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Abbreviations

DPI Days post infection

ELISA Enzyme-linked immunosorbent assay
MIA Multiplex microsphere immunoassay
MNT Microneutralization test

PCR Polymerase chain reaction

PRNT Plaque reduction neutralization tests
RBD Receptor-binding-domain

RNA Ribonucleic acid

SARS-CoV-2 Severe acute respiratory syndrome — Coronavirus - 2
TMPRSS2 Transmembrane serine protease 2
(s)VNT (Surrogate) Virus neutralization test

VOC Variant of concern
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible
zoonotic pathogen mostly affecting humans but that was also detected in domestic and big cats.
The close interaction between humans and domestic cats has sparked scientific interest due to
its potential for transmission, resulting in numerous scientific studies. Additionally, there have
been reports of infections occurring in captive wild feline individuals, further highlighting the
importance of investigating the host capacity, clinical aspects, and transmission potential of
SARS-CoV-2 in cats. The objective of this review was to present a comprehensive overview of
the characteristics and patterns of both experimental and naturally occurring SARS-CoV-2
infections in domestic cats and (wild and captive) big cats. A literature search, primarily using
the PubMed search engine, was conducted between 23/03/2022 and 04/05/2023. The
publications were screened according to defined inclusion/exclusion criteria. Selected
publications were then organised and labelled with keywords related to the main topic they
covered via the reference manager Mendeley. Ultimately, 116 peer-reviewed articles were
included in the review. This review addresses the current knowledge about infection sources,
transmission routes, risk factors for infection, clinical manifestations in infected cats, and
immunity. The risk of interspecies transmission is also considered. Furthermore, I provide a
global overview of the results of (sero)prevalence studies and cover the viral and serological
laboratory methods used to detect infections with SARS-CoV-2 in cats. Notably, this work
presents a list of SARS-CoV-2 variants detected in both domestic and big cats and outlines the
incubation periods and duration of infection in these species. This review identified research
and data gap regarding SARS-CoV-2 infection in cats, in particular, the need for comparable
studies. This calls for more research in obtaining standardised data on a global scale, which is
one of the key elements to evaluate the risk SARS-CoV-2 poses to domestic and big cats as

well as the spillover risk at human-cat interfaces.



Zusammenfassung

Das Schwere-akute-respiratorische-Atemwegssyndrom-Coronavirus Typ 2 (SARS-CoV-2) ist
ein hochgradig libertragbarer, zoonotischer Krankheitserreger, der vor allem Menschen befillt,
aber auch bei Haus- und GroBkatzen nachgewiesen wurde. Der enge Kontakt zwischen
Menschen und Katzen hat aufgrund des Ubertragungspotenzials wissenschaftliches Interesse
geweckt und zu zahlreichen wissenschaftlichen Studien gefiihrt. Dariiber hinaus gibt es
Berichte iiber Infektionen bei in Gefangenschaft lebenden Wildkatzen, wodurch die Bedeutung
der Untersuchung der Wirtskapazitit, der klinischen Aspekte und des Ubertragungspotenzials
von SARS-CoV-2 bei Katzen noch deutlicher wird. Ziel dieser Ubersichtsarbeit war es, einen
umfassenden Uberblick iiber die Merkmale und Muster sowohl experimenteller als auch
natiirlich auftretender SARS-CoV-2-Infektionen bei Hauskatzen und (wildlebenden und in
Gefangenschaft lebenden) GroBkatzen zu geben. Zwischen dem 23/03/2022 und 04/05/2023
wurde eine Literaturrecherche, hauptsidchlich mit der Suchmaschine PubMed, durchgefiihrt.
Die Publikationen wurden nach definierten Ein- und Ausschlusskriterien gefiltert. Ausgewahlte
Publikationen wurden dann mit Hilfe des Referenzmanagers Mendeley organisiert und mit
Schliisselwortern zum Hauptthema, das sie behandeln, versehen. Letztendlich wurden 116 peer-
reviewed Artikel in die Untersuchung einbezogen. Die Arbeit befasst sich mit dem aktuellen
Wissensstand iiber die Ubertragungsquellen, die Infektionswege, die Risikofaktoren fiir eine
Infektion, die klinischen Symptome bei infizierten Katzen und die Immunitéit. Zudem wird auch
das Risiko einer Ubertragung von der Katze auf den Menschen beriicksichtigt und ein globaler
Uberblick iiber die Ergebnisse von (Sero-)Privalenzstudien gegeben sowie auf die viralen und
serologischen Labormethoden, die zum Nachweis einer Infektion mit SARS-CoV-2 bei Katzen
verwendet werden, eingegangen. Insbesondere enthélt diese Arbeit eine Liste von SARS-CoV-
2-Varianten, die sowohl bei Haus- als auch bei GroBkatzen nachgewiesen wurden und gibt
einen Uberblick iiber die Inkubationszeiten und die Dauer der Infektion bei diesen Arten. Bei
dieser Uberpriifung wurden Forschungs- und Datenliicken in Bezug auf SARS-CoV-2-
Infektionen bei Katzen festgestellt, insbesondere der Bedarf an vergleichbaren Studien. Dies
erfordert weitere Forschungsarbeiten zur Beschaffung standardisierter Daten auf globaler
Ebene, die eines der Schliisselelemente zur Bewertung des Risikos von SARS-CoV-2 fiir Haus-
und GroBkatzen sowie des Spillover-Risikos an den Schnittstellen zwischen Menschen und

Katzen darstellen.



1. Introduction

The severe acute respiratory syndrome coronavirus 1 (SARS-CoV), the first known zoonotic-
origin coronavirus with pandemic potential, emerged in late 2002 in China, and resulted in
8,096 reported cases including 774 deaths across 29 countries (1,2). A laboratory study showed
that cats (Felis catus) (3) and ferrets (Mustela putorius furo) (3) were susceptible to
experimental infections with SARS-CoV and both species can efficiently transmit the virus to
co-housed healthy cats. The study reported that cats could shed the virus for more than 10 days
while virus-neutralising antibodies could be retrieved by day 28 after infection (4).

In 2012, the Middle East respiratory syndrome (MERS) a new zoonotic viral respiratory disease
caused by a coronavirus (MERS-CoV) emerged in Saudi Arabia (5). Outbreaks in humans are
still regularly reported, with the last human case reported from Saudi Arabia on 09/11/2022 (6).
To date, 2,603 confirmed cases have been reported to the World Health Organization (WHO)
worldwide, including 935 associated deaths (7). The virus is endemic in dromedary camel
populations of East Africa and the Middle East, which serve as viral reservoir and from which
zoonotic spillover events (i. e., animal-to-human transmissions) occur (8,9).

The coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), emerged in December 2019 in Wuhan, Hubei province, China,
as a pneumonia of unknown origin in humans (10). The origin of SARS-CoV-2 has sparked
considerable debates and, despite the presence of related viruses in bats (11), the specific
intermediate animal host responsible for the transmission to humans remains unknown (12).
The Wuhan Huanan Seafood Wholesale Market in China is thought to be the source of the
outbreak because investigations into the early cases revealed an epidemiological association
between the market and the first individuals who tested positive for SARS-CoV-2 (13,14). After
the disease rapidly spread worldwide, the WHO declared the COVID-19 a global pandemic on
11 March 2020 (15). As of 17 February 2023, 756,581,850 confirmed cases of COVID-19,
including 6,844,267 deaths, have been reported to the WHO worldwide (16).

SARS-CoV, MERS-CoV, and SARS-CoV-2 belong to the genus Betacoronavirus, family
Coronaviridae, and subfamily Coronavirinae. Coronaviruses are enveloped viruses with a
single-stranded positive-sense ribonucleic acid (RNA) of roughly 30 kilobases (kb). Therefore,

coronaviruses present one of the largest known RNA genomes among all RNA viruses. The



genome encodes for four main structural proteins including a nucleocapsid protein (N), a
membrane protein (M), an envelope protein (E), and a surface spike protein (S) that helps in

attachment of the virus to the host cells” ACE-2 receptors (17,18).

After the first report of natural SARS-CoV-2 infection in a cat by the media in the early phase
of the pandemic (19), the susceptibility of cats to SARS-CoV-2 received more scientific and
media attention (20). Early in 2020, the first positive case in a cat, living in a household with a
positive owner in Hong Kong, was confirmed. The seven-year-old, female, domestic shorthair
cat was reported clinically healthy but viral RNA was detected in oral and nasal swab specimens
while neutralising antibodies against SARS-CoV-2 were also evidenced. The viral genomes

retrieved from the cat and its owner were identical, confirming human-to-cat transmission (19).

