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Abstract

Case series summary This case series describes three shelter-housed cats concurrently diagnosed with feline
infectious peritonitis (FIP). The cats were from a cohort of seven surrendered from the site of a house fire. The
three cats presented with mild upper respiratory signs. Within 10 days they clinically declined: progressive
signs included pyrexia, icterus, lethargy, anorexia and cavitary effusions. Necropsy followed by histopathology
and immunohistochemistry confirmed a diagnosis of FIP in all three. Molecular analysis of the causative feline
coronavirus (FCoV) revealed varied amino acid alterations in the spike gene both between cats and between
sample types in individual cats. A fourth cat from the cohort remained healthy in the shelter but succumbed to FIP
6 weeks post-adoption.

Relevance and novel information This case series places FCoV genetic sequences in the context of clinical signs
in a small shelter outbreak. Each of the three cats concurrently developed a slightly different clinical presentation.
PCR amplification and genetic sequencing revealed that two cats shared an S1/S2 cleavage site mutation (R790S)
previously described to be associated with the development of FIP; one of the cats had an additional S1/S2 cleavage
site mutation (R793S). The third cat had a single, identical S1/S2 point mutation (R790G) unique from the other two
cats; the R790G mutation has not been previously reported. This case series provides interesting data on point
mutations associated with the development of FIP and provides support for a ‘circulating virulent-avirulent theory’
of FIP pathogenesis in a small shelter outbreak.
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Introduction

Feline infectious peritonitis (FIP) is a deadly disease of
cats caused by the ubiquitous feline coronavirus (FCoV).
Seroprevalence for FCoV is estimated at 25% in single-
cat households, and as high as 75-90% in group-housed
cats.! The vast majority of FCoV infections are asympto-
matic or cause mild enteritis as a consequence of entero-
cyte infection. The fraction of FCoV-infected cats that go
on to develop FIP is estimated to be 5-12%.2% In these
cases the virus mutates, sustainably infects monocytes
and disseminates systemically. Complex interactions
between these activated monocytes and the host’s
immune system then result in granulomatous lesions
and vasculitis, the hallmark findings in FIP.35 Risk fac-
tors for individuals to develop FIP include those that
influence viral transmission and replication rates, includ-
ing young age, compromised immune status, physiolog-
ical stress, viral load in the environment, group housing
and genetic predisposition.*

Coronaviruses are highly subject to genomic muta-
tion based on RNA replication and their large genome.
Point mutations within the 3, 7b, M and S genes have
been investigated to elucidate the transformation of
FCoV from a biotype causing mild enteric disease, com-
monly referred to as feline enteric coronavirus (FECV),
to the highly pathogenic biotype causing FIP, often
referred to as FIPV.46-12 Although mutations in the 3, M
and 7b genes were originally considered predictive of
FIP, more recent work has shifted investigative focus to
the S gene.!-17

The spike (S) protein is a key mediator of host cell
binding and membrane fusion. Additionally, S gene
mutations are prone to an unusually high rate of selec-
tion based on functional and antigenic pressure. Several
S gene mutations have been proposed to drive viral
pathogenesis, notably M1058L and mutations within the
S1/S52 furin cleavage site (Figure 1).1018 The M1058L
mutation has been widely studied and sequenced in cats

both with and without FIP; the current view is that
M1058L is not predictive of the development of FIP, but
is associated with systemic spread of FCoV.%12141519

Other S mutations of particular interest include those
within a structural loop of the spike protein controlling
activation during cell entry, referred to as the S1/S2 furin
cleavage site.1%1819 Several investigations have focused
on S1/S2 mutations.'*"!” These mutations are predicted
to eliminate or reduce furin cleavage, likely reducing
transmissibility of the virus but increasing its tropism for
monocytes.!®

Ante-mortem diagnosis of FIP can be difficult. The
gold standard for diagnosing FIP is labeling FCoV anti-
gen in macrophages using immunohistochemistry (IHC)
in tissues with granulomatous lesions typical of FIP.20
Tissue samples for IHC are best collected via laparotomy,
which is invasive and carries risk for the ill patient.
Unfortunately, the use of IHC or immunocytochemistry
on samples attained via less invasive methods such as
needle biopsy or fine-needle aspiration are not as relia-
ble as tissue biopsies in confirming or excluding a diag-
nosis of FIP.20-22

Diagnostic test development is currently focused on
molecular methods. In the past, FECV replication was
thought to be restricted to the intestinal epithelium.5>
However, using molecular methods, FCoV has been
detected in monocytes and macrophages in blood sam-
ples and extra-intestinal tissues of cats without FIP-
associated pathological changes.>#? Commercially
available molecular diagnostic tests that focus on muta-
tion analysis, which can be performed ante-mortem on
effusions or fine-needle aspirate samples, are reserved to
two specific S mutations and cannot always distinguish
the biotype FIPV from FECV.!42024 No testing modality
can predict which cats with FECV will develop FIP given
similar exposures and risk factors.

