and hypoxic culture conditions. Feline EPO protein
was not detected in supernatants from control cells. For the treated supernatant samples (same
volume added per lane), there is subjectively less feEPO protein in the samples derived from
normoxic (lane 3) vs hypoxic (lane 5) culture conditions, suggesting some functionality of the

HRE promoter (oxygenation-associated regulation).
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Figure 4. Vector C transfection and transduction of 293T cells. (A) RT-PCR gel electrophoresis
for feEPO mRNA from Vector C-transfected PBMCs under normoxic and hypoxic conditions.
Lane 1- molecular weight marker, lane 2- water control template (negative control), lane 3-
normoxic control, lane 4- normoxic transfected with Vector C, lane 5- hypoxic control, and lane
6- hypoxic transfected with Vector C. (B) RT-PCR for feEPO mRNA 4 days post-transduction
of fePBMCs with Vector C. Lane 1- MWM, lane 2- water control template, lane 3- hypoxic
control, lane 4- hypoxia transduction with Vector C, lane 5- normoxic control, lane 6- normoxic
transduction with Vector C. Expected amplicon size is 130 bp (arrowhead). (C) WB assay for
EPO protein in supernatants-derived from transduced fePBMCs. Lane 1- positive control (human
rEPO, EPOGEN), lane 2- normoxic control, lane 3- normoxic transduced with Vector C, lane 4-

hypoxic control, lane 5- hypoxic transduced with Vector C.

Vector D transduction of feline CRFK cells
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The efficient transduction of feline CRFK cells by the Control Vector (MOI 10) was
confirmed using immunofluorescent microscopy. CRFK cells exhibited cytoplasmic GFP
immunofluorescence in approximately 80-90% of the cells, confirming cell transduction (Fig 5a,
data for mCherry not shown). Visual evaluation of CRFK cells at 96 hours post Vector D
transduction and treated with GCV (bottom right of Fig 5A) demonstrate morphologic evidence
of cytotoxicity seen as rounding and occasional detachment of cells. These findings suggest that
the CRFK cells were effectively transduced with Vector D lentivirus and that the HSV-TK gene
product converted GCV into its toxic metabolite. Transduced CRFK cells that were not treated
with GCV at the same time point do not demonstrate morphologic evidence of cytotoxicity
(uniform monolayer of spindle cohesive cells, upper left and lower left of Fig 5A).

CRFK cells transduced with Vector D lentivirus (MOI 10) exhibit pronounced expression
of feEPO mRNA at each time point (24-96 hours), regardless of whether the cells were treated
with GCV (real-time RT-PCR, Fig 5B). However, in a WB assay performed with the samples in
parallel, supernatants from CRFK cells transduced with Vector D lentivirus demonstrate
progressively increased production of feEPO protein over time (24-96 hours post transduction)
which becomes markedly attenuated with GCV treatment (Fig 5C). EPO protein was not
detected in CRFK cells transduced with the Control Vector (Vector) nor the non-transduced
CRFK cells (CRFK) and an appropriate-sized band was detected for the EPO positive control
lane.

These results indicate that GCV treatment abrogated feEPO protein production but did
not have an apparent attenuating effect on feEPO mRNA production. A definitive explanation
for this discordant result was not determined; however, it is possible that transduced cells

undergoing apoptosis as a result of GCV treatment had inhibition of protein synthesis, a feature
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known to occur in the face of apoptosis[52]. All of WB analyses were derived from the same

volume of supernatant from wells seeded with a constant cell seeding density to control for

protein amounts.
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Figure 5. Vector D transduction (MOI 10) of CRFK cells. (A) Representative images of non-
transduced CRFK cells and those transduced with Vector D lentivirus with or without GCV
treatment 96 hours post-transduction. (B) Feline EPO mRNA copy numbers detected per 1 x 10°
copies of GAPDH from cell-associated derived RNA from CRFK cells transduced with Vector D
or uninfected cells (CRFK). (C) Western blot image showing EPO protein detection from
supernatants from the transduced CRFK cells. An appropriately sized band detected for the
positive control (EPOGEN), and no bands detected for the Vector Control and non-transduced

CRFK cells.

