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Chapter |
Introduction

1.1 Importance and rationale

In late 2019, the Coronavirus Disease of 2019 (COVID-19), which is caused by
severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), has emerged in
China, and later has become a global pandemic disease. To date, as of June 2022,
the World Health Organization (WHO) reports more than 500 million of SARS-CoV-2
infection human cases with more than 6 million deaths worldwide (WHO, 2022b).
The continuing pandemic of COVID-19 has brought significant challenges to global
communities. Public health measures and social practices have been implemented
to prevent and control the spreading of the disease including personal hysgiene,
frequent hand washing, use of face mask, social distancing, travel restrictions, and
border closures (WHO, 2021b). Despite a massive number of COVID-19 infections in
humans, reports of SARS-CoV-2 infections in domestic animals were occasionally
documented and continue to rise. The first confirmed SARS-CoV-2 infection in
domestic animal was reported in Hong Kong in April 2020. The domestic dog was
tested positive for SARS-CoV-2 by real-time reverse-transcription polymerase chain
reaction (real-time RT-PCR) (Sit et al., 2020). Subsequently, SARS-CoV-2 infections in
domestic animals were reported in many countries including Argentina, Belgium,
Bosnia and Herzegovina, Brazil, Canada, Finland, France, Germany, Greece, Italy,
Japan, Latvia, Mexico, Spain, Switzerland, Russia, the United Kingdom, the United
States, and Uruguay (OIE, 2022a). Other animal species including captive wild felid
species and non-human primates were reported to be infected by SARS-CoV-2 in
Argentina, Colombia, Croatia, Denmark, Estonia, Indonesia, the United Kingdom, the
United States, Singapore, South Africa, and Spain (OIE, 2022a). In addition, the
evidence of mink-to-mink and mink-to-human transmission which resulted in culling

millions of animals has also been reported (Oude Munnink et al., 2021).



During the ongoing COVID-19 pandemic, the WHO encourages each country to
develop a national testing strategy according to the epidemiological situation and
available resources. It is important to monitor the SARS-CoV-2 infection among
populations for appropriate planning and implementing public health measures and
policies. For the detection of SARS-CoV-2, the nucleic acid amplification test (NAAT)
by real-time RT-PCR, which targets on several unique regions of viral genome, is
recognized as the standard confirmatory test. The assay has been widely used due to
the advantages of rapidness and reliability (WHO, 2021a). For the detection of
antibody responses to SARS-CoV-2 infection, various serological assays have become
available, such as enzyme-linked immunosorbent assay (ELISA),
immunochromatographic lateral flow assay, neutralization bioassay, and

chemiluminescent immunoassay (CLIA).

Despite several reports of serological studies in humans, fewer studies have
been conducted in animals. In Wuhan, China, a serological survey in cats during the
COVID-19 outbreak in early 2020 showed approximately 15% (15/102) of cats were
positive for SARS-CoV-2 antibodies by ELISA. Among 15 positive sera, 11 cats developed
neutralizing antibodies against SARS-CoV-2 with the highest neutralization titer of
1:1080 (Zhang et al., 2020). In Italy, a serological study of SARS-CoV-2 infection in cats
and dosgs living in households of COVID-19 owners showed that none of animals was
positive by real-time RT-PCR, however, approximately 6% of animals possessed serum
neutralizing antibodies against SARS-CoV-2 (Patterson et al,, 2020). In France, a
serological survey in dogs and cats found that 20% of animals, which their owners
tested positive for SARS-CoV-2 were positive by serum neutralization test against SARS-
CoV-2. Since infections of SARS-CoV-2 in domestic dogs and cats from spillover of the
virus from infected humans to domestic animals have been proven. Thus, domestic
animals might play an important role in virus transmission, mutation, and evolution.

Bangkok is densely populated with 10 million people with nearly 1 million of
domestic dogs and cats reported by the Bureau of Disease Control and Veterinary

Services, Department of Livestock Development (DLD, 2016). The human and domestic

animal interface is common in the urban setting. Thus, the transmission of the virus



between humans and domestic animals is possible. Therefore, one health approach
on the serological and molecular detection of SARS-CoV-2 infections in domestic dogs
and cats is important. This study was conducted to provide the evidence of SARS-CoV-
2 and/or the antibodies against SARS-CoV-2 among dogs and cats in Bangkok and
vicinity, Thailand during the pandemic in 2020-2021. The results from this study have
proven to be useful for planning the prevention and control strategies of SARS-CoV-2

in domestic animals in the communities.

1.2 Research questions

1. Is there any evidence of antibodies against SARS-CoV-2 in domestic dogs and
cats in Bangkok and vicinity, Thailand?
2. What is the prevalence of SARS-CoV-2 virus in domestic dogs and cats in

Bangkok and vicinity, Thailand?

1.3 Objectives of the study

1. To conduct serological survey of SARS-CoV-2 antibodies in domestic dogs and
cats in Bangkok and vicinity, Thailand during April 2020 — August 2021
2. To conduct molecular survey of SARS-CoV-2 virus in domestic dogs and cats

in Bangkok and vicinity, Thailand during April 2020 - August 2021

1.4 Hypothesis
Domestic dogs and cats in Bangkok and vicinity, Thailand have been exposed
to the circulating SARS-CoV-2 virus during the pandemic which antibodies against the

virus, and possibly the virus, can be detected.