Worldwide, over 370 million pet cats share their home with human owners (21). In 2020 the
American Veterinary Medical Association (AVMA) ranked the cat as the second most common
pet worldwide with 48 % of the people owning one or more than one cat and 25 % of US
households owning at least one (22). These high numbers suggests that cats play an important
role in society. In May 2020, veterinarians in the USA were asked about their personal
assessment and experience regarding pet owners' concerns about their pets potentially having
COVID-19. According to the survey, 60 % of the veterinarians interviewed said that they had
already dealt with concerned pet owners who feared about their pets either having COVID-19
or being at risk of contracting the virus (23). A study published in 2021 evaluated the
susceptibility of domestic and wild animals to SARS-CoV-2 by analysing the sequence
homology of the ACE2 proteins. According to the findings, domestic cats ranked 33rd out of
the 66 animals investigated. Puma concolor (cougar), Panthera pardus (leopard), Lynx
canadensis (Canada lynx), Lynx pardinus (Spanish lynx), Panthera tigris (tiger) and Panthera

leo (lion) were also listed as susceptible species (24).

Several studies drew explicitly attention to species at risk of infection with SARS-CoV-2,
including cats, so that appropriate measures can be taken to protect them and, mostly, to

minimise the potential for human-animal transmission (24,25). For example, during the early



stages of the SARS-CoV-2 pandemic, when the initial report of pets testing positive for the

virus emerged, a cautionary message was conveyed against panic abandonment of pets (26).

Regarding big cats, in March 2020, there were reports of respiratory signs in several lions and
tigers at the Bronx Zoo in New York City, USA. Subsequent testing confirmed the presence of
SARS-CoV-2 in these animals. These were the first confirmed cases of natural SARS-CoV-2
infections in non-domestic species, with evidence for human-to-animal transmission (27). As
time progressed, an increasing number of big cats across multiple zoos and safari parks
worldwide tested positive for SARS-CoV-2 (28-30). This has intensified the need for more
comprehensive studies focusing on big cats, and it became imperative to assess the impact of

SARS-CoV-2 on the health, welfare, and long-term conservation efforts for big cats.

The objective of this narrative review was to provide a comprehensive overview of the existing
literature pertaining to SARS-CoV-2 infection in domestic cats (Felis catus) and big cats and

describe the current knowledge on this topic.



2 Materials and methods

2.1 Search strategy

In order to find relevant articles for this review, different combinations of the following
keywords were used to query search databases: "SARS-CoV-2", "COVID-19", "cat", "cats",
big cats", "tiger", "lion", "panther". The logical operators "AND" and "OR" were applied to
combine the keywords. The main search was conducted using the PubMed electronic database.
We included papers published from January 2020 to the date of search. Since SARS-CoV-2 in
animals was described for the first time in February 2020 (31), we were not expecting any paper
before this date. Furthermore, Science Direct, Google Scholar, and Web of Science were also
screened using the same keywords and operators. Research started on 23/03/2022 and ended on
04/05/2023. Additional papers were subsequently included manually to complete the
information.

Citation data and abstracts of the retrieved articles were downloaded and collected in Mendeley
Reference Manager. Duplicates were removed manually. Articles were screened to select those
that met the review inclusion criteria Table 1. Peer-reviewed papers published in scientific
journals and written in English were included. Primary research papers (e. g., reporting
experimental studies and studies of natural infections investigated via serosurveys, PCR-based
methods or virus isolation studies) as well as case reports were deemed eligible. Papers
pertaining to domestic cats (Felis catus) and big cats were included. A two-phase approach was
performed to screen and select the articles. In the first phase, articles were selected based on
titles and abstracts. In the second phase, a full text analysis in Mendeley Reference Manager
was performed. Relevant information was highlighted in different colours and annotations were
made. Using the tag tool, short descriptions were added to each article to facilitate subsequent
keyword searches through tag filtering. Articles that met inclusion criteria were sorted out into
chapters (one article was allowed in different chapters) to facilitate the writing of the review.

Excluded papers were removed from the citation manager.



Table 1 Inclusion and exclusion criteria used to select papers to be included in the literature review.

Criteria Inclusion criteria Exclusion criteria

Language English. Other than English.

Pathogenic SARS-CoV-2. Other than SARS-CoV-2.

agent

Study design All /

Research type Primary research. Secondary research.

Study design Experimental studies; Reviews;
Case reports; Opinion articles;
Seroprevalence studies including ten or  Seroprevalence studies
more domestic cats (no sample size including less than ten
limit was set for big cats); domestic cats (no sample size
PCR-based investigations; limit was set for big cats);
Virus isolation studies; Studies presenting data from
Studies presenting data from different ~ different animal species and
animal species and data could be data could not be
disaggregated by species. disaggregated by species.

Species Domestic cat, big cat. Other animals than domestic

cat and big cat.
Publication type  Peer-reviewed articles published in Pre-prints; Research letters;

scientific journals.

Commentaries; Editorials.




Topics Epidemiology of SARS-CoV-2incats  Comparison between SARS-
and big cats; CoV-2 and other
Natural spillover and spillback coronaviruses;
transmission events involving cats or Structural virus analysis;
big cats; Biomechanical topics;
Experimental infections of cats; Treatment and vaccine
Cat-to-cat transmission; assays.

Cats living in COVID-19 positive
household;

Cats as animal model for human SARS-
CoV-2 infection;

Susceptibility of cats to SARS-CoV-2;
Diagnostic PCR or ELISA;

Public health implications;

Serosurveys;

Binding affinity assays involving ACE2

receptors.

2.2 Data extraction and synthesis

Findings and results were subsequently summarised and discussed in the different chapters of

the thesis and presented through tables and figures.



3 Results
3.1 Selected papers

A total of 116 peer-reviewed papers was selected. The papers were published in 49 different
scientific journals. We included 103 studies pertaining to domestic cats and 13 studies
pertaining to big cats. 15.5 % (18/116) of the papers were published in 2020, 41.4 % (48/116)
in 2021, 37.1 % (43/116) in 2022, and 6.9 % (8/116) in 2023.

The main themes identified in the different papers were: infection sources, transmission routes,
seroprevalence and prevalence, detection methods, immunity, incubation period, duration of

infection, clinical signs, and risk factors of infection in domestic and big cats.

3.2 Common and scientific name of included species

In addition to domestic cats, the review includes all big cats for which data was retrieved via

the literature search (Table 2).

Table 2 Mention of all species occurring in the review with common and scientific name.

Common name Scientific name Subfamily
African lion Panthera leo leo Pantherinae
Amur leopard cat Prionailurus bengalensis euptilurus (3) Felinae
Asiatic lion Panthera leo persica Pantherinae
Bengal tiger Panthera tigris tigris Pantherinae
Domestic cat Felis catus Felinae
Indian leopard Panthera pardus fusca (32) Pantherinae
Malayan tiger Panthera tigris jacksoni Pantherinae
Puma Puma concolor Felinae
Snow leopard Panthera unica Pantherinae
Sumatran tiger Panthera tigris sumatrae Pantherinae

Tiger Panthera tigris Pantherinae




3.3 Routes of infection in domestic and big cats

3.3.1 Natural routes of infection

The most effective mode of transmission under natural conditions is airborne, via particles and
droplets of respiratory fluids (33). Other routes of infection, such as direct contact when
contaminated (human) hands come into contact with the nose or mouth of the animal or
grooming, could not be proved so far and are only suspected (18,34,35).

Table 3 provides examples of the most likely human-to-cat infection routes reported during
spillback events (9) (i. e., transmission of a pathogen from human to animal), along with a
qualitative estimation of the strength of the evidence to confirm the source of infection (with

strength + < ++ < +++).

Big cats shed the virus via respiratory secretions and faeces, which could lead to infection in
cohoused animals (27). For big cats, the infection route was addressed in some case reports as
described in Table 3 in more details. Evidence suggest that lions may contract the virus through
direct or indirect contact with infected animals or humans via airborne route (28,29,36).
However, in the case of tigers, most of the included studies were unable to establish a more
specific mode of transmission; other studies mentioned respiratory and faecal secretion as

source of infection (30,37,38).



Table 3 Possible routes and most likely sources of infection in naturally occurring SARS-CoV-2 infections in domestic cats and
big cats.