Outbreaks of FIP are rare. Two theories account for
why, given the high rate of FCoV transmission, there is
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Figure 1 Schematic of the type | feline coronavirus (FCoV-1) spike protein gene demonstrating the binding and membrane
fusion portions, as well as the S1/S2 cleavage site and the location of the 156 base-pair region sequenced (corresponding to
amino acids 758-809; red box) and the M1058 amino acid residue, along with other key features. Convention is to describe
amino acid substitutions by initials surrounding the numbered amino acid residue location (eg, M1058L = methionine is

replaced by leucine at position 1058)
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low risk of an individual developing FIP. The first,
known as the ‘internal mutation theory’, suggests each
case of FIP arises independently when an FECV mutates
to a FIPV within the infected host.*? This theory has long
predominated the discussion of FIP pathogenesis and
implies that FIPV is not directly transmitted between
cats. The second theory of transmission, the ‘horizontal
transmission theory’, proposes that cats may at times
shed and transmit FIPV directly.#? This route of trans-
mission is thought to be extremely rare; however, a hori-
zontal transmission event has been described in a shelter
outbreak of a type II FCoV with an identical recombina-
tion site in S and an identical nonsense mutation in 3c.%
Therefore, the potential for horizontal transmission
remains a concern in outbreak scenarios.

A current variation on the ‘internal mutation theory’,
referred to as the ‘circulating virulent-avirulent theory’
of FIP pathogenesis, suggests that distinctive strains of
FECV circulate in a population, and that FIP will develop
only in cats more susceptible to the selection of virulent
strains following internal mutation.>?° This alternate
theory would account for clusters of cases in popula-
tions of cats in catteries and shelters.

This case series reports the clinical presentations,
pathological features and molecular sequences of the
S1/S2 cleavage site from tissue and effusion samples of
three cats from a single location that all developed con-
current clinical features of FIP following entry to a shel-
ter. Our investigation provides support for a ‘circulating
virulent-avirulent theory” of FIP pathogenesis.

Case series description
In March 2019, a residence caught fire. In the following
days, neighbors spotted a number of cats around the
remains of the home. Seven of the cats were trapped and
surrendered to a private, limited admission animal
shelter (annual intake 1500 animals). All seven were
sexually intact domestic shorthair cats with age estimates
ranging from 6 to 18 months. Their genetic relationship
to one another was unknown. Upon presentation to the
shelter, each was subject to standard intake protocols for
adult cats: vaccination with a killed rabies vaccine and
modified-live feline viral rhinotracheitis calicivirus
panleukopenia vaccine; screening for Microsporum canis
with a Wood’s lamp; a combination ELISA for feline
leukemia virus antigen and feline immunodeficiency
virus antibody; and medications for internal and external
parasites, including pyrantel pamoate (10mg/kg PO),
praziquantel (22.7mg PO) and imidacloprid topically.
Each of the cats was placed in individual housing and
examined by a staff veterinarian. None showed clinical
signs attributed to actually having been in the fire. Two
of the seven were healthy on intake and remained
healthy throughout their shelter stay; these two cats
were neutered and made available for adoption. Another

two presented with diarrhea but were otherwise system-
ically healthy; these two were positive on fecal flotation
for roundworm eggs and treated with pyrantel pamoate
(10mg/kg PO). Once the diarrhea resolved, these two
cats were neutered and adopted. The three remaining
cats — hereby known as cats 1024, 1025 and 1026 — pre-
sented with varied signs of upper respiratory infection
(URI). All three cats were housed in isolation and
received standard shelter treatments for URI, including
doxycycline (10mg/kg PO q24h), subcutaneous fluids
as needed, mirtazapine (1.8mg PO) and warmed wet
food to encourage appetite and daily monitoring by
medical staff.