Rats treated with Vector D lentivirus have a significant but transient increase in blood PCV
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Fisher rats inoculated intramuscularly with Vector D lentivirus demonstrated a significant
increase in blood PCV relative to uninoculated control animals and rats treated with Vector D
plasmid DNA (Fig 6). The PCV effect was statistically significant relative to the two other
groups, but was transient, persisting for only two weeks post inoculation. The mean PCV values
at one- and two-weeks post-treatment were 52.3, 59.2, and 50.3% for the uninoculated control,
Vector D lentivirus treated, and plasmid DNA-treated groups at 1-week post-treatment, and 51.2,
58.0, and 51.3%, for week 2 post-treatment, respectively. These results provide evidence that
inoculation with Vector D lentivirus results in a transient increase in PCV in normal rats in vivo.
After the two-week time point there was no significant differences in PCV detected between the
three groups. No significant changes in behavior or weight gain/loss were identified in any of the
study animals, although one rat in the plasmid-treated group died prematurely for an

undetermined reason two days prior to the termination of the experiment.
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Figure 6. Mean PCV values vs. time for the different rat treatment groups (error bars +/-

standard deviation). A significant difference between the treatment groups is identified at one-
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and two-weeks post-treatment (ANOVA, p=0.026). A Tukey’s multiple comparisons test
identified a significant difference in the mean PCV values between the Vector D treatment group
and the plasmid treatment group (p=0.03) and no statistical significance when comparing the

control group against the Vector D plasmid-treated group (p=0.07).

Histologic evaluation of the rat tissues collected at the termination of the study did not
identify any pathologic trends in the rats and no significant lesions were identified within the
pelvic limb musculature from the injection sites in any of the experimental groups (Figure7A).
Two rats, one control animal and one plasmid-treated animal, had mild focal lesions of myositis
or myodegeneration in the inoculation site of the caudal hindlimb musculature characterized by a
mild mononuclear inflammation or focal myocyte degeneration and regeneration. These lesions
in the skeletal muscle were considered to be incidental (Fig 7B). One rat in the plasmid-treatment
group died idiopathically two days prior to euthanizing the remaining rats. The cause of death for

this animal was not determined from either the subsequent gross or microscopic examinations.
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Plasmid Vector D

Injected Skeletal Muscle

Figure 7. Representative histologic images from the injected pelvic limb musculature of control
and experimental rats. (A) Representative images from control, plasmid and Vector D-treated
rats demonstrating normal skeletal musculature. Images at 200x magnification, hematoxylin and
eosin (HE) stain. (B) Histologic images of rare incidental lesions identified within the injected
musculature of the Control (myositis) and plasmid-treated (myocyte degeneration/regeneration)

rats. Images at 400x magnification, HE stain.

EPO-deficient anemic mice treated with Vector D lentivirus demonstrate a significant and
variably persistent increase in blood PCV relative to control animals

For the genetically EPO-deficient anemic mouse studies, mouse genotypes were
confirmed by demonstrating that the individuals enrolled in the study were homozygous for the
SV40 transgene inserted into the murine EPO promoter allele (homozygous EPO disrupted). The