Route of infection Species Suspected source of Strength of Reference
transmission the evidence!
Airborne route of olfactory Domestic cat Human +H+ (33)

disease and upper respiratory

excretions

Touching their noses or mouth by ~ Domestic cat Human + (18)
infected hands defiled with

respiratory droplets or saliva

Airborne route via nasal and oral Domestic cat Cat + (34)
secretion
Direct contact Lion Human +++ (36)
Direct contact Asiatic lion, Amur Asiatic lion, Amur + 39)
leopard cat, Malayan leopard cat, Malayan
tiger, Sumatran tiger tiger, Sumatran tiger
Direct contact (petting and Captive tiger Human + (37
feeding)
Direct contact Malayan tiger Malayan tiger + (38)
Direct or indirect contact Lion Human ++ (28)
Close contact Malayan tiger Human + (30)
Unknown Asiatic lion Human +++ (29)
Close (but indirect) contact Lion Human + 27

(fomite, food preparation, shared
enrichment items, aerosols,

respiratory droplet)

! The strength of the probability regarding a specific source of infection is indicated by the number of pluses assigned to it. An infection source
rated with one plus (+) was only suspected (via epidemiological information) but not proven by molecular-based techniques. Two pluses (++)
stand for a proven infection through a positive PCR test. Three pluses (+++) mean that the infection of the cat was verified by PCR and that an

additionally performed genome sequencing matches the sequences of the suspected source of infection.



10

4.2.2. Experimentally tested infection routes

Experimental inoculations in domestic cats were performed to evaluate the effectiveness of two
main infection routes and simulate natural conditions of infection:

- direct intranasal inoculation, to evaluate the possibility of intra- or interspecies transmission
of SARS-CoV-2 through aerosols when coughing or sneezing,

- direct oral inoculation, to simulate infection through licking of contaminated environment or
grooming behaviours (40).

Examples of experimental studies aiming to demonstrate the susceptibility of cats to SARS-
CoV-2 transmission are presented in Table 4. Both intranasal and oral inoculation led to

infection of the animals in all experiments.

Regarding big cats, there are, to date, no experimental studies that have investigated potential

infection routes.
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Table 4 Experimentally tested infection routes in domestic cats.

Laboratory test to
Country Route of infection evaluate the effectiveness Clinical signs Reference
of the infection route
United ) ) » )
S Intranasal and oral inoculation Positive PCR Asymptomatic 41)
tates
Elevated body
) ) ) o temperature, arched
China Intranasal inoculation Positive PCR 42)
back posture,
diarrhoea
Intranasal inoculation (spray
Spain simulating a human cough or Positive PCR No symptoms
sneeze)
(40)
Oral (distribution over animal
Spain hair, simulating infection Positive PCR Diarrhoea
through grooming behaviour)
Respiratory
China Intranasal inoculation Positive PCR symptoms, 43)
subclinical, death
United . . . .
Not described Positive PCR Lesions in the lungs (44)
States
United ) ) B o )
Intranasal inoculation Positive PCR No clinical signs 34)

States
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3.4 Transmission sources

3.4.1 Human-to-cat transmission

Spillback transmission events, from humans to cats, are the most common origin of SARS-
CoV-2 infection in Felidae (45,46). Human-to-domestic cat transmission was confirmed by
viral genome sequencing on several occasions (33). Through comparative analysis of the
SARS-CoV-2 genome in domestic cats with the original Wuhan Hu-1 reference sequence, an
average of 14 mutations emerged (45,46). The similarity between SARS-CoV-2 genomes found
in cats and people in different cities or regions strongly suggests human-to-cat transmission
(19,45-48). This was also confirmed by the fact that the same variants occur in cats and humans
in multiple case reports of natural transmission. These cases involved various SARS-CoV-2
Variants of Concern (VOC), including the Alpha variant (B.1.1.7), Gamma variant (P.1), Delta
variant (B.1.617, B.1.617.2.3), and Omicron variant (BA.2) (49-57) (Table 5). To date, analysis
of SARS-CoV-2 variants retrieved from infected domestic cats has not evidenced any cat-

specific mutation (58).

Spillback transmission event has also been reported in big cats including pumas, African lions
and Asiatic lions, Amur leopards and Indian leopards, snow leopards as well as Sumatran and
Malayan tigers (27-30,36-39,59,60). Genome sequencing revealed two VOC, Delta (Pango
lineage B.1.617.2) (29,36,59,61) and Alpha (Pango lineage B.1.1.7), in these species (30,39) as
well as one non-variant B.1.2 lineage (60) (Table 6). Additionally, SARS-CoV-2 was detected

in a free-ranging leopard in India. The study suggests a spillback from humans (61).
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Table 5 SARS-CoV-2 variants retrieved in domestic cats (Felis catus).
Detection
Sample Country ! ' Species Variant Reference
method
Oroph 1 and Delta (B.1.617.2)
Tophatyngeatan Iran RT-qPCR  Domestic cat (62)
rectal swabs Omicron (BA.2)
Oral, nasal, faecal i RT-gPCR .
Switzerland Domestic cat Delta (B.1.617.2) (56)
swab NGS

Spleen, liver, heart,
lungs, trachea, Brazil RT-qPCR  Domestic cat Gamma (P.1) (57)
intestines, kidneys

Nasal, oral, rectal

Thailand RT-PCR Domestic cat Delta (B.1.617.2) (52)
swabs
Pharyngeal swabs Germany RT-qPCR  Domestic cat Alpha (B.1.1.7) (5D
Oroph 1 and
Topuatyngea’ atl France RT-gPCR  Domestic cat Alpha (B.1.1.7) (63)
faecal swabs
United
Faecal e RT-PCR Domestic cat Delta (AY.3) (53)
States
Oropharyngeal, .
Italy RT-gPCR  Domestic cat Alpha (B.1.1.7) (55)
rectal swabs
Oropharyngeal .
Cyprus RT-PCR Domestic cat Alpha (B.1.1.7) (50)
swabs
United
Rectal swabs Tn © dRT-PCR  Domestic cat Alpha (B.1.1.7) (54)
Kingdom
Original European
Orooh ! lineage (B.1), Alpha
ropharyngea
pPrAIyng Thailand RT-gPCR  Domestic cat®  (B.1.1.7), Delta (49)
and/or nasal swabs .
(B.1.617.2), Omicron
(BA.2)
N h 1
asophatyngea Uruguay qPCR Domestic cat Gamma (P.6) (64)

and faecal swabs

I RT-PCR: Reverse transcription polymerase chain reaction; RT-qPCR: quantitative reverse transcription polymerase chain
reaction; dRT-PCR: direct reverse transcription polymerase chain reaction; NGS: Next generation sequencing.

2 Sheltered and hospitalised animals.
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Table 6 SARS-CoV-2 variants in big cats.

Detection . .
Country Sample 1 Species Variant Reference
method
Nasal and rectal
Indi bs, faccal RT-PCR  Asiatic li Delta (29)
ndi W a - iatic lion
a swabs, faeca siatic lio (B.1.617.2)
samples
Nasal and oral Delta
Indi RT-PCR Asiatic li 59
ndia swabs statie fiot ®.16172) O
Nasal and faecal Delt
South Africa sv::;san acea RT-PCR Puma, African lion (Be.l’fl617. 2 (36)
Rectal and
. . ) Delta
India nasopharyngeal RT-PCR Indian Leopard (61)
swabs (B.1.617.2)
W

- jant
United States Faecal samples RT-PCR Snow leopard non va.rlan (60)
B.1.2 lineage

Asiatic lion,

Czech Sumatran tiger, Alpha
. Faecal samples RT-qPCR ) (39)
Republic Malayan tiger, Amur (B.1.1.7)
leopard cat
Nasal and faecal Alph
United States asal and facea RT-PCR Malayan tiger pia (30)
swab (B.1.1.7)

I RT-PCR: Reverse transcription polymerase chain reaction; RT-qPCR: quantitative reverse transcription polymerase chain
reaction.
2 Free ranging animals.
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3.4.2 Cat-to-cat transmission

3.4.2.1 Naturally occurring cat-to-cat transmission

There is suspicion that natural transmission of SARS-CoV-2 may have taken place between
domestic cats. In the study of Brandao et al. 2021 (65), after the outdoor cat showed initial
symptoms and tested positive for SARS-CoV-2, the indoor cat, which shared the same living
environment, subsequently exhibited clinical signs, and tested positive for the virus by RT-
qPCR.

Furthermore, transmission of SARS-CoV-2 has been observed among captive tigers in
Tennessee, USA, when three Malaysian tigers tested positive consecutively for SARS-CoV-2
(38). Although the SARS-CoV-2 genome sequenced from the tigers and lions at the Bronx Zoo
differs only slightly from those of their keepers, tiger-to-tiger transmission cannot be ruled out
(27). Similarly, in a zoo in the Czech Republic, although spillback transmission event from
keepers to the big cats is the most likely source of infection, big cats can also actively shed the

virus and infect other animals (39).