Chapter Il
Literature Review

2.1 Coronavirus

Coronavirus (CoV) is an enveloped positive-sense, single-stranded RNA virus
which belongs to the family Coronaviridae. Coronaviruses are classified into four
genera based on viral sequence analysis, phylogenetic relatedness, and serologic
test, namely Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and
Deltacoronavirus. Coronaviruses are among the largest of RNA viruses, containing
around 30 kb in length of genomes which includes five major open reading frames
(ORF) encoding 16 nonstructural replicase polyproteins and 4 structural proteins
(spike (S), envelope (E), membrane (M) and nucleocapsid (N)) (Dutta et al., 2020). The
virions are spherical with club-shaped surface of spike proteins that contain receptor-
binding domain (RBD). This RBD is responsible for binding to angiotensin-converting
enzyme-2 (ACE-2) receptor which is identical or similar in various species of animals,

such as pigs, ferrets, cats, orangutans, monkeys, and humans.

Four human coronaviruses (HCoVs) are recognized as causative agents of
common cold in humans, which includes Alphacoronavirus that are HCoV-E299 and
HCoV-NL63, and Betacoronavirus that are HCoV-OC43 and HCoV-HKU1. Infection with
HCoVs may result in relatively mild clinical signs and may develop more serious
symptoms in young and the elderl persons as well as immunocompromised people
(Abdel-Moneim and Abdelwhab, 2020). However, the spillover events of some
coronaviruses resulting in devastating public health problem had occured. The
previous spreading of highly pathogenic Betacoronavirus in humanare severe acute
respiratory syndrome coronavirus (SARS-CoV) during 2002-2003 in China, and Middle
East Respiratory syndrome coronavirus (MERS-CoV) in 2012 in Middle Eastern
countries. These events demonstrated an ability of interspecies, human to human

and global transmission of coronaviruses.



Coronaviruses are found in a broad range of animals causing variety of
diseases and different degree of severities. The Alphacoronavirus and
Betacoronavirus are commonly found in bats and mammals, while
Gammacoronavirus and Deltacoronavirus are found in birds and some mammal
species (Abdel-Moneim and Abdelwhab, 2020). In livestock, bovine coronavirus, a
member of Betacoronavirus, causes not only diarrhea in both young and adult cattle
but also respiratory symptoms of shipping fever in cattle. The virus can also be found
in small ruminants such as sheep and goats likewise. Besides, some reports of bovine
coronavirus infection in humans with diarrhea, suggesting zoonotic potential (Storz
and Rott, 1981; Zhang et al., 1994). In pigs, infection of coronaviruses causes several
diseases, including porcine epidemic diarrhea (PED), transmissible gastroenteritis
(TGE), swine acute diarrhea syndrome (SADS), porcine hemagglutinating
encephalomyelitis (PHE), and porcine deltacoronavirus (PDCoV). In poultry,
coronavirus which is a member of Gammacoronovirus causes infectious bronchitis
(IB). In companion animals, dogs and cats are susceptible to coronaviruses including
Canine enteric coronavirus of Alphacoronavirus, Canine respiratory coronavirus of
Betacoronavirus, and Feline infectious peritonitis virus which mutates from Feline
enteric coronavirus of Alphacoronavirus. Therefore, spreading or spillover of

coronavirus to domestic animals is possible (Hossain et al., 2021).

2.2 The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

In December 2019, the first human case with “pneumonia of an unknown
origin” in Wuhan, Hubei province, China was reported. The causative agent was
identified as a member of Coronaviridae family. Then, on January 31, 2020, the WHO
declared as Public Health International Emergency and named this virus as “2019-
novel coronavirus (2019-nCoV)” while the disease was referred to as “COVID-19”.
Later, on February 11, 2020, this emerging virus was designated by the International
Committee on Taxonomy of Viruses (ICTV) as the “severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)” according to the genetic relationship of this virus and

SARS-CoV which belongs to the Betacoronavirus genus and subgenus Sarbecovirus.



After an emerging of the disease, the virus has spread around the world resulted in
hundred million of confirmed human cases with more than five million of deaths
(WHO, 2022b). Epidemiological investigations and molecular analysis proposed that
the origin of the virus was possibly bat via some intermediate animal hosts before it
was introduced into human. The virus adapted to infect humans rapidly and
subsequently transmitted among human population (Bosco-Lauth et al., 2020).
Exposure to respiratory fluids containing infectious virus, including inhalation, direct
and indirect contact, is the principal mode of transmission (WHO, 2020). The infection
of the virus is facilitated by binding of the viral receptor binding domain (RBD) on the
spike protein to host cells angiotensin-converting enzyme 2 (ACE2) receptor which is

identical or similar in many animal species (Hossain et al., 2021).

The first report of SARS-CoV-2 in animals was a 17-year-old Pomeranian dog
of the confirmed COVID-19 owner in Hong Kong. In following weeks, a German
shepherd dog belonging to the confirmed COVID-19 owner in Hong Kong, was
reported. Both dogs showed no clinical signs and the viral genetic analysis revealed
that the viruses obtained from dogs were identical to the viruses recovered from
human cases, suggesting human-to-dog transmission (Sit et al., 2020). In Belgium, the
SARS-CoV-2 was detected in asymptomatic cat, but viral RNA of SARS-CoV-2 could be
detected in feces. In Hong Kong, SARS-CoV-2 can be detected in a healthy cat
belonging to the confirmed COVID-19 owner. The virus could be detected in oral,
nasal, and rectal swab samples of the cat (Barrs et al., 2020). In New York City, USA,
April 2020, two pet cats living with COVID-19 patients in two separate locations were
tested positive. In Northern Spain, in April-May 2020, a cat living with an infected
patient with severe COVID-19 symptoms was tested positive for SARS-CoV-2 RNA in
nasal swabs. In France, one cat living with infected or suspected COVID-19 owners
was tested positive by real-time RT-PCR. The SARS-CoV-2 isolated from the cat
belongs to the phylogenetic group (clade A2a) which was observed in human

