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Abstract

Background: Reverse zoonoses occur because of interactions between humans and

animals. Homology of ACE-2 cell receptors in different hosts and high mutation rate

of SARS-CoV-2 enhance viral transmission among species.

Objectives: This study aimed to investigate spillover of SARS-CoV-2 between humans

and companion animals.

Methods: A cross-sectional study was constructed using nasopharyngeal/

oropharyngeal swabs, serum and blood samples collected from 66 companion

animals (33 cats and 33 dogs) that were in contact with SARS-CoV-2-positive owners

from December 2020 to March 2021. Swabs were screened by rRT-PCR and some

positive caseswere confirmed by partial spike gene sequencing. Clinical pathology and

pathological studies were also performed.

Results: Our findings revealed that 30% of cats (10/33) and 24% of dogs (8/33) were

SARS-CoV-2 positive. While 33% of these animals were asymptomatic (6/18), 28%

showedmild respiratory signs (5/18) and39%displayed severe respiratory signs (7/18)

including 4 dead cats 40% (4/10). Partial spike gene sequencing of 6 positive sam-

ples collected in December 2020 were identical to SARS-CoV-2 that was detected in

humans in Egypt in that time frame. Clinical pathology findings revealed thrombocy-

topenia, lymphocytopenia, aswell as elevated levels ofD-dimer, LDH, CRP, and ferritin.

Post-mortem and histopathological examinations illustratedmultisystemic effects.

Conclusions:There is apotential occurrenceof SARS-CoV-2 spilloverbetweenhumans

and pet animals.
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Impacts

∙ The present study highlighted the potential occurrence of SARS-CoV-2 spillover

between humans and their companion animals.

∙ Biosecurity measures should be applied to decrease spread of SARS-CoV-2 among

humans and pet animals.
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1 INTRODUCTION

The coronavirus disease 2019 (COVID-19) outbreak, triggered by

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has

been reported in late 2019 in Wuhan, China (Wu et al., 2020). SARS-

CoV-2 has a positive-sense single-strand ribonucleic acid (+ss RNA)

with an envelope (Zhu et al., 2020) and contains structural proteins

(SPs) including spike (S), envelope (E), membrane (M) and nucleocap-

sid (N) proteins (Naqvi et al., 2020) and non-structural proteins (NSPs)

including proteases (NSP3 and NSP5), RNA-dependent RNA poly-

merase (NSP12), helicase enzyme (NSP13), endoribonuclease enzyme

(NSP15) and other NSPs (Acter et al., 2020). The spike glycoprotein

initiates the viral infection via attaching to angiotensin-converting

enzyme-2 (ACE2) cell receptors in many organs such as the lungs,

kidneys, liver and brain (Hamming et al., 2004).

Cross-species transmission of coronaviruses has been reported and

some studies have revealed their ability to overcome species barri-

ers (Zhou et al., 2020a). The high mutation rates (Lam et al., 2020)

and the large size of genomic RNA enhance the emergence of new

coronaviruses (Su et al., 2016). In addition, the ability of coronaviruses

to interact with a broad range of ACE2 cell receptors in different

species may increase the viral virulence (Su et al., 2016). Adaptation of

coronaviruses to new hosts usually occurs via viral mutations (Bolles

et al., 2011), changes that alter viral tropism and mutations that allow

cross-species transmission (Hoffmann et al., 2020; Zhou et al., 2020a).