DNA from each group (e.g., WT, Het, and Hom) were utilized in PCR reactions with either
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primers designed to amplify the WT murine EPO gene or the SV40 mutant gene. Figure 8A
demonstrates mouse genotyping- agarose gel electrophoresis of PCR amplicons using DNA
obtained from wild type mouse (WT, PCR amplicon only evident with wildtype primers),
heterozygous mouse (Het, PCR amplicons present with both WT and SV40 mutant primers) and
homozygous mutant mouse (Hom, PCR amplicon only evident with the SV40 mutant primers).
In the preliminary murine study (experiment #1), the inoculating dose of Vector D
lentivirus was 7.75 x 10" TU/mouse. PCV values were determined for two weeks prior to
transduction. Anemic mice treated intramuscularly with Vector D lentivirus had a significantly
increased mean PCV relative to control mice treated with the Control Vector lentivirus that
persisted for 5 weeks post-inoculation (mean PCV values for treated vs. untreated mice +/-
standard deviation, Fig 8B). However, two of the Vector D-treated mice had elevated PCV

values out to week nine post-inoculation relative to the untreated animals in the Control group.
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Figure 8. Genotyping of mice and effect of Vector D lentivirus inoculation on EPO-deficient
mouse PCV. (A) Agarose gel electrophoresis depicting PCR genotyping results for wildtype
mice (WT), heterozygous mice (Het) and for mice homozygous for disrupted EPO (Hom). All
of the mice have the appropriate-sized PCR amplicons. A negative control (H20, water

template) was used for both sets of primers. (B) Mean blood PCV for mice treated with either the
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Control Vector or Vector D lentivirus over time. Mice treated with Vector D had significantly
elevated mean PCV for weeks 1 through 5 compared to control mice (Student’s t-test, p=0.0002,

0.0001, 0.0001, 0.0001, and 0.0292, respectively).

The second murine study was designed to determine 1) the effect of a higher inoculating
dose of Vector D lentivirus (1 x 108 TU/mouse), ii) the effect of a second administration of
Vector D lentivirus after the PCV returned to near baseline (< 25%), and iii) the functionality of
the HSV-TK suicide gene system through the in vivo administration of GCV three weeks after
initial Vector D administration. Similar to the result of the first murine study, mice treated with
the escalated dose of Vector D lentivirus had a significantly elevated PCV relative to control
mice for five weeks post inoculation (Fig 9A). However, the magnitude of the effect on PCV
between the two studies was markedly different. For the first study, the lentivirus-treated group
had a 51% mean increase in PCV (30.25%) over the control group, while in the second study,
there was a 144% increase in mean PCV (47%) relative to the control group (at peak elevation in
PCV, 3 weeks post-inoculation).

Interestingly, for mice reinoculated with the same dose of Vector D lentivirus (Group B),
serial weekly PCV assessments failed to identify any evidence that the second dose of Vector D
resulted in an increase in PCV relative to control animals (Fig 9B). A single reinoculated mouse
exhibited lethargy, pale mucous membranes, and progressive weight loss. PCV analyses
demonstrated a progressive and profound anemia for this animal. The mouse was euthanized four
weeks post-reinoculation (4% PCV nadir at time of euthanasia). Histologic evaluation of the
mouse’s tissues identified an increase in brown intracytoplasmic pigment within macrophages of

the spleen consistent with blood-derived hemosiderin deposition (Fig 9C). The bone marrow had
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a marked decrease in hematopoietic precursor cellularity consistent with a non-regenerative
anemia. The few hematopoietic cells that were identified were most consistent with myeloid
lineage cells rather than erythroid precursors (Fig 9C). These clinical and pathological findings

are consistent with the development of red cell aplasia and associated splenic sequestration of

hemosiderin.
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Figure 9. EPO-deficient mice administered Vector D once and then readministered Vector D
after PCV returns to baseline. (A) PCV over time post-administration of Vector D once. Bar with
asterisks represents weeks in which there was significant difference in PCV between the two

groups. (Student’s t-test, weeks 2 through 6 post-administration, p=<0.0001, 0.0002, 0.0002,
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0.0019, and 0.0087, respectively). (B) PCV for the same mice after receiving a second dose of
Vector D lentivirus indicating no increase in PCV relative to control animals. The red arrow
indicates a single mouse with a steadily declining PCV after re-administration of Vector D and
the time point of euthanasia (4 weeks post Vector D readministration). (C) Representative
histologic images with high power insets of spleen and tibia with bone marrow from a control

group mouse (left images) and mouse that developed red cell aplasia (right images).