(Sailleau et al., 2020). In northern Italy, a SARS-CoV-2 survey in animals (n=919; 316



cats, 603 dogs) was conducted and revealed an absence of active SARS-CoV-2
infection in all swab samples (Patterson et al., 2020). In the Netherlands and
Denmark, infections of the SARS-CoV-2 causing widespread circulation of the virus in
mink farms were occurred regardless of an enhance biosecurity. The investigation
combining with whole-genome sequencing (WGS) information suggested that the
virus was introduced by humans (OQude Munnink et al., 2021). These findings
demonstrate human-domestic animal transmission, however, the role of animals in
virus transmission back to humans remains unclear (Abdel-Moneim and Abdelwhab,

2020).

Serological surveys of SARS-CoV-2 in animals have been carried out to
investigate the exposure to SARS-CoV-2 virus in animals. In Wuhan, China, a
serological survey of SARS-CoV-2 in cats during local SARS-CoV-2 outbreak between
January and March 2020 by using ELISA and/or neutralization assay showed that
about 15% of cats had antibodies against the virus (Zhang et al., 2020). Similar study
in dog conducting between January and September 2020 in China using the same
method found around 1% of dogs developed antibodies against the virus (Zhao et
al,, 2021b). In France, a serological analysis identified the presence of antibodies
against SARS-CoV-2 in a cat living with infected COVID-19 owner (Sailleau et al., 2020).
While another study in dogs and cats from COVID-19 positive households revealed
23.5% (8 out of 34) of cats and 15.4% (2 out of 13) of dogs were seropositive by
microsphere immunoassay and neutralization test (Fritz et al., 2020). In northern Italy,
a serological study in animals showed neutralizing antibodies against SARS-CoV-2
about 6% (11/191) of cats and 3% of dogs (Patterson et al., 2020). In the USA, the
study in dogs and cats visiting veterinary medical center at an early phase of the
COVID-19 pandemic in Minnesota found that 0.9% (5 out of 510) of dogs and 7.9%
(19 out of 239) of cats were seropositive by N-based ELISA. Interestingly, none of five
dogs showed neutralizing antibodies by pseudotyped virus neutralization assay, but

15 out of 19 seropositive cat samples found neutralizing antibodies (Dileepan et al.,



2021). In Germany, the study conducted in cat sera collected from veterinary
diagnostic laboratory were only 0.69% (6 out of 920) seropositive by indirect multi-
species ELISA and indirect immunofluorescence assay (Michelitsch et al., 2020). In the
Netherlands, a study in domestic dogs and cats with unknown SARS-CoV-2 exposure
using pseudotyped virus neutralization with S protein of SARS-CoV-2 showed 0.4% (2
out of 500) of cats and 0.2% (1 out of 500) of dogs seropositivity (Zhao et al., 2021a).
In Spain, a large-scale serological study of antibodies in dog and cat samples
collected during their veterinary clinics/hospitals visit showed that 2.3% (34 out of
1488, 20 dogs and 14 cats) of overall animal sera found neutralizing antibodies

(Barroso-Arévalo et al., 2021).

Apart from domestic pets, other wild felid species such as tigers and lions in
the Bronx Zoo in New York City were tested positive for SARS-CoV-2. The animals
showed clinical symptoms of losing appetited, dry cough, and wheezing. The source
of infection was suspected from the positive COVID-19 asymptomatic zookeeper
(McAloose et al., 2020). Free-ranging white-tailed deer are also highly susceptible to
infection with the virus. Several studies found that white-tailed deer in the USA were
exposed to multiple variants of SARS-CoV-2 from humans. The amino acid
substitutions which were uncommon to most closely related human viruses were
observed, suggesting deer-to-deer transmission was possible (Palmer et al., 2021;
Hale et al.,, 2022). Besides, the SARS-CoV-2 infection was also reported in farmed
minks in several countries such as the Netherlands, Spain, Italy, Sweden, Denmark,
and USA. The rapid spread of the virus has raised the concern about the genetic
mutation of the virus in mink populations and a possible mink-to-mink and mink-to
human transmission, thus, resulting in mass culling of animals (Hammer et al., 2021,

Oude Munnink et al., 2021).

2.3 SAR-CoV-2 Variants

SARS-CoV-2 circulating worldwide has demonstrated remarkable abilities to

adapt to new environmental conditions and hosts. The global spread of the virus has



contributed to emergent novel SARS-CoV-2 lineages. However, classification of the
viruses according to phylogenetic analysis or geographical distribution could be
difficult. Therefore, SARS-CoV-2 variants were classified corresponding to the
virological, epidemiological, and clinical characteristics which included the lineages
and component mutations of the virus, transmissibility, disease severity, and ability
to evade humoral immunity (Tao et al,, 2021). Several classification systems have
been developed, including the system frequently used for epidemiological
surveillance is the Phylogenetic Assignment of Named Global Outbreak lineage
system (PANGO/pangolin). The PANGO lineage system contains an alphabetical prefix
and a suffix containing numbers separated by periods indicating sub-lineages (such as
B.1.1.7). In addition, the WHO, CDC, and COVID-19 Genomics UK Consortium (COG-UK)
have classified SARS-CoV-2 variants that have spread widely and exhibited abilities of
being more transmissible, causing more severe disease and/or reducing neutralization
by antibodies developed after vaccination or previous infection as variants of
concern (VOCs), using the Greek alphabet, such as Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529, BA.1, BA.2, and descendent
lineages). The variants that have spread less widely but contain resemble mutations
to those presence within VOCs as variants of interest (VOIs) such as Epsilon (B.1.427,
B.1.429), Zeta (P.2), Eta (B.1.525), Theta (P.3), lota (B.1.526), Kappa (B.1.617.1), Lambda
(C.37), and Mu (B.1.621) (CDC, 2022; WHO, 2022a).