3.4.2.2 Experimental cat-to-cat transmission

Experimental studies have been conducted to investigate the transmission of SARS-CoV-2
between cats. Table 7 provides some selected examples. In all studies, previously negatively
tested animals were artificially infected via intranasal or oral inoculation and co-housed with
negatively tested cats. SARS-CoV-2 transmission from infected to healthy cat(s), via aerosols
or direct contact, was confirmed in all cases (34,41-43,66). However, transmissibility, tested
through serial transmissions, decreased in the later stages of infection with no viral RNA found
from second passage on (42).

Experimental big cat-to-big cat transmission studies have not been performed yet.
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Table 7 Summaries of selected studies reporting experimented cat to cat transmission.

Study design Findings Reference
e Quantity viral RNA in throat swabs viral > anal swabs; viral shedding
Cat-to-cat transmission of SARS-CoV-2 after intranasal duration from throat swabs > anal swabs.
inoculation and subsequent serial passaging in cohoused cats e Decrease of viral shedding and duration after serial passaging. (42)
at 6 dpi! via airborne route. e No viral RNA found from second passage on (P2, P3).
e No viral shedding found in P4 cats.

Cat-to-cat transmission of SARS-CoV-2 after intranasal ) ) o
) ) ) ) e At 3 dpi, one of three exposed cats showed viral RNA in its faeces.
inoculation (n = 3 cats) and subsequent cohousing with a

] o ] e After euthanasia at 11 dpi the cat showed viral RNA in the nasal turbinate, (43)
healthy cat to monitor transmission through respiratory

soft palate, tonsils, and trachea.

droplets.
Cat-to-cat transmission of SARS-CoV-2 after intranasal
inoculation (n = 2) and subsequent cohousing with healthy e The two contact cats shed virus orally at 1 dpi with a peak at 7 dpi. (34)
cats (n =2) at 2 dpi.
Cat-to-cat transmission of SARS-CoV-2 after intranasal e At 3 dpi one contact cat tested virus positive in a nasal swab sample.
inoculation (n = 3) and subsequent cohousing with healthy o Five days later, all three contact cats tested positive for SARS-CoV-2. (66)
cats (3 pairs of co-housed animals) at day 1. e Viral shedding lasted for 4 to 5 days.
Cat-to-cat transmission of SARS-CoV-2 after intranasal ) .
) ) ) ) e Viral RNA was detected in nasal, oropharyngeal, and rectal swabs as well
inoculation (n = 6) and subsequent cohousing with healthy (41)

cats (1 healthy animal for 3 challenged cats) at day 1.

as bronchoalveolar lavage fluid from 1 to10 dpi.

! dpi: days post infection.
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3.4.3 Mink-to-cat transmission

Mink-to-cat transmission was described in the Netherlands. This occurred in the context of
heavily impacted farmed mink populations, where the virus underwent transmission from
human to mink, circulated in the mink population, and subsequently spilled over back into the
human population. This study of van Aart et al. 2022 (67), which presents a rare example of
interspecies transmission, tested 101 cats from ten farms in the Netherlands for SARS-CoV-2
by PCR. The results indicated that there was a 12 % likelihood of cats becoming contaminated
by minks when present on an infected mink farm. The cats were all feral, which therefore
excluded the possibility of transmission from humans (67). Another study examined serum
samples from cats living on mink farms in the Netherlands in 2020 and generated a lower
seroprevalence of 0.4 % (68). Similarly, in Utah, around one fourth of the 15 free-roaming and
feral cats from three different mink farms tested positive by PCR for SARS-CoV-2. Analysis

of the movement patterns of the positive animals suggested a mink-to-cat transmission (69).

3.4.4 Domestic cat-to-human transmission

To date, only one cat-to-human transmission event has been described. On August 15, 2021, a
female veterinarian in Songkhla Province, Thailand, was tested and confirmed positive for
SARS-CoV-2 Delta variant after having examined, five days earlier, a SARS-CoV-2 infected
cat. The two positive pet owners were transported together with the cat from Bangkok Province
to the hospital in Bangkok, where the cat was separated and sent to the animal hospital alone.
The cat was asymptomatic but sneezed in the face of a 32-year-old previously healthy
veterinarian while nasal and rectal swab samples were taken. Three days later, the veterinarian
showed clinical signs, including fever, clear nasal discharge, and productive cough for two
days. The epidemiological link between the infections was confirmed by evidencing identical
SARS-CoV-2 genome sequences obtained from the veterinarian, the infected cat, and its
owners. This was further supported by the temporal overlap of the infections. Moreover, the
genome sequences of the connected patients were distinct from other patients in the Songkhla

Province, where the Alpha variant was widely spread at this time (70).



18

3.5 Seroprevalence of SARS-CoV-2 in domestic cats and big cats.

Out of the 116 selected scientific papers, 34 studies, performed across 21 countries, presented
seroprevalence results and included a sample size of at least 10 cats (Table 8). The studies were
conducted on domestic pet, stray, and shelter cats. The sample size varies from 19 to 2,160 cats.
The detection methods were very diverse, with nine different methods reported across the 34

studies.

The study designs showed high heterogeneity, including random serosurveys, targeted
sampling of cats from SARS-CoV-2 positive households, targeted sampling of cats from SARS-
CoV-2 negative households and serosurveys conducted on cats that were hospitalised or
presented for veterinary consultation. In the following, we limited ourselves to the results of
the ELISA, as this was the only detection method cited in all studies. Overall, the prevalence
of antibodies against SARS-CoV-2 in domestic cats is relatively low, with several studies
demonstrating a seroprevalence < 1 % (68,71-82). Seroprevalences estimated via random
serosurveys varied between 0 % and 14.7 % (71,73,74,76,82). Cats living in SARS-CoV-2
positive households had a higher incidence of antibodies than randomly tested animals, with a
seroprevalence ranging between 5 % and 43 %, the latter being reported from the US (47,83).
Furthermore, investigations on cats from SARS-CoV-2 negative households, found a
seroprevalences of 0.7 % (83). One study presented a seroprevalence of 21.7 % in cats living
in different SARS-CoV-2-contaminated environments (84). Other studies have found
seroprevalences of < 1 % in cats living in areas with high-SARS-CoV-2-prevalence in humans
(78,81). Serosurvey of cats admitted to hospital or presented for veterinary examination showed
seroprevalences from 0.4 % to 18.9 % (77,85). Two large-scale studies conducted within a short
time interval in 2020-2021, demonstrated a two-fold increase of the seroprevalence in cat

populations in Germany, from 0.7 % in 2020 to 1.4 % few months later (72,86).

In  two serosurveys carried out on big cats living in different environments, including Asiatic
lions, Bengal tigers, tigers, and leopards, the estimated seroprevalence was 6.5 % (4/62) and
15 % (48/320) (* 20 % cut-off value.



Table 9).
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Table 8§ Overview of 34 selected seroprevalence studies of SARS-CoV-2 in domestic cats.

Seroprevalence of Year of
Type of cats Country Sample size Study design Serological method Reference
SARS-CoV-2 sampling
Germany, Receptor-binding-domain
43 %
United (RBD)-ELISA
Pet . 2160 Random serosurvey 2020 (87)
Kingdom,
. Virus neutralisation test (VNT) 4.4 %
Italy, Spain
Targeted sampling of cats . .
L Multiplex microsphere
34 living in SARS-CoV-2 . 23.5%
Pet France . immunoassay (MIA) 2020 (88)
positive households
16 Random serosurvey MIA 6.3 %
Pet, stray China 87 Random serosurvey ELISA 0% 2020 (71)
Serosurvey of cats ELISA 0.4 %
Pet Thailand 1112 hospitalised or presented for 2020 77)
. . Surrogate VNT 0%
veterinary consultation
Targeted sampling of cats
Pet USA 19 living in SARS-CoV-2 VNT 21.1 % 2020 (89)
positive households
Serosurvey of cats
Pet Croatia 131 hospitalised or presented for Microneutralisation test (MNT) 0.76 % 2020 (75)
veterinary consultation
Serosurvey of cats SARS-CoV-2 nucleocapsid (N) Y
0
Pet USA 239 hospitalised or presented for ~ protein-ELISA 2020 (90)
veterinary consultation RBD-ELISA 3%
39 cats sampled
prior the ELISA 0% 2019
outbreak
Shelter, pet China Random serosurvey (73)
102 cats ELISA 14.7 %
sampled after 2020
Surrogate VNT 10.8 %

the outbreak
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Serosurvey of cats