Bats have been recognised as natural hosts for SARS-CoV-2 due

to the high identity percentage (96.2%) between SARS-CoV-2, which

was detected in humans and RaTG13 (bat coronavirus) (Zhou et al.,

2020a). The latter finding raise number of enquiries about SARS-CoV-

2 transmissibility to other species (Elaswad et al., 2020). The World

Organisation for Animal Health (WOAH)/The Office International des

Épizooties (OIE) has reported an emergence of 679 cases of SARS-

CoV-2 infection in 24 animal species in 36 countries according to July

2022 report (WOAH/OIE, 2022). In particular, 360 cases in minks, 102

cases in cats, 92 cases in dogs, 2 cases in otters, 2 cases in pet fer-

rets, 5 cases in lions 12 cases in tigers, 3 cases in pumas, 2 cases in

snow leopards, 2 cases in gorillas, 1 case in white-tailed deer and 1

case inAmur leopardwere documented (WOAH/OIE, 2021b). Further-

more, SARS-CoV-2 infection in catshasbeen reported inBrazil,Greece,

Belgium, Switzerland, Japan, Canada (WOAH/OIE, 2020), France (Sail-

leau et al., 2020), Italy (Musso et al., 2020), Hong Kong (Barrs et al.,

2020), Spain (Ruiz et al., 2021; Segalés et al., 2020), the United States

(Hamer et al., 2021), the United (Hosie et al., 2021), and the Nether-

lands (Oreshkova et al., 2020).Moreover, several studies confirmed the

presenceof SARS-CoV-2antibodies in cats that testednegativeby rRT-

PCR, which revealed a previous viral exposure (Gaudreault et al., 2020;

Halfmann et al., 2020; Shi et al., 2020). Additionally, it was shown that

dogs are susceptible to SARS-CoV-2 infection as reported in theUnited

States (Hamer et al., 2021), Hong Kong (Sit et al., 2020), and recently in

Japan where a dog was tested positive for SARS-CoV-2 after hospitali-

sation of his owner in last September 2021 (WOAH/OIE, 2021c). Even

though, an experimental infection of racoon dogs revealed their high

susceptibility for SARS-CoV-2 infection and their ability to transmit

the virus among the same species (Freuling et al., 2020; WOAH/OIE,

2021a), another study reported that SARS-CoV-2 shedding in dogs

have a little to zero value (Shi et al., 2020).

Although SARS-CoV-2 is a zoonotic virus and bats appear to be

its natural hosts, till now, the identification of its intermediate reser-

voirs remainsundetermined (Zhaoet al., 2020).However, domestic and

wild animals have the ability to be intermediate hosts; many studies

are needed to clarify critical points surrounding this issue (Zhao et al.,

2020). Hence, the OIE urgently recommends the reporting of SARS-

CoV-2 in animals (WOAH/OIE, 2021b). For further investigation about

the spillover and reverse zoonoses of SARS-CoV-2 between humans

and their companion animals, we conducted molecular, clinical pathol-

ogy and pathological investigations for some cats and dogs living in the

same households with at least one COVID-19-positive human case.

2 METHODS

2.1 Sampling and epidemiological data collection

A cross-sectional study was performed using 66 samples collected

from33 cats and 33 dogs from veterinary clinics in Gesr El-Suez, Cairo,

Egypt and shelters in El-Saff, Giza, Egypt from December 2020 to

March 2021. All tested companion animals were derived from homes

having at least one SARS-CoV-2-positive case by using antibody and/or

antigen detection assays. Naso/oropharyngeal swabs were collected

and placed into sterile tubes containing 2 ml of autoclaved phos-

phate buffer saline (PBS) to protect samples from nuclease enzymes.

Then samples were placed in an icebox containing ice. Additionally,

blood samples were collected and split into two groups, one group

was mixed with 100 µl of ethylenediaminetetraacetic acid (EDTA) to

prevent coagulation for complete blood count (CBC) and the other

group was collected without EDTA to separate serum samples for

the remaining clinical pathology studies as D-dimer, lactate dehydro-

genase (LDH), C-reactive protein (CRP), and ferritin. Sampling was

performed by veterinarians wearing personal protective equipment

and applying strict biosecurity measures for sampling procedures and

transportation. SARS-CoV-2 infection in humans and their pet animals,

respiratory signs of owners along with those of their pet animals, and

the workflow of this study were presented in Figure 1, Table 1 and

Supplementary Table S1.