2.4 Detection of SARS-CoV-2

Timely and accurate detection of SARS-CoV-2 is crucial for managing the
pandemic. Molecular techniques, including nucleic acid amplification test (NAAT) by
real-time RT-PCR and genome sequencing are employed as the reference method
and are widely used to identify the infection of the virus. The WHO has
recommended several diagnostic NAAT protocols developed by referral laboratories
around the world, including China CDC (China), Pasteur Institute, Paris (France), the
Centers for Disease Control and Prevention (CDC) (USA), National Institute of

Infectious Diseases (Japan), Charité, (Germany), HKU (Hong Kong), and National
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Institute of Health (Thailand). These assays target on different SARS-CoV-2 gene
regions, including RARP (RNA-dependent RNA polymerase), N (nucleocapsid protein),
E (envelope protein), ORFlab, ORF1b nsp14 (non-structural protein 14), and S (spike
protein) (Etievant et al., 2020). Various biological samples that can be used for COVID-
19 detection using real-time RT-PCR include nasopharyngeal swabs, throat swabs,
sputum, saliva, anal swabs, stool, urine, blood, and serum. The detection of viral RNA
measured by the replication cycles threshold (Ct) can be detectable as early as day

1 of clinical symptoms and rises to the peak within the first week after the onset in
most individuals. Then, the positivity will decline around three weeks after the onset
and becomes undetectable. However, the PCR positivity does not necessarily
indicate presence of viable virus and can be vary by types of specimens (Sethuraman

et al., 2020).

Serological assays measuring the host immune response to SARS-CoV-2
infection can also be used for the COVID-19 detection. Such assays include ELISA and
virus neutralization test (VNT) are widely used to detect the antibodies against the
virus. Studies in humans showed that seroconversion occurred as early as the fourth
day after the symptom onset. IgM and IgG appeared detectable in all individuals
between the third and fourth week after the onset. Then, IgM level was found lower
by week 5 whereas 1gG level persisted beyond 7 weeks (Xiang et al., 2020; Xiao et al.,
2020). There are some advantages of serological tests, including 1) ELISA kits have
been readily developed to detect both IgM and IgG antibodies, as well as detection
of antibodies of multiple species , 2) ELISA can detect individuals previously infected
by SARS-CoV-2 either the clinical symptoms have developed or not, 3) ELISA can be
performed in a biosafety level 2 (BSL-2) laboratory, 4) ELISA can be used for
detection of large-scale samples at the same time which is suitable for population-
based screening, and 5) ELISA is generally cheap and rapid procedure. For VNT, the
assay can be performed for serological test and considered to be more reliable

because VNT directly detects specific antibodies that result in blocking of the virus
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from entering the cells. Therefore, detection of neutralizing antibodies is recognized
as a confirmatory test in serology. However, the conventional VNT procedure can be
challenging because the assay is not only required isolated live viruses which must
be handled under the biosafety level 3 (BSL-3) facility, but also time and labor
consuming. Alternative methods such as pseudovirus-based neutralization assays
(pVNT) have been validated. Although pVNT is safer to handle than the conventional
virus neutralization assay, the assay also requires time and well-trained personnel
that is not suitable for large scale study (Meyer et al., 2020; Nie et al., 2020).
Recently, the surrogate virus neutralization assay (sVNT) was developed. The assay
does not require BSL-3 facility, take less time, and easy to perform. The assay can
also detect SARS-CoV-2 antibodies in a species-independent manner but cross-
neutralization reaction should be awared (Tan et al., 2020). Thus, sVNT is suitable

when handling with many samples.

Since multiple events of SARS-CoV-2 infection in animals have been reported
during the COVID-19 pandemic, QIE, in collaboration with WHO and the Food and
Agriculture Organization (FAO), encourages countries to strengthen the collaboration
among human, veterinary, and environmental authorities to promoting animal health
and safeguarding human and environmental health. Several measures including using
personal protective equipment (PPE), biosecurity and hygiene practicing, surveillance
and monitoring for SARS-CoV-2 infection in domestic, farmed, and wild animals, and
strictly isolating of the known infected animals are recommended. Moreover, data
sharing of SARS-CoV-2 genetic sequences and reporting confirmed animal cases of
SARS-CoV-2 through OIE’s animal health information system (OIE-WAHIS) are also
highlighted (OIE, 2022b).
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Chapter llI
Materials and Method
This thesis consists of 3 phases including: phase 1. Cross-sectional sample
collection from the Chulalongkorn University Small Animal Hospital, Bangkok,
Thailand, phase 2. Serological test for antibodies against SARS-CoV-2 in dogs and cats,
and phase 3. Molecular detection for SARS-CoV-2 in dogs and cats. The conceptual

framework of this study is shown in Figure 1.
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Phase 1

Cross sectional sample collection from the CUJ small animal hospital in Bangkok, Thailand