Pet Germany 920 hospitalised or presented for ELISA + VNT 0.7 % 2020 (72)
veterinary consultation
Serosurvey of cats
Pet Germany 1173 hospitalised or presented for ELISA + VNT 1.4 % 2020-2021 (86)
veterinary consultation
Targeted sampling of cats
Pet Portugal 69 living in SARS-CoV-2 ELISA 21.7% 2020-2021 (84)
contaminated environments
Targeted sampling of cats
5 % (COVID-19-
40 living in SARS-CoV-2 B
. positive household)
positive households
Pet Portugal ELISA 2020-2021 (83)
Targeted sampling of cats
0.7 % (COVID-19-
136 living in SARS-CoV-2 )
i negative household)
negative households
Serosurvey of cats
Pet Poland 279 hospitalised or presented for ELISA 1.8% 2020-2021 91)
veterinary consultation
Targeted sampling of cats
Pet France 143 living in SARS-CoV-2 ELISA + VNT 84 % 2020-2021 92)
positive households
136 cats tested
before the
ELISA 0%
SARS-CoV-2
Stray and shelter Italy outbreak Random serosurvey 2019-2021 (74)
99 cats tested
after the SARS- ELISA 1%
CoV-2 outbreak
Targeted sampling of cats
Pet Peru 41 living in SARS-CoV-2 ELISA + Surrogate VNT 31.7 %' 2021 (93)

positive households
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Random serosurvey +

Serosurvey of cats

Stray, pet Italy 99 ELISA + VNT 0% 2021 (76)
hospitalised or presented for
veterinary consultation
Targeted sampling of cats
Shelter Netherlands 240 living in shelters in high-risk ~ ELISA + VNT 0.8 % 2021 (78)
areas
Random serosurvey +
Serosurvey of cats
Stray Spain 114 o RBD-ELISA 35% 2021 94)
hospitalised or presented for
veterinary consultation
Serosurvey of cats . o
ELISA + ilFA (indirect
Pet Poland 243 hospitalised or presented for . 18.9 % 2021-2022 (85)
. ) immunofluorescence assay)
veterinary consultation
ELISA,
Serosurvey of cats 4.5%
o SVNT,
Pet Korea 488 hospitalised or presented for ) o 1.6 % 2020
) Plaque reduction neutralisation
veterinary consultation 0.4 %
test (PRNT) 95)
Serosurvey of cats ELISA, 2.5%
Pet Hong Kong 251 hospitalised or presented for sVNT, 0.2 % 2020-2021
veterinary consultation PRNT 0%
Serosurvey of cats
Pets Lebanon 145 hospitalised or presented for ELISA 13.8% 2020-2021 (96)
veterinary consultation
Serosurvey of cats Protein-A/G- ELISA 0.5 %
Pet Japan 1969 hospitalised or presented for RBD-ELISA 0.2 % 2020 (79)
veterinary consultation
Targeted sampling of cats
Pet USA 32 living in SARS-CoV-2 ELISA 43 % 2020-2021 47)

positive households
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Serosurvey of cats

o ELISA 3.7 %
Stray, shelter, pet  Italy 215 hospitalised or presented for 2021-2022 97)
. . SVNT 1.9 %
veterinary consultation
Targeted sampling of cats
54 living in SARS-CoV-2 20.4 %

Pet Italy » ELISA 2020 (82)

positive households
14 Random serosurvey 0%

Random serosurvey +
Serosurvey of cats

Stray Israel 131 o ELISA 23% 2021 (98)
hospitalised or presented for
veterinary consultation
Serosurvey of cats

Pet Serbia 36 hospitalised or presented for ELISA 5.6 % 2020-2021 99)
veterinary consultation

) Targeted sampling of cats ELISA

Pet Thailand 93 o o 0% 2021 (81)
living in a high-risk area SVNT
Serosurvey of cats

Pet USA 956 hospitalised or presented for ELISA 12% 2020 (100)
veterinary consultation

22
Pet European 1005 Random serosurvey ELISA, ilFT, sVNT 1.9 % 2020 (101)
countries

120 % cut-off value.



Table 9 Seroprevalence studies in big cats.
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(sero)prevalence of Year of
Species Country Sample size Study design Method of detection Reference
SARS-CoV-2 sampling
o Serosurvey of big cats ) o
Asiatic lion, Microneutralisation assay
) ) living in wildlife . o
Bengal tiger, India 320 Plaque reduction neutralisation 15 % 2020-2021 (102)
sanctuaries, zoos, and
leopard ) test (PRNT)
national parks
Serosurvey of captive
Tiger Thailand 62 tigers living in a private PRNT 6.5 % 2020-2021 37

z00
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3.6 SARS-CoV-2 detection in domestic cats and big cats

3.6.1 Virus prevalence in domestic cats and big cats

Table 10 presents the results of 19 selected surveys conducted in eleven different countries that
investigated the prevalence (i. e., they evidenced the presence of the virus or viral RNA) of
SARS-CoV-2 in cats (only studies including ten or more individuals were included in this
review). Cats from different backgrounds were sampled, e. g., domestic cats selected randomly,
domestic cats living in SARS-CoV-2 positive households, patients screening in veterinary
clinics, and stray cats. The studies included prospective and retrospective surveys that were
performed before, during, or after the pandemic. For the detection of the virus in cats, RT-PCR
(reversed transcriptase-polymerase chain reaction) and RT-qPCR (quantitative RT-PCR) were
generally carried out. The principle of a RT-PCR is to evidence viral RNA by performing cycles
of genome amplification before a signal becomes detectable. The number of cycles required for
the signal to appear is described by the cycle threshold (CT) value, which is used to reflect the
quantity of virus in the sample (RT-qPCR) (103).

In domestic cats sampled from SARS-CoV-2 positive households, the prevalence of the virus
ranged from 0 % to 17.6 % (45,89), with one “outlier” study from Switzerland reporting a
prevalence of 63.6 % (56). Randomly sampled cats generated a prevalence ranging from 0 %
to 3 % (49,52,74,97,98). In retrospective studies that tested samples sent to laboratories for
several reasons, SARS-CoV-2 prevalence ranged from 0 % to 0.5 % (104—106) whereas in a
prospective study, 3.1 % of 130 randomly sampled cats tested positive for SARS-CoV-2
(63).Two studies investigated stray, shelter, and colony cats before and during the pandemic.
The results showed that no cats were SARS-CoV-2 positive (74,107). The largest study was
conducted across several animal research facilities in Asia, Europe and North America,
screening 2,466 feline samples for respiratory pathogens including SARS-CoV-2 in early 2020.
No cat was found SARS-CoV-2 positive, although some presented respiratory symptoms (105).

In a study investigating SARS-CoV-2 prevalence in big cats in Thailand, none of the 64 captive
tigers tested were found to be positive for SARS-CoV-2 (37).



Table 10 Prevalence of SARS-CoV-2 RNA in domestic cats.
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Sample Method of Year of
Type of cats Country Study design Prevalence Reference
size detection sampling
Targeted sampling of cats
Pet USA 17 RT-PCR 17.6 % 2020 (45)
living with positive owner
Targeted sampling of cats
Pet Iran 124 o ) o RT-PCR 0.8 % 2020 (108)
living with positive owner
Retrospective screening of
Pet UK 387 ) ) o RT-qgPCR 0.5% 2020 (104)
patients at veterinary clinics
Targeted sampling of cats
Pet USA 19 o ) o RT-PCR 0% 2020 (89)
living with positive owner
) Targeted sampling of cats
Pet China 50 RT-PCR 12 % 2020 (19)
living with positive owner
Targeted sampling of cats
184 o ) o 1.6 %
living with positive owner
Pet Spain RT-qPCR 2020-2021 (109)
Random survey of SARS-
569 0.2 %
CoV-2 in cats
Pet France 130 Prospective survey RT-qPCR 3.1% 2020-2021 (63)
Survey of SARS-CoV-2 in
523 0% 2019-2020
) stray cats; Pre- pandemic
Stray Switzerland RT-qPCR (107)
Survey of SARS-CoV-2 in
882 0% 2020-2021
stray cats; During pandemic
Targeted sampling of cats
Pet Iran 20 o ) B RT- PCR 10 % 2021-2022 (62)
living with positive owner
Targeted sampling of cats
Pet Uruguay 15 RT-qPCR 6.7 % 2020 (64)

living with positive owner
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Targeted sampling of cats

Pet USA 32 RT-PCR 8% 2020-2021 (47)
living with positive owner
Asia, Europe, Retrospective survey whilst
Pet ) 2466 ) RT-PCR 0% 2020 (105)
North America pathogen testing
Shelter, stray Patient screening at veterinary
Italy 148 o RT-PCR 0% 2021-2022 97)
colony clinics
Random survey of SARS-
Stray Israel 131 RT-PCR 0% 2021 (98)
CoV-2 in cats
Pet, catteries, Retrospective survey whilst
Italy 52 ) RT-PCR 0% 2019-2021 (106)
stray pathogen testing
) Targeted sampling of cats
Pet Switzerland 14 o ) o RT-qPCR 78.6 % 2020-2022 (56)
living with positive owner
] Random survey of SARS-
Pet Thailand 120 RT-PCR 0.8 % 2021 (52)
CoV-2 in cats
Shelter, Random survey of SARS-
o Thailand 639 ) RT-PCR 3% 2019-2022 (49)
hospitalised, pet CoV-2 in cats
Survey of SARS-CoV-2 in
136 ] 0%
Stray colony, stray cats; Pre- pandemic
Italy RT-qPCR 2019-2021 (74)
shelter Survey of SARS-CoV-2 in
105 0%

stray cats; During- pandemic
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3.7 Protective immunity after infection in domestic cats

Infection with SARS-CoV-2 in cats induces immunity to re-infection under experimental
conditions when the antibody titre reaches a certain threshold (34,44). Few studies have
reported experimental re-infection with SARS-CoV-2 in cats (34,44,110). In all trials listed in
Table 11, the animals were artificially infected with the virus and re-infected after 21 to 28

days.