The third objective of murine experiment #2, to test the effect of the HSV-TK suicide
gene through the in vivo intraperitoneal administration of GCV, was assessed 3 weeks after
administration of Vector D lentivirus. At 3 weeks post inoculation, while the mean PCV was still
elevated relative to control mice (47.4% vs 20%), this murine cohort was treated
intraperitoneally for 5 consecutive days with 50 mg GCV/kg body weight. A precipitous decline
in PCV was not identified in the GCV-treated mice suggesting that the administered dose of
GCYV did not abrogate the effect of Vector D lentivirus. Unexpectedly, two of the Vector D
inoculated and subsequent GCV-treated mice had a markedly prolonged elevation in PCV values
relative to the non-GCV treated mice (Group B), with one GCV-treated mouse maintaining an
elevation in PCV for 7.5 months post treatment (Fig 10A).

Histologic evaluation of tissues collected from male mice treated with GCV
demonstrated bilateral, severe, tubular degeneration and atrophy within the seminiferous tubules
of the testes. These lesions were characterized by loss of germ cells (spermatogonia) with
preservation of supportive Sertoli cells (Fig 10B). No gross or microscopic lesions were
identified within the female mice receiving GCV and no other relevant or significant histologic

findings were identified in any of the mouse groups. GCV is known to cause tubular
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degeneration and atrophy of spermatogonia[53]. The histological findings of testicular tubular
degeneration confirm that the GCV was properly administered at a pharmacologically

appropriate dose but still failed to abrogate the effect of Vector D gene therapy.
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Figure 10. Mice receiving Vector D at time point Week 0 and PCV over time. (A) Red arrow
indicates time point at which one group (+GCV) received ganciclovir for 5 consecutive days
intraperitoneally at 50 mg/kg. (B) Histologic images with higher power images (insets) of the

testis from a control mouse (left) and severe tubular degeneration and atrophy in an experimental

mouse that received GCV treatment.
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DISCUSSION

This study builds on previous results demonstrating the effectiveness of a replication-
defective lentiviral gene therapy vector as a method of efficiently delivering the feEPO gene in
vitro [29]. A set of replication defective, third generation lentiviral vectors with different
promoters regulating expression of the feEPO gene and suicide gene HSV-TK were serially
generated and functionally evaluated in vitro. Treatment of human and feline cells with Vector
B, utilizing the potent and constitutively active CMV promoter regulating feEPO expression,
resulted in expression of feEPO mRNA and protein. However, feEPO expression attenuated over
time. Studies indicate that the powerful CMV promoter can be methylated and transcriptionally
silenced by the transfected/transduced host cell [54, 55]. As a result, we concluded that the CMV
promoter may not be ideal and the functionality of other promoters regulating feEPO expression
was explored.

In mammals, EPO expression in health is physiologically regulated by oxygen levels,
predominantly in the cells of the renal interstitium. Promoter hypoxia-response elements function
as oxygen-sensing regulatory elements that has the potential to attenuate transcription when
adequate erythropoiesis and tissue oxygenation are achieved. Here we found that Vector C,
utilizing a synthetic hypoxia-response promoter (9X HRE) seemed to function constitutively
when evaluated with RT-PCR (feEPO mRNA production) while feEPO protein production
appeared to be minimally affected by the hypoxic conditions (subjectively reduced protein
production in cells incubated in normoxic conditions relative to hypoxic culture conditions).
These results were not considered to be sufficiently impressive to warrant in vivo experiments,