Over the next 10 days, all three cats became progres-
sively lethargic and inappetent, and developed addi-
tional clinical signs suggestive of FIP (Table 1).

All three cats developed waxing—waning fevers with
temperatures reaching as high as 104.5°F. Cat 1026 devel-
oped icterus first, followed by cat 1025. Bloodwork per-
formed on cats 1026 and 1025 revealed anemia, a low or
low-normal albumin-to-globulin ratio and hyperbiliru-
binemia. Cat 1024 had relatively mild signs initially and
no icterus, so no blood chemistry was performed. Within
10 days, cats 1024 and 1025 developed tachypnea, and
1024 developed profound dyspnea. Ultrasound exami-
nations revealed moderate peritoneal fluid in cat 1026;
moderate fluid in the pleural and peritoneal cavities of
cat 1025; and significant fluid accumulation in the pleu-
ral, peritoneal and pericardial cavities of cat 1024.
Abdominocentesis was performed on cat 1026: fluid was
straw-colored, proteinaceous (5.9 g/dl) and of low cellu-
larity (few macrophages and non-degenerate neutro-
phils). Owing to rapid decline and strong suspicion for
FIP, all three cats were euthanized and submitted as
clinical research cases for necropsy, tissue sampling and
molecular analysis.

Necropsy revealed numerous and common lesions
consistent with FIP, including cavitary effusions; fibrin-
ous serositis; and multifocal granulomas in the liver, kid-
neys, spleen and mesentery. Although not seen initially
on ultrasound examination, cat 1026 also had pleural
effusion. Additionally, cat 1024 had pericardial effusion
and fibrinous and granulomatous pericarditis and epi-
carditis (Figure 2).

Representative samples of all organs were fixed in
10% neutral buffered formalin and routinely paraffin
wax embedded; sections were cut, stained with hema-
toxylin and eosin, and analyzed via light microscopy.
Histology of select gross lesions revealed classic FIP
lesions, including vasculitis, serositis and perivascular
pyogranulomatous inflammation. IHC for FCoV was
performed using monoclonal antibody FIPV3-70
(1:1000), Affinity Purified Anti-Mouse IgG and Bond
Polymer Refine Red Detection (Leica Microsystems).
IHC confirmed immunolabeling within the cytoplasm of
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Table 1 Clinical presentation and relevant diagnostic test results of three cats from a single intake location that
developed feline infectious peritonitis concurrently in a shelter

Cat 1024

Signalment*
Progressive clinical signs

6 months old, 2.7 kg, MI DSH
URI (nasal discharge,
conjunctivitis, sneezing),
gingivitis, anorexia,

diarrhea, febrile (<103.9°F),
tachypnea, dyspnea
Relevant bloodwork results Not performed
(Rls)

Ultrasound evidence
of effusion

Peritoneal, pleural,
pericardial

Cat 1025 Cat 1026

1 year old, 3kg, MI DSH
URI (ocular discharge,
third eyelid elevation, nasal
discharge), gingivitis, BCS
3/9, febrile (<104.5°F), mild
icterus, tachypnea

PCV/TP 23/7 (29-48%/
5.9-7.5g/dl), A/G ratio 0.8
(0.8-1.5), total bilirubin

0.4 (0.0-0.1mg/dl)
Peritoneal, pleural

1.5 years old, 4kg, MI DSH
URI (nasal discharge), febrile
(=<104.5°F), icterus

PCV/TP 22/8 (29-48%/
5.9-7.5g/dl), A/G ratio 0.7
(0.8-1.5), total bilirubin 3.1
(0.0-0.1mg/dl)

Peritoneal

*Ages were estimated by veterinarians using dentition and signs of sexual maturity
MI=male intact; DSH = domestic shorthair; URI = upper respiratory infection; BCS = body condition score; Rl = reference interval;

PCV = packed cell volume; TP = total protein; A/G = albumin/globulin

Figure 2 Necropsy images from cat 1024. (a) Heart in situ. Puncture through the pericardium reveals severe pericardial
effusion with multifocal white plaques (granulomas) noted throughout the pericardium. (b) Heart removed with pericardium
reflected. The entire pericardium and epicardial surface are irregular and thickened by granulomatous inflammation

macrophages in the granulomatous inflammation in all
three cats.