2.2 RNA extraction and one-step real-time
RT-PCR

The collected samples were immediately placed in automatic RNA

extractor to decrease the biological hazard and obtain the highest yield

ofRNA.Viral RNAwasextractedbyusing aMagPurix nucleic acid auto-

matic extractor (Labgene Scientific, Switzerland, catalogue number:

ZP01001) using theMagPurix® Viral Nucleic Acid Extraction Kit (Cat-

alogue number: ZP02003), according to the manufacturer’s instruc-

tions. Then, one-step real-time reverse-transcription polymerase chain
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F IGURE 1 SARS-CoV-2 infection in humans and their pet animals. (a) SARS-CoV-2 infection in humans and their pet animals with symptoms.
(b) represents the distribution of the severity of clinical signs in owners and their pets with percentage. (c) The workflow of the presented study

TABLE 1 SARS-CoV-2 infection in humans and their pet animals

(a) Cat Dog

F M F M Total

Clinic in Gesr El-Suez, Cairo, Egypt 25 4 4 9 42

Shelter in El-Saff, Giza, Egypt 3 1 4 16 24

Total 33 33 66

(b) Severity of respiratory signs Gender Location Age

Asymptomatic Mild Severe F M Clinic Shelter <1M 1-<6M 6-<12M 1-<2 Y 2:3 Y >3 Y

COVID-19 (+) 6 5 7 11 7 16 2 1 1 1 8 4 3

COVID-19 (−) 33 15 0 25 23 26 22 1 14 13 6 8 6

Total 39 20 7 36 30 42 24 2 15 14 14 12 9

Note: (a) Location, species and gender of the collected samples. (b) The severity of respiratory symptoms in owners and pet animals with numbers and

percentage.

reaction (rRT-PCR) was performed on the same day to protect the

viral RNA from degradation. All RNAs were screened by rRT-PCR to

identify SARS-CoV-2-positive samples using the Transgene multiplex

SARS-CoV-2 kit (Transgene Biotech, catalogue number: DV101) that

detected ORF1ab and nucleocapsid (N) genes, according to the manu-

facturer’s instructions. PCR conditionswere as follows: 10min at 50◦C

and 30 s at 95◦C, followed by 40 cycles of 5 s at 95◦C and 30 s at

60◦C.
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2.3 Conventional RT-PCR and amplification of
partial spike gene

Some of December 2020 samples (6 samples) were picked randomly

to perform partial spike gene sequencing as a confirmatory tool for

diagnosis. The selected samples were re-tested by conventional RT-

PCR, as a preparatory step for the partial spike sequencing, using

partial spike gene-specific primers (forward primer CCAGCAACT-

GTTTGTGGACC) as described previously (Ren et al., 2020) and reverse

primer was designed in this study (TTGACTAGCTACACTACGTGCC)

to amplify 510 bp in the spike gene at position from 23123 to

23632 in the reference genome. In this study, spike gene was selected

for sequencing because it is the most variable and vital region in

SARS-CoV-2 genome which plays a crucial role in viral attachment

and entry (Fung & Liu, 2019). Partial spike gene amplification was

carried out using the PrimeScript RT-PCR Kit (Takara, California,

USA, catalogue number: RR055A), according to the manufacturer’s

instructions. PCR conditions were as follows: 30 min at 50◦C and

2 min at 95◦C, followed by 40 cycles of 30 s at 95◦C, 30 s at

50◦C, and 1.5 min at 72◦C, and a final extension of 10 min at

72◦C.