In two studies, infection in domestic cats triggered some immunity that protected from re-
infection, i. e., no virus replication in the respiratory tract nor lung damage were observed after
re-infection and high levels of neutralising antibody were produced (34,44). In one experiment,
cats were divided into two cohorts and re-infection was successful in 3/8 animals, although the
virus was shed intermittently and at minimal concentration. Very likely, re-infections were
possible due to low antibody titres (110). In one study, the antibody titres doubled to quadrupled
14 days after re-infection (34).

Finally, a previous infection with other enzootic coronaviruses, such as canine coronavirus or
feline coronavirus, does not induce a protective immunity against SARS-CoV-2 in domestic

cats (80).
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Table 11 Experimental re-infection performed to investigate the elicited immune response after SARS-CoV-2 infection, its role
in providing protection against subsequent re-infection, and the duration of immunity following initial infection.

Time
between
No. positive  Efficiency Titre (virus
initial Infection
cats! (total of re- Test Tissue sampled neutralising Reference
infection route
No. cats) * infection antibodies) ***
and re-
infection
Not
Intranasal
0(@3) efficientin  PCR Oral and nasal 28 days 1:1,280-1:2,560 (34)
inoculation
7 DP2C**
Nasal and rectal
o » o Intranasal
Efficientin RT- cavities positive;
2(3) 21 days and per os 1:40-1:320
2 cats qPCR  oropharyngeal ) )
) inoculation
swabs negative
Nasal and (110)
Efficientin  RT. oropharyngeal Intranasal
1(5) swabs positive, 21 days and per os 1:40-1:320
one cat qPCR ) )
rectal swab inoculation
negative
Not Inoculation
00) PCR Nasal and rectal, »8d ( 1:5120- (44)
; ; ays route not
efficient in organs ) 1:20,480%***
9 DP2C specified)

* No. = Number; ** DP2C = days post second challenge; *** on the day of re-infection; **** IgG antibody titre in day 24
after first inoculation.

1 Detection of viral shedding after re-infection challenge, usually by viral isolation or RT-PCR.
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3.8 Clinical manifestations

3.8.1 Incubation period in domestic cats

Table 12 lists some studies that have estimated the incubation period of SARS-CoV-2 in cats.
The incubation period varied between 1 and 25 days. However, the methods to evaluate it and
the conditions of the studies differed significantly and results cannot be compared. For example,
significant variations were observed in the approaches used to define the time from which an
animal is considered SARS-CoV-2 positive. Some studies considered as day 1 of the infection
the day when the test was carried (19), others used the day when the positive test result was
obtained (49), some studies used the day when symptoms first appeared in the suspected source
of infection (generally human) (111), and some others used the day when SARS-CoV-2
infection was laboratory confirmed in the suspected source of infection (49,50,56,66,87). One
study defined the incubation period as the time between the onset of symptoms in the suspected

source of infection and the first positive test in the cat (19).
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Table 12 Incubation period in domestic cats after infection.

Number Incubation
Definition of incubation period Setting Reference

of cats period!
First contact to artificially inoculated cat - positive test )

7 1 day Experimental 34)
of the cat
First contact to artificially inoculated cat - positive test )

4 3 days Experimental (42)
of the cat

1 2 days
First contact to artificially inoculated cat - positive test )

1 5 days Experimental (66)
of the cat

1 4 days

1 1 day Onset of owner’s symptoms - positive test of the cat Natural 19)
Onset of owner’s symptoms —

23 10 days Natural (111)
onset of cats” symptoms
First positive tests from owner — first positive test from

7 7 days Natural (56)
the cat

1 First positive tests from owner — first positive test from

7 days Natural (50)

the cat
First positive test from caretaker — first positive test of

5 19 days Natural (49)
the cat
First positive tests from direct contact person — first

1 <25 days B Natural (112)
positive test of the cat
Day of artificial inoculation of contact cat - positive .

3 4 days Experimental (43)

test of the cat

! Average duration (time interval), calculated over the study sample, between infection and recognition of infection, as defined specifically for

each study.
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3.8.2 Duration of SARS-CoV-2 infection in domestic cats

The duration of SARS-CoV-2 infection in domestic cats was evaluated in natural and
experimental settings as shown in Table 13. Since the duration of infection was determined,

depending on the study, for a sample size ranging from one to 16 cats, a mean value is given in

the table.

Overall, the mean duration of the incubation period ranged between four and 21 days. Routes
and sources of infection differed among studies. Furthermore, cat follow-ups and tests were

conducted over different time periods, making comparison of the results between studies

impossible.

Table 13 Duration of SARS-CoV-2 infection in domestic cats.

Number of cats
included in the

study
3

16

Duration of infection

in days (mean) Setting

4 Natural (co-housing)
5.7 Experimental

4.7 Natural

21 Natural

4 Natural

15 Natural

Source of infection

Experimental

Experimental

Cat

Human

Human

Human

Reference

(43)

(66)

(66)

(112)

(50)

(111)
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3.8.3 Clinical signs

Domestic cats show different clinical manifestations following SARS-CoV-2 infection, from
asymptomatic disease to fatal outcome. A list of the symptoms mentioned in the studies

included in this review is displayed in Table 14 and summarised, for each organ, in Figure 1.

Big cats also show several clinical signs of SARS-CoV-2 infection (
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Table 15, Figure 2). Death related to SARS-CoV-2 infection was reported in an Asiatic lion
(29). In contrast to domestic cats, neurological, dermatological, cardiac and gastrointestinal

symptoms as well as asymptomatic animals are not mentioned in big cats.

behaviour nervous system « respiratory tract
altered behavior, decrease of neurological symptoms undefined respiratory
activity, dullness, depression  ~ » symptoms, increased

respiratory effort, moderate
bronchial and pulmonary
sounds, bronchospasm,

caughing, wheezing, dyspnoe,
y " lower airway inflammatory
disease, pneumonia, coryza
general clinical signs like disease, ocular discl_largc,
- conjunctivitis, blepharitis,

dehydration , moderate decay, . c
general acute deterioration, » sneezing, nasal discharge

fever, lymphadenomegaly,

retro-mandibular adenopathy skin

j 7 ‘ undefined dermatologic
\ « changes, gingivitis,
\ hyperemic spots on tongue
v

cardiovascular system

gastrointestinal tract undefined cardiac

undefined gastrointestinal symptoms, myocarditis
symptoms, congestion, brachial cephalic
diarrhoea, inappetence, weight thrombosis

loss, vomiting

Figure I Clinical signs in domestic cats assigned to organ systems or body regions.