® Chulalongkom University Small Animal Hospital, Bangkok, Thailand

®  April 2020 - August 2021 (17 months) (n=4,696 samples)

® Blood samples from dogs and cats were acquired from the hospital

serum or plasma preparation

store at 20 °C until use

:

:

Phase 2

Phase 3

Serological test for antibodies against SARS-
CoV-2 in does and cats

Molecular detection for SARS-CoV-2 from

swab samples of does and cats

® ELISA assay
*  n=4,696 samples
*  Commercial ELISA kit detecting
leG against N protein (ID Screen®
5ARS-CoV-2 Double Antigen
Multi-species ELISA kit, ID VET,
Montpellier, France)
*  Perform at B5L2 CU Vet
® vims Neutralization test (sVNT)
*  Suspected and positive samples
from ELISA test (n=73 samples)
* Perform at B5L 2 CU Vet

® Real time RT PCR screening
*  Animals (n=179)

Swabs (n=363 samples)
*  RNA extraction from swabs (n=363
samples)

*  Real time RT PCR spedfic to NI,
NZ, RdRP, and E gene

Samples with positivity of at least
2 genes will be interpreted as

positive

® The evidence on the antibodies against SARS CoV 2 or possibly SARS CoV-2 virus among dogs and

cats in Bangkok and vicinity, Thailand during the COVID 19 pandemic in 2020 2021

® |nformation for recommendations and planning of prevention and control strategies of SARS Cov 2

in domestic animals in the communities

Figure 1. The conceptual framework of this thesis
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3.1 Phase 1: Cross-sectional sample collection from the Chulalongkorn
University Small Animal Hospital, Bangkok, Thailand
3.1.1 Site for sample collection

In this thesis the Chulalongkorn University Small Animal Hospital, Bangkok,
Thailand was selected for serum sample collection. The criteria for site selection
were 1) The CU Small animal Hospital is located in the center of the Bangkok
providing both in primary care and special units, thus, the animals are from every
parts of Bangkok and vicinity, 2) scale of the hospital which provides veterinary
services to more than 300 animal cases per day, 3) cooperation of animal owners,
veterinarians and staff. Sample collection was conducted under the approval of the
Institute for Animal Care and Use Committees, Faculty of Veterinary Sciences,

Chulalongkorn University (CU-Vet IBC#2031022 and IACUC#2031050).

The animal locations in this study were divided according to the city planning
department of Bangkok metropolitan administration (BMA), which 6 zones of Bangkok
includes Central Bangkok (zone 1), Southern Bangkok (zone2), Northern Bangkok
(zone 3), Eastern Bangkok (zone 4), Northern Thonburi (Zone 5), and Southern
Thonburi (zone 6). The vicinty comprises 5 provinces, including Nakhon Pathom,

Nonthaburi, Pathumthani, Samut Prakarn, and Samut Sakhon (Figure 2).
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Pathum thani

Nakhom pathom

(Eastern Bangkok)
Central Bangkok)
L W-chuldloagkorn University Small Animal’ Hospital

2
) (Southern Bangkok)
\J\)

Southern Thonburi

5
(Northern Thonburi

Samut sakhon Samut prakan

Figure 2. Illustration of 6 Bangkok zones and vicinity (5 provinces).

The pin indicates the location of the CU Small Animal Hospital.

3.1.2 Acquisition of blood samples collected from dogs and cats

In this thesis, blood samples from dogs and cats that were taken for clinical
diagnosis by the veterinarians during visiting to the CU Small Animal Hospital
between April 2020 - August 2021 (17 months) were acquired. In total of 4,696 blood
samples from dogs (n=2,960) and cats (n=1,736) were included for serological test.
Animals demographic information including age, sex, breed, and address was

retrieved from the hospital records database (CU-HIS).

Dogs and cats blood samples (approximately 2 ml) were subjected to serum
sample preparation. Serum samples were separated by centrifugation at 3,000 rpm
for 10 minutes and were transferred into 1.5 ml microtubes. Serum samples were

stored at -20 °C until further use in phase 2. Sample collection was conducted under
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the approval of the Institute for Animal Care and Use Committees, Faculty of
Veterinary Science, Chulalongkorn University (CU-Vet IBC#2031022 and
IACUC#2031050).

3.1.3 Collection of swab samples from dogs and cats
Swab sample collection from dogs and cats was carried out between January
to August 2021. In total, 363 swab samples, including nasal swabs (n=62), oral swabs
(n=122), and rectal swabs (n=179) from 87 dogs and 92 cats were collected. The
swab was placed in 1 ml mixture of lysis buffer and was transported under 4°C
degree condition to the laboratory within 24 hr. Swab samples were stored at -80 °C
until further use in phase 3. Animal demographic information, including age, sex,

breed, and address were recorded.
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3.2 Phase 2: Serological testing for antibodies against SARS-CoV-2 in dogs and
cats serum samples
3.2.1 Enzyme-Linked Immunosorbent Assay (ELISA) for the detection of SARS-
CoV-2 antibodies
In this thesis, commercially available ELISA ID Screen® SARS-CoV-2 Double