2.4 Sequence, phylogenetic characterisation and
identity matrix

DNA bands of the selected samples (6 samples) were purified using

QIAquick gel extraction kit (Qiagen, catalogue number: 28706),

according to the manufacturer’s instructions. The purified PCR prod-

ucts were sequenced using the BigDye Terminators 3.1 Cycle sequenc-

ing Kit (Applied Biosystems, catalogue number: 4337454). Sequenc-

ing reactions were purified by using the Centri-Sep spin columns

(Applied Biosystems, catalogue number: CS-901) and were analysed

using a 3500 Genetic Analyser (Applied Biosystems, catalogue num-

ber: A30468). Nucleotide sequences were used to prepare multiple

sequence alignments using BioEdit 7.2.5 (Hall, 1999). An unrooted

maximum-likelihood phylogenetic tree was constructed and visualised

using MEGA 7 to display the evolutionary analysis (Kumar et al.,

2016). The robustness of the tree topology was assessed using 1000

bootstrap replicates.

2.5 Clinical pathology studies

A complete blood count, including red blood cells, platelets, lym-

phocytes, eosinophils, monocytes, neutrophils and basophils, was

performed using a VetScan HM5 analyser (Abaxis, Union City,

CA, USA), according to the manufacturer’s instructions. D-dimer

and LDH as fibrinolysis and clotting parameters, as well as CRP

and ferritin as inflammatory parameters were obtained using a

VetScan VS2 analyser (Abaxis), according to the manufacturer’s

instructions.

2.6 Statistical analysis

Complete blood count and other laboratory parameters data were

analysed using PASW Statistics, Version 18.0 software (SPSS Inc.,

Chicago, IL, USA). Hematologic parameters of positive and negative

animals were compared using independent sample t-test and results

were expressed as means ± standard error. A p-value <0.05 was

considered statistically significant.

2.7 Pathological studies

After owner consent, necropsywas performed for a cat. Tissue samples

from the lungs, heart, intestine, liver, kidneys and spleen were tested

SARS-CoV-2 positive by rRT-PCR, they were trimmed and fixed in

10% neutral buffered formalin for 24 h. The fixed tissue samples were

processed, cleared, and embedded in paraffin wax blocks and then sec-

tionedwith amanualmicrotome at a thickness of 5 µM. Tissue sections

were stained with haematoxylin and eosin (HE) stain and covered with

a cover slide (Bancroft &Gamble, 2008). The slideswere photographed

using anOlympus camera fixed on Leica light microscope.

3 RESULTS

3.1 One-step real-time RT-PCR

According to the cycle threshold (Ct) values of the rRT-PCR molecu-

lar detection of ORF1ab and N genes, 30% of cats (10/33) and 24% of

dogs (8/33) were SARS-CoV-2 positive.Within these 18 positive cases,

6 pet animals were asymptomatic (6/18) (33%), 5 animals showed

mild respiratory signs (5/18) (28%) and 7 pet animals displayed severe

respiratory signs (7/18) (39%). Interestingly, only cats showed severe

signs. From the latter severe cases, 4 female cats died (4/10) (40%).

In contrast, 48 pet animals (23 cats and 25 dogs) were negative for

COVID-19 representing 70% (23/33) of the cats and 76% (25/33)

of the tested dogs. While 69% (33/48) of these negative cases were

asymptomatic, 31% (15/48) showedmild respiratory clinical signs. The

rRT-PCR results of pet animals in relation to the severity of their

clinical signs are illustrated in Figure 2 and Supplementary Table S2.

3.2 Sequence, phylogenetic characterisation and
identity matrix

Partial spike genes of some positive samples, that were collected in

December 2020, were uploaded to the National Center for Biotech-

nology Information (NCBI)with accessionnumbers fromMZ305405 to

MZ305410. Phylogenetic analysis of these samples revealed a 99.7%

identity with the Wuhan reference SARS-CoV-2 human isolate, and

they were identical to SARS-CoV-2 that was detected in human sam-

ples in Egypt in that time frame. In particular, these samples showed
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F IGURE 2 The rRT-PCR results of the pet animals in relation to the severity of the clinical signs. (a) Cycle threshold (CT) values of rRT-PCR for
nucleocapsid (N) andORF 1ab genes in COVID-19-positive companion animals that were in contact with positive owners. (b) The correlation
between species and COVID-19 infection. (c) The relationship between COVID-19 infection and the severity of the respiratory signs.
(d) COVID-19 infection in correlation to death