Table 14 Clinical signs in domestic cats.
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Clinical sign

Reference

Respiratory tract

Undefined respiratory symptoms

(48,49,84,107,108,113-115)

Increased respiratory effort

(114,116,117)

Moderate bronchial and pulmonary sounds (116)

Bronchospasm (118)

Coughing (49,64,89,114,116-121)
Wheezing (117,120)

Dyspnoea (55,111,115,120)
Lower airway inflammatory disease (63)

Pneumonia (49,82)

Coryza like disease (63)

Ocular discharge (111,122,123)
Conjunctivitis (104,107)

Blepharitis (108)

Sneezing (45,49,63,64,70,89,111,118,121,122,124-126)
Nasal discharge (82,89,111,124)

Gastrointestinal tract

Undefined gastrointestinal symptoms

(84,116,127)

Congestion (115)
Diarrhoea (107,111,117)
Inappetence (84,113,121)
Weight loss (108,114)
Vomiting (111,117,127,128)
Skin

Undefined dermatologic changes (108)
Gingivitis (126)
Hyperaemic spots on the tongue (126)
Cardiovascular system

Undefined cardiac symptoms (50,54)
Myocarditis (54)

Brachial cephalic thrombosis (82)

Behaviour

Altered behaviour

(114,117)
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Decrease of activity

(45,84,108,111,114,117,119,121)

Dullness (119,120)
Depression (120)
General clinical signs

Dehydration (116)
Moderate decay (118)
General acute deterioration (124)
Fever (84,111,114,117-120,129)
Lymphadenomegaly (116,126)
Retro-mandibular adenopathy (124)
Nervous system

Neurological symptoms (84,118)

Death

(57,108,129,130)

Asymptomatic

(34,41,44,48,49,52,58,63,82,116,119,126,131,132)
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behaviour respiratory tract
decrease of activity, . unspecific cough, non-
exhaustion, growling v productive cough, dry

hacking cough, wheezing,
bronchial pneumonia,
increased respiratory rate
with distress, shortness of
breath, intermittent
respiratory sounds

death -

rs
general clinical signs
fever, increased water

ocular discharge

intake

v
gastrointestinal tract nasal discharge, mild
malnutrition epistaxis, sneezing, rhinitis

Figure 2 Clinical signs in big cats.
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Clinical sign

Species

Reference

Respiratory tract

Lion, Asiatic lion, Malayan tiger, tiger,

Unspecific cough (27,28,30,36,39,133)
Snow leopard

Non-productive cough Tiger (38)

Dry hacking cough Snow leopard (60)

Wheezing Snow leopard, Malayan tiger (27,39,60)

Bronchial pneumonia Lion 36)

Increased respiratory rate with distress ~ Asiatic lion (59)

Shortness of breath Malayan tiger (30)

Intermitted respiratory sounds Malayan tiger (30)

Ocular discharge Lion, Asiatic lion (29,36)

Lion, Asiatic lion, Amur leopard cat,

Nasal discharge (28-30,36,39)
Malayan tiger

Mild epistaxis Asiatic lion 59)

Sneezing Amur leopard cat, Lion (28,39)

Rhinitis Amur leopard cat (39)

Behaviour

Decrease of activity

Tiger, Malayan tiger, Lion

(28,30,38.39)

Exhaustion Asiatic lion (39)
Growling Malayan tiger (39)
General clinical signs

Fever Asiatic lion (59)
Increased water intake Asiatic lion (29,59)

Gastrointestinal tract

Malnutrition

Malayan tiger, Asiatic lion, Puma

(29,30,36,38,39,59)

Death

Asiatic lion

29
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3.9 Risk factors for SARS-CoV-2 infection in domestic cats

Table 16Fehler! Verweisquelle konnte nicht gefunden werden. shows the results of several
studies evaluating the association between certain risk factors and the occurrence of SARS-
CoV-2 infection assessed by the presence of antibodies and/or the presence of the virus. The
relationship between SARS-CoV-2 infection and each risk factor is categorised as “positive”,
“negative”, or “not significant” (i. e., p-value was bigger than 0.05). Overall, few studies

presented significant outcomes.

For example, the age of the animal has a positive association with SARS-CoV-2, although this
only applies in young adults (1-7 years) (97). Living with SARS-CoV-2 affected owners was
positively associated with SARS-CoV-2 infection in domestic cats (40,134). Additionally, the
risk of infection increased with the number of positive people living in the same household
(134). Furthermore, cats originating from shelter, rescue or foster facilities and domestic cats
sleeping on the owner's bed presented an increased risk of SARS-CoV-2 infection (135). Being
positive for FeLV or presenting the blood phenotype AB was also positively associated with
SARS-CoV-2 infection (97).

In experimental settings, air ventilation was negatively associated with SARS-CoV-2 infection

(40).
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Table 16 Risk factors of infection with SARS-CoV-2 in domestic cats.

Risk factor Association with SARS-CoV-2 Reference
Origin Not significant 97)
Breed Not significant 97)
Age Positive association 97)
Not significant (84,91,135)
Sex Not significant (84,91,94,135,136)
Reproductive status Not significant 7
Close contact to owner Not significant (92)
Positive association (82,84,134)

Positive household/owner

Not significant (92,135,136)
Cats origi.n.ating from shelter, rescue, or Positive association (135)
foster facility cats
Number of positive people in the » o

Positive association (134)
household
Outdoor access Not significant (82,84)
Air ventilation Negative association (40)
Health status Not significant (91)
Kissed by owner Not significant (135)
Sleeping in/on owners’ bed Positive association (135)
Licked hands/face of owner Not significant (135)
New respiratory signs Not significant (135)
New clinical signs Not significant (135)
Presence of multiple animals in the Not significant (135)
household
Positive FeLV serostatus Positive association (97)
Blood phenotype AB Positive association 97)
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3.10 Risk factors of SARS-CoV-2 infection in big cats

In big cats, no large-scale epidemiological studies have evaluated risk factors for SARS-CoV-
2 infection. However, it is generally accepted that big cats kept in zoos or animal parks that
have very close contact with humans, especially animal keepers, are particularly at risk of
contracting SARS-CoV-2 (27,38,137). In captive settings, direct (28,30,36,39,60) or indirect
contact with humans can lead to SARS-CoV-2 infection in big cats.(25)
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4 Discussion

SARS-CoV-2 infection in cats: implications for animal health

The clinical signs reported in domestic and big cats are very similar. It remains unclear why
fewer clinical symptoms have been described in big cats than in domestic cats, but very likely,
clinical examination and monitoring of captive wild animals in large enclosures, where several
animals may also live, is very challenging and limits data collection.

The infection and clinical patterns observed in Felidae especially the most typical symptoms,
such as fever, chills, dyspnoea and, less frequently, gastrointestinal symptoms, resemble that of
humans (138). The airborne route was the most commonly observed route of infection in
domestic and big cats. Under experimental conditions, both intranasal and oral inoculation
resulted in infection in domestic cats, supporting that the airborne route is the most likely mode
of transmission for SARS-CoV-2 in Felidae.

The overall seroprevalence in domestic cats is relatively low. In addition, serosurveys of cats
living in SARS-CoV-2-positive households have a higher risk of testing SARS-CoV-2 positive
compared to randomly tested animals. These findings align with a household transmission as
observed among human patients in a study conducted in Geneva, Switzerland in 2021. The
study revealed a risk of infection that was more than three times higher for individuals residing
in the same household as a person who tested positive for SARS-CoV-2 (139).

Several factors were found to be positively associated with SARS-CoV-2 infection in domestic
cats, e. g. living in a positive household, presenting an immunocompromised immune system
(1. e., positive FeL'V serostatus), and being of a certain blood phenotype (AB). Similarly, several
studies in humans tend to indicate that people living in a positive household (140) or those with
blood group A have a higher risk of contracting SARS-CoV-2 (141). Also, as in cats,
immunocompromised persons, such as people living with HIV, might present more severe

symptoms of SARS-CoV-2 than those who are HIV-negative (142).

Although cats are susceptible to SARS-CoV-2 and positive owners in close contact with the
animal pose an immediate risk of infection, cats generally remain asymptomatic or show only
mild symptoms. The likelihood of a cat experiencing direct fatalities solely due to SARS-CoV-
2 is rare (29). Consequently, SARS-CoV-2 poses a limited risk to the health and welfare of

domestic cats.
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Similarly, big cats, while susceptible to SARS-CoV-2 and able to transmit it to other big cats,
still show a narrow range of clinical signs (27,39). Nevertheless, big cats in zoos are mostly
infected through contact with humans (most commonly animal keepers) and are thus exposed

to an increased risk related to captivity (37,133).

Potential threat posed by SARS-CoV-2 to conservation initiatives targeting big cats

Although the establishment of virus reservoirs in wild big cat populations could pose a potential
threat to the welfare and conservation status of these species, the risk remains low since the
majority of SARS-CoV-2 natural infections in big cats originated from humans (143). In
captivity, guidelines have been developed to reduce the risk of human-to-big cat infection and
therefore protect the animals (144,145). In particular, specific measures are recommended for
ensuring the safe handling of wild animals in zoos and parks. These measures include
implementing hygiene protocols such as wearing freshly laundered quarantine clothing,
practicing frequent hand washing and disinfection, decontamination procedures, wearing face
masks and gloves, and maintaining physical distancing. In addition, animals that have had
contact with a suspected or positive SARS-CoV-2 case (staff or animal) should be segregated
from other animals and quarantined for 14 days. If an animal tests positive, it should remain in

quarantine until it has tested negative twice within a five-day interval. (25,146).