Antigen Multi-species ELISA kit (ID VET, Montpellier, France) was used for the
detection of SARS-CoV-2 antibodies. The ELISA assay was designed to detect
antibodies (IgG) against the nucleocapsid (N) protein of the SARS-CoV-2 virus in
animal sera or plasma (Sailleau et al., 2020). The ELISA test was performed according
to the manufacture’s recommendation. In brief, 25 ul of each sample, 2 positive
controls, and 2 negative controls were added into each well of the 96-well
microplate (coated with purified N protein recombinant antigen) and the serum was
diluted at 1:1 ratio with the dilution buffer and incubated at 37 °C (+ 2 °C) for 40 min
+ 5 min. The microplate was washed with 300 pl of washing solution for 5 times.
Next, 100 pl of purified N protein recombinant antigen horseradish peroxidase (HRP)
conjugate (1X) was added to each well and incubated for 30 min + 3 min at 21 °C (¢
5 °C) followed by washing with 300 pl of washing solution for 5 times. After washing,
100 pl of the substrate solution was added into each well and incubated in the dark
for 20 min + 2 min at 21 °C (= 5 °C). Then, 100 pl of the stop solution was added.
The reaction was read and recorded for the optical densities (O.D.) at 450 nm. The
O.D. result of each sample was calculated as the S/P percentage (S/P%). The serum
with S/P% >60% was defined as positive, while serum with S/P% 50-60 % was

considered as suspected.

ODSampLe - ODNC
S/P% =[——— ] x 100
ODpc - ODyc
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3.2.2 Virus Neutralization Test (VNT) for detection of SARS-CoV-2 neutralizing
antibodies

To detect the presence of neutralizing SARS-CoV-2 antibody, a total of 73
serum samples that were positive and suspected from ELISA (65 dogs and 8 cats) and
other randomly selected serum (n=15) were subjected to virus neutralization test.
The virus neutralization test was performed by using the cPass™ SARS-CoV-2
Neutralization Antibody Detection Kit (GenScript Biotech, Jiangsu, China) which
detects neutralizing antibodies against the interaction between virus receptor binding
domain (RBD) with the ACE2 cell surface receptor (Tan et al., 2020). In brief, the 50 pl
of 1:10 diluted serum sample was mixed with 50 ul horse radish peroxidase
conjugate to SARS-CoV-2 spike receptor binding domain (HRP-RBD) and incubated at
37°C for 30 min. After that, the mixture is added to the plate which is pre-coated
with ACE2 protein and incubated at 37°C for 15 min. Then 260 ul of washing buffer
was added into each well and washing for 4 times. After washing, TMB solution was
added and incubated at 25°C for 15 min. Then, the optical densities (OD) at 450 nm
were read by using a microplate reader. The OD of each sample was calculated as
the inhibition percentage (inhibition%), serum with % inhibition equal to or above

30% is considered as positive, and otherwise negative (Meyer et al., 2020).

ODSampLe

Inhibition % = [1 - 1x 100

ODnc

3.3 Phase 3. Molecular detection for SARS-CoV-2 in dogs and cats

The swab samples (n=363) were subjected to RNA extraction using the
magnetic bead-based automatic purification equipment of a GENTI™ 32 — Automated
Nucleic Acid Extraction System (GeneAll®, Seoul, South Korea). Briefly, each swab
sample was vortexed for at least 15 s before removing the swab. After that, 200 pl of
supernatant was mixed with 7 pl of RNA carrier and then add to an extraction tube.
The RNA extraction was operated according to the manufacturer’s instructions and

eluted into 50 ul of viral RNA.



19

The real-time RT-PCR detection of SARS-CoV-2 was conducted using four sets
of specific primers and probes, including NI and N2 genes following the CDC
recommendations (CDC, 2020) , along with the £ and RARP genes following WHO
recommendations (Corman et al.,, 2020) (Table 1). The one-step real-time RT-PCR was
performed using a Superscript Ill One-step RT-PCR System with Platinum Taq
Polymerase (Invitrogen™, California, USA). In brief, a total 25 ul reaction contained 2
ul of RNA, 12.5 pl of 2X reaction buffer of the SuperScript® Il Platinum® One-Step
Quantitative RT-PCR System (Invitrogen™, California, USA), 1 pl of reverse
transcriptase/Platinum Tag, 0.8 mM MgSOy, 0.8 UM each primer and probe and
RNase-free water. Thermal cycling was performed at 50°C for 15 min for reverse
transcription, followed by 95°C for 2 min and then 45 cycles of 95°C for 15 s, and
60°C for 30 s for the NI and N2 genes. For the £ and RARP genes, thermal cycling was
performed at 55°C for 10 min for reverse transcription, followed by 95°C for 3 min
and then 45 cycles of 95°C for 15 s and 58°C for 30 s. The samples with a Ct value
of <36 were considered positive, whereas samples with a Ct value of 36-40 were
considered suspected and those with a Ct value > 40 were considered negative (CDC,
2020). The confirmed SARS-CoV-2 infection in animal was defined according to the
OIE’s definition, in which at least two specific targets genomic regions tested positive

(OIE, 2020).

3.4 Data analysis

Descriptive statistic and proportion estimates were used for seroprevalence of
SARS-CoV-2 antibodies. The chi-square test was used for statistical analysis of the
variation in SARS-CoV-2 seropositivity with demographic variables (sex, age, and
location of animals) using Prism version 9.0 for Windows (GraphPad,

https://www.graphpad.com)



https://www.graphpad.com/
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Chapter IV

Results
4.1 Sample from dogs and cats in Bangkok and vicinity

In this thesis, a total of 4,696 serum samples were collected from April 2020
to August 2021. The samples collection period represents the first to the fourth wave
of COVID-19 outbreaks in Thailand. The number of animal samples collected during
the study in each month is shown in Table 2 and Figure 3. In detail, for serum
samples, there were 2,960 serum samples of dogs and 1,736 serum samples of cats
collected from April 2020 to August 2021. For swab samples, a total of 363 swabs
were collected from 87 dog (n=174; 32 nasal swabs, 55 oral swabs, and 87 rectal
swabs) and 92 cats (n=189; 30 nasal swabs, 67 oral swabs, and 92 rectal swabs). The

swab samples were collected from January 2021 to August 2021 (Table 3, Figure 3).