high identity (100%)with Egypt_NRC1_2020| EPI_ISL/1315064|2020-

04-26 and Egypt_MASRI-C4-029_2020| EPI_ISL/1165078|2020-06-

28. The latter uploaded samples have high identity (99.9%) with pre-

viously detected SARS-CoV-2 in cats and dogs in other countries such

as France and Italy like Cat_France_IDF-53 2020|437349|2020-04-17

and Dog_Italy_399-20BA_2020|730652|2020-11-04 as illustrated in

Figure 3 and Supplementary Table S3.

3.3 Clinical pathology findings

Based on the complete blood count, there was a significant decrease

in platelet count (p-value in cats was <0.0001* and 0.001* in dogs)

and lymphocytes (p-value in cats was <0.0001* and 0.007* in dogs).

On contrast, a significant increase in monocytes was observed in

SARS-CoV-2-infected cats and dogs compared with negative groups

(p-value in cats was 0.010* and 0.015* in dogs) as demonstrated

in the striped filled patterns in Figure 4, Supplementary Tables S4

and S5.

According to other laboratory parameters, there was a significant

increase in inflammatory parameters (CRP and ferritin) and fibrinolysis

and clotting factors (D-dimer and LDH) in SARS-CoV-2-infected cats

and dogs comparedwith negative groups (p-valuewas<0.0001* in cats

and dogs for CRP, ferritin, D-dimer and LDH) as listed in Table 2.

3.4 Pathological studies

Post-mortem lesions and histopathological images of a cat case with

COVID-19 showed generalised multisystemic effects in different

organs (Figures 5 and 6). The respiratory pathologieswere remarkable,

and severe fibrinous pneumonia in addition to epithelial hyperplasia

of the bronchioles was observed. Moreover, congestion and throm-

bosis of the pulmonary blood vessels were noted (Figure 5a–d).

Cardiac lesions included necrotic changes in the muscle bundles

and oedema (Figure 5e). Lesions in the digestive system included

intestinal villi necrosis and fusion (Figure 5f) hepatic congestion, cen-

trilobular necrosis and portal vein thrombosis (Figure 6a–c). Renal
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F IGURE 3 Molecular phylogenetic tree of the sequenced samples. The unrootedmaximum likelihood tree depicts the correlation between the
sequenced samples and SARS-CoV-2 found in humans and animals in which the related branches and taxa clustering together. Blue circles depict
the partial spike gene sequence of SARS-CoV-2 detected in cats and dogs in the presented study and the green triangles display the circulated
SARS-CoV-2 in Egypt at the same time frame

histopathological examination revealed severe acute tubular injury

withminimal glomerular changes. The interstitial tissue showed inflam-

matory infiltrates (Figure 6d–f). Depletion of lymphoid tissue in the

spleen was evident (Figure 6g and h).

4 DISCUSSION

Detection of SARS-CoV-2 in cats and dogs has generated concerns

about its transmission from humans to their pets (Goletic et al., 2022).



HAMDY ET AL. 19

F IGURE 4 Complete blood count (CBC) of SARS-CoV-2-positive and -negative companion animals. (a) A significant thrombocytopenia in
SARS-CoV-2-infected cats and dogs comparedwith negative group in which (p-value in cats was<0.0001* and 0.001* in dogs). (b) A significant
lymphocytopenia with SARS-CoV-2 infection in which (p-value in cats was<0.0001* and 0.007* in dogs). (c) A significant monocytosis with
SARS-CoV-2 infection in which (p-value in cats was 0.010* and 0.015* in dogs)