and an alternative promoter was sought for the rodent studies.
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Vector D features the constitutively active SV40 promoter which is functionally
attenuated relative to the CMV promoter. Prior studies have shown more stable, long term
transgene expression with the SV40 promoter relative to with the CMV promoter[43]. We
confirmed successful lentiviral vector transduction via fluorescence (Control vector), feEPO
mRNA detection in Vector D transduced cells, and feEPO protein production using WB
analyses. Further, we demonstrated a marked decrease in feEPO protein production in Vector D
transduced CRFK cells that were subsequently treated with GCV relative to cells that were not
treated with GCV. These findings suggest that the HSV-TK suicide gene functioned as
anticipated by either killing the transduced cells or inhibiting protein production. Interestingly,
GCV-treated cells did not demonstrate a commensurate reduction in feEPO mRNA production.
An explanation for this finding was not conclusively determined. The Vector D transduced cells
treated with GCV demonstrated cytological evidence of cytotoxicity, however, extensive cell
death was not identified (loss of cell monolayer). However, in order for GCV to cause cell death,
the cell must be undergoing active cell division. In the confluent monolayers of Vector D
transduced cells, cell division may have been minimal. Further, it is possible that the in vitro 3-
day GCV dosing regimen was only marginally adequate, and a more prolonged dosing regimen
would be more optimal. It has also been shown that mRNA expression does not always correlate
with protein expression as protein expression can also be regulated at the level of translation[56].
Cells undergoing apoptosis can also have substantial inhibition of protein synthesis[52].

Based on the in vitro tissue culture studies, the project was extended to a pilot rat study in
vivo. We found that rats inoculated with Vector D lentivirus had a significant, but transient

increase in PCV relative to untreated rats and rats treated with Vector D plasmid DNA. The
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results of this pilot rat study provided an impetus for moving forward with Vector D lentivirus
into additional rodent models.

To better evaluate the efficacy and persistence of Vector D treatment, a more biologically
relevant anemic mouse model was utilized in a series of in vivo experiments. The genetically
modified anemic mice treated (inoculated/transduced) with Vector D lentivirus had a statistically
significant but transient increase in blood PCV relative to control mice. For the rats, the
maximum effect was an increase in average PCV from approximately 50% to 58% (16%
increase over control), while for murine study #1, PCV rose from approximately 20% to 30%
(51% increase), and in murine study #2 the PCV rose from approximately 20% to 47 (144%
increase). These magnitudinal differences in PCV are likely a reflection of the progressive
lentiviral dose escalation with each new study with the rats receiving 3.81 x 10 TU per gram (g)
of body weight (BW), the mice in the first murine experiment receiving 3.15 x 10° TU/g of BW,
and the mice in the final murine study receiving 4.30 x 10° TU/g of BW.

The gradual attenuation of the PCV augmentation over time in vivo may have several
possible explanations, including host-directed immune-mediated destruction of the feline specific
EPO transprotein, eventual loss or destruction of the transduced skeletal myocytes, or loss of
signaling efficiency by the feEPO transprotein in these xenogenic rodent models. Transduced
cells can signal to the host immune system that transgenic material has been detected resulting in
destruction of the transduced cells[57]. There is generally high sequence conservation of the
erythropoietin gene among mammals[58] with the feline EPO gene (ENSFCAG00000006850)
being 81.25% similar to mouse (Mus musculus; ENSMUSG00000029711) and 82.29% similar to
rat (Rattus norvegicus; ENSRNOGO00000001412). An immunologic attack on transduced cells is

less likely to be the mechanism of attenuation in the rodents based on a lack of histopathologic
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lesions detected in the inoculated muscle tissue; however, it cannot be completely ruled out as it
remains possible that focal myocyte inflammation or loss was not adequately sampled or
examined microscopically. Attempts to validate an ELISA in order to detect serum antibodies in
the inoculated rodents directed against recombinant feline EPO (Kingfisher Biotech) were not
successful (data not shown).

Similar to other studies delivering feline EPO to cats using an AAV vector, the
development of pure red cell aplasia appears to have occurred in a single mouse when
administered a second dose of Vector D lentivirus. We suspect that the profound anemia (PCV
4%) resulted from the development of murine antibodies directed against the feline EPO product
which subsequently cross-neutralized the endogenous mouse EPO (produced at very low levels
in the EPO disrupted transgenic mice). However, we do not anticipate that immunologic
clearance will be a significant problem in cats treated with their own native feEPO gene.