By sex of animals, for serum samples, there were 2,375 male (1,506 dogs, 869
cats), 2,202 female (1,398 dogs, 804 cats), and unavailable information of sex in 119
animals (56 dogs, 63 cats) (Table 4, Figure 4). For swab samples, there were 178
swabs collected from 90 male animals (n=100 of 51 dogs, n=78 of 39 cats), and 184
swabs were collected from 88 female animals (n=73 of 35 dogs, n= 111 of 53 cats).

There was only one unavailable information of sex (Table 4, Figure 5).

By age of animals, we categorized animals into seven age groups which
included animal under one year old, animals between one to three (1-3) years old,
animals between four to six (4-6) years old, animals between seven to nine (7-9)
years old, animals between ten to twelve (10-12) years old, animals between 13 to
15 (13-15) years old, and animals over 15 years old. We found that the age of
animals ranged from 2 months old to 20 years old. For serum samples included in in
this thesis, in group of animals under one year old, there were 375 animals (116
dogs, 59 cats). In group 1-3 years old, there were 964 animals (372 dogs, 592 cats). In
group 4-6 years old, there were 843 animals (496 dogs, 347 cats). In group 7-9 years
old, there were 829 animals (617 dogs, 212 cats). In group 10-12 years old, there
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were 882 animals (710 dogs, 172 cats). In group 13-15 years old, there were 548
animals (465 dogs, 83 cats). In groups of animals over 15 years old, there were 210
animals (149 dogs, 61 cats). Besides, there were unavailable information of age of
animals in 45 animals (35 dogs, 10 cats) (Table 5, Figure 6). For swab samples, in
group of animals under one year old, there were 75 swabs collected from 41 animals
(n=21 of 13 dogs, n=54 of 28 cats). In group 1-3 years old, there were 130 swabs
collected from 58 animals (n=69 of 29 dogs, n=61 of 29 cats). In group 4-6 years old,
there were 59 swabs collected from 24 animals (n=24 of 10 dogs, n=35 of 14 cats). In
group 7-9 years old, there were 36 swabs collected from 18 animals (n=23 of 12
dogs, n=13 of 6 cats). In group 10-12 years old, there were 43 swabs collected from
25 animals (n=21 of 12 dogs, n=22 of 13 cats). In group 13 -15 years old, there were
14 swabs collected from 9 animals (n=10 of 7 dogs, n=4 of 2 cats). In group of
animals over 15 years old, only 5 swabs were collected from 3 dogs. Besides, one

swab sample has unknown age information (Table 6, Figure 7).

By locations, a total number of 4,696 serum samples were included from all
six zones of Bangkok and the vicinities in this thesis. Of all 3,804 samples (2,388 dogs,
1,416 cats) collected from animals in Bangkok, there were 765 samples (413 dogs,
352 cats) from Central Bangkok (zone 1), 1,487 samples (950 dogs, 537 cats) from
Southern Bangkok (zone 2), 161 samples (90 dogs, 71 cats) from Northern Bangkok
(zone 3), 531 samples (331 dogs, 200 cats) from Northern Thonburi (zone 5), and 454
samples (322 dogs, 132 cats) from Southern Thonburi (zone 6). Furthermore, there
were 586 samples collected from Samut prakan (375 dogs, 211 cats), 185 samples
from Nonthaburi (110 dogs, 75 cats), 63 samples from Pathumthani (44 dogs, 19 cats),
41 samples from Samut sakhon (30 dogs, 11 cats), and 17 samples from Nakhon
pathom (13 dogs, 4 cats). Notably, serum samples of 151 animals (117 dogs, 34 cats),
their locations were unavailable (Table 7). For swab samples, there were 90 swabs
collected from 56 animals in Bangkok (n=36 of 23 dogs, n=54 of 33 cats). In details,

there were 30 swabs collected from 18 animals (n=8 of 5 dogs, n=22 of 13 cats) from
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zone 2. In zone 3, there were 51 swabs collected from 31 animals (n=20 of 12 dogs,
n=31 of 19 cats). In zone 6, there were only two swabs collected from one dog.
However, locations of seven swabs were unavailable. None of the swab samples
were collected from animals living in zone 1, zone 4, and zone 5 of Bangkok. In
addition, there were 91 swabs samples collected from 62 animals from Nonthaburi
(n=48 of 34 dogs, n=43 of 28 cats). In Samut prakan, only two swabs from one cat
were included in this thesis. Besides, there were 180 swabs collected from 60
animals (n=90 of 30 dogs, Nn=90 of 30 cats) from Samut sakhon. We were unable to
collect the swab sample of animal from Pathumthani and Nakhon pathom in this

thesis.