TABLE 2 Inflammatory parameters, fibrinolysis and clotting factors for SARS-CoV-2 (positive and negative) cat and dog samples

Sample ID Species

Clinical pathology (means± SE)

CRP (up to 6mg/dl) Ferritin (13–200 ng/ml) LDH (up to 300micro/L) D-Dimer (0.5–1)

Cats (n= 14) Cat+ 7.95± 0.62a 229.76 ± 12.88a 380.20 ± 24.40a 1.34 ± 0.08a

Cat– 1.45± 0.22b 27.30 ± 2.14b 136.50 ± 6.89b 0.67 ± 0.07b

p <0.0001*

Dogs (n= 14) Dog+ 9.38± 0.77a 232.13 ± 9.65a 376.13 ± 16.95a 1.55 ± 0.12a

Dog– 1.50± 0.20b 30.13 ± 1.49b 146.00 ± 6.41b 0.62 ± 0.05b

p <0.0001*

Note: The table displays CRP, ferritin, LDH andD-dimer of the examined animals alongwith their standard normal values.
a,bDifferent superscripts in the same column indicate significance at p< 0.05.

SE: standard error.

Beside the viral detection in companion animals, it was reported in

wild, zoo and farm animals which has evoked questions about the

viral zoonotic and reverse zoonotic transmissibility (Goraichuk et al.,

2021). Although wide range of COVID-19’s clinical signs that makes

its differential diagnosis challenging, anosmia and dysgeusia are sig-

nificant predictors in humans (Roland et al., 2020). In contrast, in

dogs and cats, many viruses cause respiratory signs (canine respiratory

coronavirus, influenza, parainfluenza, distemper, herpesvirus, aden-

ovirus and pnemovirus in dogs, whereas feline infectious peritonitis

virus, influenza, calicivirus and herpesvirus in cats) and others cause

gastrointestinal illnesses (canine enteric coronavirus, parvovirus, dis-

temper, norovirus, rotavirus, adenovirus, astrovirus and calicivirus in

dogs, while feline coronavirus, rotavirus and panleukopenia in cats)

(Sykes, 2015). The latter diseases have common signs such as fever,

lethargy, respiratory distress, and/or gastrointestinal disturbance, but

none of these signs are precise enough to be included in the COVID-

19 differential diagnosis. Therefore, this study is based on case history

of pet animals that were in contact with their SARS-CoV-2-positive

owners, molecular diagnosis by rRT-PCR, confirmatory partial spike

sequence, clinical, pathological findings besides the clinical signs to

investigate SARS-CoV-2 spillover between humans and their pet

animals.

Our findings further support the probability of SARS-CoV-2

spillover between humans and companion animals which aligned with

recent studies in Bosnia and Herzegovina (Goletic et al., 2022), the

United States (Newman et al., 2020) and Hong Kong (Sit et al., 2020).