PCR of frozen tissue samples collected at necropsy
also confirmed the presence of FCoV in numerous tissue
samples for all three cats. RNA was extracted from tis-
sues using MagMAX Express (Life Technologies). RNA
from feces was extracted using methods previously
reported.?”” Quantitative PCR analysis was performed
and cycle threshold (Ct) values of positive samples are
summarized in Table 2.

For PCR-positive tissue and effusion samples with a
Ct value <36, a central 156 base-pair (bp) region of the
spike gene, including the S1/S2 activation site, was PCR
amplified and sequenced as described by Licitra et al,'®
and shown in Figure 1, with the following modifications:
25ul reverse transcription PCRs were performed with

qScript XLT 1-Step RT PCR kit (Quantbio); PCR condi-
tions were 20mins at 50°C, 3mins at 95°C and 40 cycles
of 10s at 95°C, 20s at 55°C, 40s at 72°C, then 10mins at
72°C. PCR products were purified using Diffinity
RapidTips (Diffinity Genomics). All FCoV sequences
were consistent with type I FCoV based on sequence
alignment with reference genomes over the S1/52 area
sequenced. Based on the limited utility of other FCoV
mutations in determining FIP outcome, including
M1058L, genomic data outside of the central 156 bp
region of the spike gene was not collected.

Samples from the three cats had different sequencing
results. Within the S1/52 cleavage site, FCoV recovered
from cats 1025 and 1026 shared identical amino acid
point mutations at the 793 position (R793S); FCoV recov-
ered from cat 1026 had an additional, alternate mutation
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Table 2 Real-time reverse transcriptase (RT)-PCR cycle threshold (Ct) values by cat and by sample type

The lower the Ct value, the higher the amount of feline coronavirus (FCoV) RNA in the sample

ND

not tested

not detected; NT
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Figure 3 Schematic of the amino acid sequences from (a) cat 1024, (b) cat 1025 and (c) cat 1026 and the tissues analyzed.

Amino acid changes from the consensus (non-mutated) sequences are shown in colored highlights, with colors based on

RasMol convention (http://www.openrasmol.org/)

spike gene sequences generated are shown in Figure 3.

(R790S) in samples from brain, lung, lymph node and

These substitutions are all consistent with individual
point mutations affecting furin cleavage, as outlined in

Licitra et al.’8

peritoneal effusion. Virus from cat 1024 had a point sub-
stitution at the 790 position (R790G) distinct from that of

cats 1025 and 1026 and identical in all tissues. The partial

Downloaded From: https://complete.bioone.org/journals/Journal-of-Feline-Medicine-and-Surgery-Open-Reports on 14 Apr 2025

Terms of Use: https://complete.bioone.org/terms-of-use


http://www.openrasmol.org/

Journal of Feline Medicine and Surgery Open Reports

Non-mutated (consensus) S1/S2 sequences were
recovered alongside mutated sequences in samples from
the kidney, brain and lung of cat 1026. Additionally, only
non-mutated S1/52 sequences were recovered from the
small intestine and pleural effusion from cat 1026, and
from the kidney, liver, lymph node, small intestine and
peritoneal fluid of cat 1025. Outside of the S1/S2 cleavage
site, additional mutations were present in many samples,
but the functional outcome of these mutations is not clear.

After confirming the clinical diagnosis of FIP in all
three cats, the remaining four cats from the cohort were
carefully re-examined by a veterinarian for any signs of
systemic illness. All four cats appeared to be in excellent
health. A memorandum for potential adopters was added
to each cat’s file explaining FIP and its clinical appear-
ance, and emphasizing that these cats could be at ele-
vated risk for developing FIP. All four cats were adopted.
Six weeks post-adoption one became acutely ill, report-
edly showing signs consistent with FIP, and was eutha-
nized by a primary care veterinarian. No necropsy or
diagnostic testing was performed. Of the remaining three
cats, two were in good health in their adoptive homes 2
years later and one was lost to follow-up.

Discussion

Definitive diagnosis of FIP by molecular diagnosis is
challenging using currently available testing methods,
primarily due to FCoV’s large viral genome and limited
knowledge of the significance of particular mutations.?
In this outbreak investigation, IHC was performed on
tissues of affected cats to confirm the diagnosis of FIP;
viral RNA was then PCR amplified and sequenced to
characterize a fragment of the spike protein in all cats
and in all major sampled tissues. A key question was
whether the three cats shared an identical mutation
given their common origin and concurrent development
of disease.