In natural settings, activities such as wildlife research, conservation activities, forestry, pest
control, management of feral populations, ecological consulting, management of protected
areas and natural environments, wildlife tourism and wildlife rehabilitation increase the risk of
human-to-wildlife transmission of SARS-CoV-2 (25). Therefore, specific guidelines have been
developed to address the handling and management of free-ranging wild mammals in the
context of the SARS-CoV-2 pandemic. In summary, the guidelines emphasize several
preventive principles when working with wild animals that include minimizing direct contacts
and interactions with wild animals whenever possible, evaluating the risk of infection
associated with working with wild animals and considering postponing such activities if
necessary. If work with wild animals must proceed, it is essential to protect the animals from
potential asymptomatic transmission by implementing appropriate protective clothing for

humans and rigorous biosecurity measures. (143).
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Uncertainty regarding some transmission events in captive big cats emphasizes the importance
of epidemiological investigations of SARS-CoV-2 infections in zoo animals and highlights the
need for continuous monitoring in zoos and animal parks to gather more evidence and better
understand the potential risk factors for human-to-feline and inter-feline transmission

(37,147,148).

Need for a One Health surveillance and monitoring

Humans were identified as the primary source of transmission in cats and big cats. Additionally,
SARS-CoV-2 variants circulating in domestic cats exhibit a similar diversity as retrieved in
humans, with the VOC Alpha, Gamma, Delta, and Omicron, which strongly supports the
hypothesis of human-to-cat transmission (19,45,46). Regarding big cats, the literature describes
reverse zoonotic transmission in Puma concolor, Panthera leo, Panthera pardus, Panthera
unica, and Panthera tigris. Only two VOC were described in big cats, namely Alpha and Delta.
This can be attributed to the presence of specific virus variants circulating among humans at
the time of animal infection (36,39).

Because infection in cats mostly results from anthropogenic transmission, monitoring and
reporting SARS-CoV-2 infection in Felidae, especially sharing genomic data on circulating
variants, can complement surveillance efforts in human populations. This approach can help in
the early detection of emerging variants or changes in the transmissibility of circulating
variants, providing valuable insights for public health and mitigation strategies (149).
Analysis of genomic sequences of SARS-CoV-2 retrieved from domestic cats proved that no
cat-specific mutation occurred while the viral sequences identified in cats differ only slightly
from the original Wuhan Hu-1 reference sequence. However, this result may be due to the
small number of available SARS-CoV-2 sequences from cats (150). Although cat-to-human
transmission has been reported in one case only (70), it highlights the potential risk of cats
transmitting the virus to humans. The limited number of published cases of cat-to-human
transmission raises several unanswered questions that require further investigation. It is worth
considering whether there is a lack of regular genome sequencing for SARS-CoV-2 positive
cats and their owners, or humans who have had contact with these cats, potentially hindering

our ability to trace transmission routes accurately. Additionally, it is unclear whether the
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conditions for cat-to-human transmission are rare, as household members may infect each other
before the cat shows symptoms or sheds the virus, making it challenging to identify the cat as
the source of infection. Furthermore, even in cases where sequencing has been performed in
multi-person households with a cat, it is possible that the cat's role as the source of infection in
a human may be overlooked, particularly if there are very similar mutations among the humans
involved. These further stresses the need for studying mutations specific to SARS-CoV-2 in
cats and better understand their potential implications for both human and animal health (150).
By examining these mutations, we can gain insights into the dynamics of the virus (151) and
develop strategies to mitigate the risks associated with cat-to-human transmission.
Interspecies transmission has been documented from farmed minks to cats, as reported by
Amman et al. 2022 and van Aart et al. 2022 (67,69). This raises concerns about the potential
risks from mink and other Mustelinae species, which may coexist with domestic cats, to act as
intermediate SARS-CoV-2 hosts between cats and humans (152). Additional investigations are
required to assess the potential risk of minks playing a role in the further spread of SARS-CoV-
2 to cats and, potentially, to humans (67,153).

SARS-CoV-2 being a multi-host pathogen, a One Health approach is crucial to
comprehensively understand and mitigate risks at the interfaces between humans, cats, and the
environment. This approach acknowledges the interconnectedness and interdependence of
human, animal, and environmental health (154). Monitoring spillover events is a key element
to controlling and limiting the spread of SARS-CoV-2 and other emerging pathogens with
zoonotic potential (155,156). Monitoring and surveillance of SARS-CoV-2 infections in cats
(157) 1s essential to gain a comprehensive understanding of transmission dynamics and to assess
the significance of cats in the transmission chain. However, assessing the risk of SARS-CoV-2
transmission at human-cat interfaces requires considering the complexity of human behaviour

and the sociological aspects associated with the human-cat relationship (158).

Identified data and research gaps

The incubation periods observed in domestic cats range from 1 to 25 days according to the
included studies. However, there are significant variations in how the studies defined incubation
period. Similarly, the mean duration of SARS-CoV-2 infection in domestic cats varies between

4 and 21 days, based on the included studies. However, different CT cut-off values were
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considered to determine the positivity threshold and these findings should therefore be
interpreted with caution.

Multiple studies on re-infection in cats have indicated that cats can develop a form of protective
immunity that prevents them from being re-infected with SARS-CoV-2 for a minimum of 21
to 28 days. However, these studies have only examined re-infection within this specific
timeframe, the outcome of a re-infection beyond this period remains uncertain. Further
investigations are necessary to understand the long-term dynamics of re-infection in cats and
the potential duration of their protective immunity against SARS-CoV-2.

Overall, it is necessary to establish standardised protocols for conducting experimental trials,
enabling the collection of data such as incubation times and duration of immunity in a consistent
manner, as they are also carried out in human medicine for different types of research (159-
161). Additionally, it is crucial to develop uniform reference values in diagnostics to facilitate
objective interpretation of results and enhance comparability between studies. These measures
would contribute to a more reliable and comprehensive understanding of SARS-CoV-2
infections in domestic cats.

While cat-to-cat transmission has been observed in laboratory settings, further research is
needed to evaluate the potential for transmission of the virus between cats and big cats in natural
settings.

Long COVID (also referred to as “post-acute sequelae of COVID-19”) affects at least 10-25 %
of the infected human population (162,163). To date, there are no studies on long-term clinical
manifestations following SARS-CoV-2 infections in cats. Given the long-life expectancy of
cats, it is important to study the potential occurrence and effects of long COVID in Felidae.
Additionally, comparative medicine research can provide valuable insights into understanding
long COVID in humans by studying its manifestations and potential treatments in both humans
and cats (164).

Finally, there is evidence suggesting that certain VOCs, such as Omicron in humans, present
an increased transmissibility (165). There have been no comparative studies about variant
transmissibility in cats although areas with increasing SARS-CoV-2 prevalence in humans

generally present higher seroprevalence and virus prevalence in cats (74,88).



47

Limitations of this work

This thesis provides an overview of the topic of SARS-CoV-2 in cats. As the search and paper
selection were not conducted in a strictly systematic manner (e. g. as described in the PRISMA
guidelines (166)), not all existing studies on SARS-CoV-2 in cats have been included.
Furthermore, this review provides a snapshot of the current knowledge and understanding of
SARS-CoV-2 in cats at the time of submission. However, considering the dynamic nature of
the virus and its potential for evolution, as well as the continuous accumulation of new
knowledge, it is important to recognise that our understanding of SARS-CoV-2 in cats is
subjected to change.

This thesis describes SARS-CoV-2 infection in eleven Felidae species/subspecies. However,
infection with SARS-CoV2 has been reported in more species than those listed above. Namely,
the World Organisation for Animal Health (WOAH) (167) and the last Food and Agriculture
Organization situation update (32) mention together three additional species as susceptible to
SARS-CoV-2. As the list of keywords did not include “Felidae”, no publications on the species
fishing cat (Prionailurus viverrinus), Eurasian Lynx (Lynx lynx) and Canada Lynx (Lynx
canadensis) were retrieved. Yet, the Amur leopard cat (Prionailurus bengalensis) has been
mentioned in one study included in this review, but the above-mentioned organisations have
not yet counted it as a susceptible species (39).

The studies included in this review may vary in terms of their quality, despite adherence to
predefined inclusion criteria. While efforts were made to ensure rigorous selection, the absence
of a comprehensive quality assessment (168,169) introduces some level of uncertainty
regarding the reliability and validity of the included studies. Consequently, the focus was on

presenting and describing the findings, rather than critically analysing them.
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Conclusion

Overall, the findings of this review suggest that, at present, domestic cats and big cats do not
appear to pose a substantial public health threat regarding SARS-CoV-2. Moreover, studies
usually report a limited direct impact of SARS-CoV-2 infection on the health of the infected
cats. By actively monitoring SARS-CoV-2 infections in cats, we can gather valuable data that
will contribute to informed decision-making and the development of effective One Health

strategies for preventing and mitigating the spread of the virus at cat-human interfaces.
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