Even though only a partial spike gene was sequenced in this study, still

6 positive samples collected inDecember2020were identical to SARS-

CoV-2 that was detected in human in Egypt during the same timeline

that agreed with previous studies in Bosnia and Herzegovina (Goletic

et al., 2022), France (Sailleau et al., 2020), China (Barrs et al., 2020),

and the United Kingdom (Hosie et al., 2021). We noticed that in our

study SARS-CoV-2 infection rate in cats is higher than that in dogs,

which agreed with previous studies (Barrs et al., 2020; Hamdy et al.,

2022; Sit et al., 2020). Cats are more susceptible to SARS-CoV-2 than

dogs (Hamdy et al., 2022; Hamer et al., 2021), whichmay be because of

the high similarity of ACE2 receptor configuration in cats and humans

(Hamdy et al., 2022; Hamer et al., 2021; Patterson et al., 2020; Ruiz

et al., 2021; Sailleau et al., 2020). Besides, the viral persistence in cats

(21 days) (Hamer et al., 2021) is longer than that in dogs (13 days) (Shi

et al., 2020; Sit et al., 2020). In addition, it was reported that cats can

shed the virus horizontally among feline species up to 6 days post-

infection, while no shedding has been reported in dogs (Hamer et al.,

2021).
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F IGURE 5 Pathological findings of lung, heart and intestine of COVID-19-positive cat. Microphotographs of tissue sections from lung, heart
and intestine of COVID-19 naturally infected cat: (a) The bronchial epithelium is hyperplastic leading to corrugations and severe peri bronchial
oedema (arrow). Pulmonary blood vessels are severely congested. The alveoli are obliteratedwith diffuse fibrinous exudate and inflammatory cells
(HE, scale bar 200 µm). (b) Hyperplasia of the epithelial lining of bronchioles. The alveoli are filled with diffuse fibrinous exudatemixedwith
inflammatory cells. Pulmonary blood vessels are severely congested (HE, scale bar 200 µm). (c) Pulmonary blood vessel shows severe vasculitis and
thickening of its wall with severe congestion and thrombosis (arrow) (HE, scale bar 100 µm). (d) The bronchiolar lumen is filled with inflammatory
cells and cell debris (star), peribronchiolar blood vessels are congested. The alveoli are filled with fibrinous exudate and inflammatory cells
infiltrations (HE, scale bar 100 µm). (e) Heart shows focal fragmentation and necrosis of somemuscle bundles and oedema (arrow) (HE, scale bar
200 µm). (f) Intestinal villi are suffering frommoderate degree of necrosis and fusion. The epithelial lining of the intestinal glands contains
intracytoplasmic inclusion bodies (arrows) (HE, scale bar 50 µm)

The rationale behind clinical pathology parameters selection is

as currently, there is no gold standard diagnostic test for COVID-

19, and its perfect diagnosis depends on sampling time in correla-

tion with symptom onset. For instance, in the early stage of infec-

tion, viral RNA can be detected easily by rRT-PCR, while in the

late-stage CT chest scan and laboratory findings can be a confir-

matory tool. Therefore, combination of different diagnostic tech-

niques could facilitate the perfect interpretation (Laura et al., 2021).

In our study, we have combined molecular diagnosis with labora-

tory findings to provide a deep insight into the laboratory picture

of SARS-CoV-2 infection in pet animals. Clinical pathology param-

eters were selected based on the prevalent laboratory findings of

COVID-19 (Zhang et al., 2020; Zhou et al., 2020b). The obtained

platelets and lymphocytes values were significantly decreased as

compared to the normal values, that range from 300,000/µl to

800,000/µl and from 27% to 36% in cats and from 200,000/µl

to 500,000/µl and from 8% to 21% in dogs, respectively (Fielder,

2021).
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F IGURE 6 Pathological findings of liver, kidney, and spleen of COVID-19-positive cat. Microphotographs of tissue sections from liver, kidney
and spleen of COVID-19 naturally infected cat: (a) Severemultifocal centrilobular necrosis in the liver (arrow) and congestion of portal vein (HE,
scale bar 200 µm). (b) Congestion of the hepatic central vein (arrow) and centrilobular necrosis with dilatation of the hepatic sinusoids (HE, scale
bar 100 µm). (c) Large thrombus blocks the portal vein with presence of fibrosis around the bile duct (arrow). Some hepatocytes are necrosed (HE,
scale bar 100 µm). (d) Kidney shows severe and diffuse necrosis of the renal tubules and severe perivascular oedema around renal blood vessels
(arrow) (HE, scale bar 200 µm). (e) Renal tubules are completely necrosedwith presence of focal infiltrates of inflammatory cells (arrows).
Shrinkage of some glomeruli is noted (HE, scale bar 200 µm). (f) Renal tubules are completely necrosed with sloughing of the whole epithelial lining
(arrows) and presence of inflammatory cells infiltrations (HE, scale bar 100 µm). (g) Spleen is showingmoderatemultifocal lymphoid depletion (HE,
scale bar 200 µm). (h) Focal lymphoid tissue depletion and lymphocytolysis in the spleen (arrow) (HE, scale bar 100 µm)
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Our clinical findings revealed a significant thrombocytopenia in

SARS-CoV-2-infected cats and dogs compared with negative group.