PCR and sequencing revealed each cat was infected
with FCoVs containing different S1/S2 sequences. The
sequences in cats 1025 and 1026 display a range of molec-
ularly connected changes centered on the key residues
needed for cleavage by the protease furin.!® These find-
ings suggest a similar sequence of mutations occurred in
cats 1025 and 1026. The R790S mutation in cat 1026 has
previously been reported as being associated with the
development of FIP.1618 The R793S mutation seen in cats
1025 and 1026 is also consistent with a loss of function
for furin cleavage and FIP development.'®!8 The tissues
and effusion from cat 1024 contained a distinct but con-
sistent mutation (R790G), notably also in a key amino
acid position for furin cleavage, which has not been pre-
viously reported.

This cluster of FIP cases is most consistent with a ‘cir-
culating virulent-avirulent’ variation of the ‘internal
mutation theory’, presumably with the three cats shar-
ing a distinct but common FCoV that acquired additional

key mutations in the 51/S2 cleavage site to drive FIP
development. The simultaneous development of signs in
these three cats, while unusual, was likely fueled by
physiological and immune stressors, including the house
fire and admission to a shelter, acting on a parent FCoV
that was primed for the transition to virulence.

This case series is also an interesting illustration of
an outbreak in a closely associated cohort of cats with
slightly different manifestations of disease and with var-
ied diagnostic results. Often effusion is the most readily
collected sample for ante-mortem diagnosis; however,
recovery of FCoV RNA and sequences in effusion
samples of these cats varied. Cat 1026 had two different
51/S52 furin cleavage-associated point mutations in its
peritoneal effusion sample, but a non-mutated FCoV
sequence in its pleural effusion sample; conversely, cat
1025 had an S1/52 mutation in its pleural effusion sam-
ple but a non-mutated FCoV sequence in its peritoneal
effusion sample.

Our investigation also demonstrated that both
mutated and non-mutated sequences can be found con-
currently in tissue samples. This is not surprising given
the relatively recent discovery that FECVs can dissemi-
nate in monocytes and be present in tissues of cats both
with and without FIP.51420.23

This investigation had several limitations. Without
full genomic sequencing of the FCoV RNA recovered
from each cat it was not possible to compare the remain-
der of their sequences. Furthermore, the study did not
gather contemporaneous molecular sequencing data
from the unaffected cats from the cohort of seven, nor
prior to the stressful event, which could otherwise pro-
vide a helpful baseline for comparison to further analyze
these results.

Examination of the known risk factors for developing
FIP provides ample rationale for each of these cats to
have developed the disease. Each was less than 2 years
old and concurrently admitted to a shelter from a single
location with numerous cats. These cats may have shared
food bowls, litter boxes or other living areas where FECV
would be readily transmitted. Age estimates suggest
they were not littermates, but they could have been
genetically related in other ways. Each was subject to
major stressors: surviving a fire, experiencing homeless-
ness and being trapped and placed in an unfamiliar shel-
ter environment. In population settings, an outbreak of
FIP can raise concern for a horizontal transmission of
FIPV based on the rare reports of such events in the
literature; however, more common risk factors in the
population and environmental management practices
should always be investigated.

Conclusions

This report provides a review of the clinical features,
pathological findings and molecular sequences of the
S1/52 spike gene in samples from three adult domestic
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shorthiair, shelter cats affected concurrently with rapidly
progressive effusive FIP. The cats were admitted to the
shelter from a single location but were of unknown
genetic relation. Molecular analysis of tissues collected
at necropsy and positive on IHC revealed each cat was
infected with a type 1 FCoV, each with distinct patterns
of mutations in the S1/S52 spike protein gene sequence.

The variation in clinical signs, sequences and dissemi-
nation of sequences in samples in this case series
illustrates the complexity of definitively diagnosing FIP
in a live patient, particularly as ante-mortem testing
modalities are typically reliant on effusion or small tis-
sue samples.? In this case series, molecular sequencing
of tissue samples obtained at necropsy clearly identified
that this outbreak was not due to a horizontal transmis-
sion. Additionally, a previously unreported S1/52 cleav-
age site mutation (R790G) was sequenced. Ongoing
investigation and sequencing of mutations recovered
from FIP patients may provide important information
for future diagnostic test development.
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