We identified in vitro evidence that the construct HSV-TK/GCYV suicide gene system
abrogated feEPO protein production when transduced CRFK cells were treated with GCV.
However, decreased blood PCV was not observed in vivo in Vector D inoculated mice that were
subsequently treated with GCV intraperitoneally. However, the HSV-TK/GCV system is
designed to function in replicating cells as the GCV end product (GCV triphosphate) gets
incorporated into DNA during cell replication leading to the inhibition of DNA synthesis and
resulting in cell death[59, 60]. Therefore, skeletal myocytes may not represent the ideal
transduction target as myocytes are generally long-lived with limited ongoing cell replication.
Further, the histologic evidence of degeneration and cell death in the replicating germ cells of the
testes confirmed that GCV was successfully administered as GCV is known to be toxic for these

germ cells. Endogenous mammalian TK, which has been shown to be synthesized at a 10-fold
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greater rate in cells in S phase compared to G1 phase[61], makes highly mitotic cells (such as
germ cells in the testes) particularly sensitive to the drug, ganciclovir[62].
Collectively, these results provide a justification for a lentiviral gene therapy approach to

treating non-regenerative anemia associated with chronic renal disease in cats.
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Chapter 6. Conclusion
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Despite many decades of study, feline infectious peritonitis (FIP) continues to be a challenging,
fascinating, and clinically frustrating viral disease of domestic cats. Multiple facets of feline coronaviral
virology, disease immunopathogenesis, and antiviral treatment strategies remain to be fully explained.
The goals of this dissertation were: i) investigate FIPV serotype | cell receptor usage using RNA
expression in variably permissive cell lines and immunohistochemistry studies using archived feline
tissues, ii) compare and contrast FIPV serotype | and Il replication kinetics in feline cells, iii) identify
antiviral compounds effective against FIPV serotype | and Il replication, and iv) perform pharmacokinetic
analyses on select antiviral agents in healthy, SPF cats in vivo (in order to establish therapeutic dose). A
parallel lentiviral gene therapy project was carried out using both in vitro cell lines and in vivo animal
models that also explored viral cell entry, dissemination, and persistence in the host cells and rodents.
We developed and tested a lentiviral-vectored gene therapy system with the ultimate goal of treating
cats with chronic renal disease-associated anemia.

To achieve these objectives, in Chapter 2, serotype | and Il FIPV were propagated in a selection
of feline cells in order to document differential replication kinetics between the two tissue-culture
adapted FIP viral serotypes. In these studies, we contrasted the gene expression profiles for multiple
known coronavirus receptors in the variably FIPV permissive cell types FCWF4- CU and FCWF-4. The
primary cell receptor for FIPV serotype Il has been previously determined to be feline aminopeptidase N
(feAPN), while the primary cell receptor for FIPV serotype | is currently unknown. The recent
development of a feline cell line that efficiently propagates FIPV serotype | (FCWF-4 CU) contrasted to
the marginally permissive and closely related FCWF-4 cell line provides an in vitro system for leveraging
information from the differential viral replication patterns. We determined the global gene expression
patterns (RNAseq) for these two feline cell lines and identified six differentially expressed transcripts

with potential to explain the differential replication efficiencies. Candidate differentially expressed
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cellular genes include cathepsin S and C, transmembrane serine protease 7 (TMPRSS7), rhomboid-like 2
serine endopeptidase (RHBDL2), ephrin A1, and ephrin B2.