This thrombocytopenia may be due to pulmonary embolism and/or

systemic thrombosis (Harrison et al., 2021). Additionally, we detected

a significant lymphocytopenia with SARS-CoV-2 infection. The latter

lymphocytopenia has several hypotheses as some researchers linked

its occurrence to lymphocyte apoptosis due to the cytokine storm (Ter-

pos et al., 2020). Another study suggests that SARS-CoV-2 has the

ability to promote systemic inflammation and causes direct neutral-

isation in lymph nodes and spleen inducing lymphocytopenia (Xiang

et al., 2021). Furthermore, monocytosis was significantly detected in

the infected group that alignedwith a previous study (Nazarullah et al.,

2020). Additionally, inflammatory parameters (CRP and ferritin) and

clotting parameters (D-dimer and LDH) were significantly increased as

compared to the normal values (Latimer, 2011).

These elevation was in agreement with the prevalent laboratory

finding of COVID-19 (Zhang et al., 2020; Zhou et al., 2020b). Fur-

thermore, lymphocytopenia, high levels of D-dimer, LDH, increased

CRP, and elevated ferritin levels have been linked to the severity in

companion animals, as some (n = 4) of these cats died, which is con-

sistent with previous studies in humans (Zhang et al., 2020; Zhou et al.,

2020b).

SARS-CoV-2-positive animals in this study have a wide range of

clinical signs (asymptomatic, mild and severe). Asymptomatic positive

animals aligned with a previous paper which mentioned that cats can

be SARS-CoV-2 infected without manifesting any clinical signs and act

as a reservoir for healthy cats (Gaudreault et al., 2020). Positive ani-

mals with mild signs agreed with a recent study that reported mild

gastrointestinal and respiratory problems in SARS-CoV-2-positive cats

and dogs (Goletic et al., 2022). Infection with severe SARS-CoV-2 in

cats induced multisystemic affections in different organs as shown in

our pathological results. Cats are highly susceptible to SARS-CoV-2

infection as shown by the manifestation of inflammatory lesions in

the respiratory system (Shi et al., 2020). During the early course of

infection, lesions are mainly observed in the upper respiratory tract.

However, at later stages of infection, the lesions aremore predominant

in the pulmonary tissue, with the presence of inflammatory infiltrates

in the alveolar lumina (Bosco-Lauth et al., 2020). These lesions resem-

ble the pathological picture of COVID-19 in humans. The enteric

and hepatic lesions are attributed to the tropism of SARS-COV2 to

the digestive system (Shi et al., 2020) and its ability to replicate in

the enterocytes and to reach the liver via the portal vein. This was

evident from necrosis of the intestinal villi and portal vein thrombo-

sis. Cardiac lesions included necrotic changes in the muscle bundles

and oedema. The COVID-19 associated lesions in the hearts of cats

and dogs were first reported during infection with Alpha variant of

SARS-COV2 (Ferasin et al., 2021). Renal histopathological examina-

tion revealed severe acute tubular injury with minimal glomerular

changes. Indeed, acute tubular injurywas themain finding in themajor-

ity of humancaseswith acute kidney injury–associatedwithCOVID-19

infections (Santoriello et al., 2020; Sharma et al., 2021; Su et al.,

2020). Nonetheless, this is the first study to report renal lesions in

SARS-COV2-infected cats.

5 CONCLUSIONS

In summary, the present study highlights SARS-CoV-2 spillover and

reverse zoonoses occurrence. Hence, biosecurity measures should be

applied to prevent the spread of SARS-CoV-2 among humans and

companion animals.
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