Although dramatic pharmaceutical advances have been made recently in antiviral therapies for
a number of infectious agents, there still remains a lack of affordable, readily available and licensed
antiviral treatments for FIP. Although currently only obtained through “black market” channels in North
America and Europe, the nucleoside analog GS-441524 nevertheless remains one of the most effective
antiviral therapies for use in cats with naturally occurring FIP. Unfortunately, there are currently
multiple regulatory challenges to the legal use of GS-441524 in veterinary settings. Therefore, in Chapter
3, we screened 90 putative antiviral compounds for efficacy against FIPV serotype Il (WSU-79-1146)
using real-time RT-PCR based assays and identified 26 compounds with antiviral activity representing
differing drug classes and mechanisms of action. In addition, we approached antiviral assessment in
Chapter 4 using an optimized biological colorimetric assay to compare the efficacy of the protease
inhibitors, GC376 and nirmatrelvir and the nucleoside/nucleotide analogs, remdesivir, GS-441524,
molnupiravir (MPV; EIDD-2801), and B-D-N4-hydroxycytidine (NHC; EIDD-1931) against both FIPV
serotype | and Il as monotherapies as well as in strategic combined therapies. We found GS-441524,
remdesivir (RDV), MPV, GC376, nirmatrelvir, and NHC to be potent inhibitors of replication for both viral
serotypes and that all of the tested antiviral compounds predictably demonstrated lower ECs values for
FIPV | relative to FIPV Il. Three select antiviral combinations, each including a nucleoside analog
combined with a viral protease inhibitor, were assessed against FIPV serotype Il to determine evidence
for additive and/or synergistic antiviral effects. Compound synergy was identified for all three of the
antiviral combinations, which included (1) nirmatrelvir combined with MPV, (2) GC376 combined with
RDV, and (3) nirmatrelvir combined with RDV. The antiviral efficacy against both serotypes coupled with

antiviral synergy supports the proposed application for combined therapy in cats with naturally
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occurring FIP, particularly those cats with more challenging clinical presentations (brain and/or eye) or
refractory disease (treatment failure).

As an additional step towards establishing effective and rational clinical therapy, we also
determined the pharmacokinetic properties (metabolism) of molnupiravir (MPV), GS-441524, and
remdesivir (RDV) administered orally and/or intravenously. Similar to what has been identified in
humans, we found that MPV is rapidly metabolized in feline plasma in vivo to the metabolite NHC. We
detected the NHC metabolite at early timepoints in the 24-hour time period and at markedly higher
levels than the administered prodrug, MPV. There was sufficient oral bioavailability of MPV to yield
serum levels of the active metabolite, NHC, greater than the half maximal concentration (ECso) when
administered at 10 mg/kg. For GS-441524 and RDV, there was sufficient oral bioavailability, which yields
therapeutic plasma levels of GS-441524 for treatment of FIP when administered at 25 mg/kg (both
compounds).

As a parallel adjunct study in Chapter 5, we created a lentiviral-vectored gene therapy system as
a model for treating cats with chronic renal disease (CRD)-associated anemia. CRD is a common
condition in aged cats that results from a reduced renal production of erythropoietin (EPO). We
designed a series of replication defective, third-generation lentivirus-based vectors to encode and
produce the native feEPO protein in tissue culture experiments and in multiple rodent models in vivo.
The vectors were designed to include a genetic-pharmacologic safety mechanism through the
incorporation of the “suicide gene” HSV-TK in the gene therapy vector. The HSV-TK gene product allows
for the pharmacologic termination of the therapeutic effect in the event of supraphysiologic
polycythemia. Using an optimized lentiviral vector encoding the feline EPO gene we (i) demonstrated
successful transduction of human and feline cells in vitro via the detection of bioactive feEPO mRNA
transcripts using real-time RT-PCR and protein production (western blot), (ii) demonstrated the in vivo

relevance of this method in a rat pilot study through the documentation of elevated packed cell volumes
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(PCV) in treated rats, and (iii) demonstrated a prolonged and magnitudinally greater effect on PCV in a
more biologically-relevant EPO-deficient anemic mouse model. Collectively, the results of these gene
therapy studies provide a justification for a lentiviral gene therapy approach to treating non-

regenerative anemia associated with CRD in cats.
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