Table 2. The number of serum and swab samples collected in this thesis.
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Month-Year  Serum Swab

Dog Cat Total Dog (Animals) Cat (Animals) Total (Animals)
Apr-2020 310 194 504 NA NA NA
May-2020 213 199 412 NA NA NA
Jun-2020 NA NA NA NA NA NA
Jul-2020 278 182 460 NA NA NA
Aug-2020 370 153 523 NA NA NA
Sep-2020 401 180 581 NA NA NA
Oct-2020 115 60 175 NA NA NA
Nov-2020 120 55 175 NA NA NA
Dec-2020 291 95 386 NA NA NA
Jan-2021 103 87 190 6 (5) 1(1) 7(6)
Feb-2021 101 64 165 90 (30) 90 (30) 180 (60)
Mar-2021 104 77 181 3(2) 7(5) 10 (7)
Apr-2021 100 51 151 22 (19) 14 (13) 36 (32)
May-2021 100 79 179 9(9) 8 (8) 17 (17)
Jun-2021 108 90 198 10 (5) 9 (5) 19 (10)
Jul-2021 130 94 224 4(2) 6 (3) 10 (5)
Aug-2021 116 76 192 30 (15) 54 (27) 84 (42)
Total 2960 1736 4696 174 (87) 189 (92) 363 (179)
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Table 3. The number of samples collected from dogs and cats in each month by

type of samples.

Month Dog Cat
Nasal Oral Rectal Total (Animals) Nasal Oral Rectal Total  (Animals)
swab swab swab swab  swab swab
Jan-21 1 0 5 6 (5) 0 0 1 1 (1)
Feb-21 30 30 30 90 (30) 30 30 30 90 (30)
Mar-21 0 1 2 3 2) 0 2 5 7 (5)
Apr-21 1 2 19 22 (19) 0 1 13 14 (13)
May-21 0 0 9 9 9) 0 0 8 8 (8)
Jun-21 0 5 5 10 (5) 0 4 5 9 (5)
Jul-21 0 2 2 a4 2) 0 3 3 6 (3)
Aug-21 0 15 15 30 (15) 0 27 27 54 (27
32 55 87 174 -~ (87) 30 67 92 189 (92)

Table 4. The number of samples collected from dogs and cats by sex of animals.

Sex Serum Swab
Dog Cat Total  Dog (Animals)  Cat (Animals) Total (Animals)
Male 1506 869 2375 100  (51) 78 (39) 178 90
Intact 1063 421 1484 67 (37) 52 (27 119 64
Neutered 443 448 891 33 (14) 26 (12) 59 26
Female 1398 804 2202 73 (35) 111 (53) 184 88
Intact 798 365 1163 36 (21) 40 (23) 76 a4
Spayed 600 439 1039 37 (14) 71 (30) 108 44
NA 56 63 119 1 (1) 0 0 1 1
2960 1736 4696 174 (87) 189  (92) 363 (179)
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Table 5. The number of samples collected from dogs and cats by age group.

Age (year) Serum Swab
Dog Cat Total  Dog (Animals)  Cat (Animals)  Total  (Animals)

<1 116 59 375 21 (13) 54 (28) 75 (41)

1-3 372 592 964 69 (29) 61 (29) 130 (58)

4-6 496 347 843 24 (10) 35 (14) 59 (24)

7-9 617 212 829 23 (12) 13 (6) 36 (18)
10-12 710 172 882 21 (12) 22 (13) 43 (25)
13-15 465 83 548 10 (7) 4 2) 14 9)

>15 149 61 210 5 (3) 0 0 5 (3)

NA 35 10 45 1 (1) 0 0 1 (1)

2960 1736 4696 174 (87) 189 (92) 363 (179)
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Figure 8. The number of serum samples by location of animals
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4.2 Detection of SARS-CoV-2 antibodies in dogs and cats in Bangkok and vicinity
In phase 2 of this thesis, the ELISA for the detection of antibodies against the

N-protein of SARS-CoV-2 revealed that 1.26% (59 out of 4,696) of animals tested
positive, and 0.30% (14 out of 4,696) of animals were suspected. In detail, 1.79% (53
out of 2,960) of dogs and 0.35% (6 out of 1,736) of cats were positive, while 0.40%
(12 out of 2,960) of dogs and 0.12% (2 out of 1736) of cats were suspected with the
S/P% level ranging from 51.02-383.40% (average 127.63%) (Table 7, Figure 10).

In details, SARS-CoV-2 antibodies could be detected in almost every month
during the period of study except in October 2020 and April 2021. The highest
positivity for SARS-CoV-2 antibodies was found in August 2020 with 2.29% (12 out of
523) of animals (3.24% in dogs, none in cats). The lowest positivity was in July 2021
with 0.45% (1 out of 224) of animals (0.77% in dogs, none in cats). In dogs, the
highest positivity was 3.24% (12 out of 370) in August 2020, while the lowest
positivity was 0.77% (1 out of 130) in July 2021. In cats, ELISA positivity was detected
only in April 2020, May 2020, January 2021, and August 2021, with the positivity of
0.52% (1 out of 194), 1.51% (3 out of 199), 1.15% (1 out of 87), and 1.32% (1 out of

76), respectively (Table 7).

By sex of animals, it was found that 1.22% (29 out of 2375) of male and
1.32% (29 out of 2202) of female tested positive. In details, 1.86% (28 out of 1506)
and 1.79% (25 out of 1398) of male and female dogs tested positive (p=0.9996),
while 0.23% (2 out of 869) and 0.50% (4 out of 804) of male and female cats tested

positive (p=0.8308), respectively (Table 8, Figure 11).

By age group, SARS-CoV-2 antibodies could be detected in dogs of every
group (p=0.4800), whereas cats were found positivity only 0.58% (2 out of 347) in
cats of 4-6 years old, 0.47% (1 out of 212) in cats of 7-9 years old, and 3.61% (3 out
of 83) in cats of >15 years old (statistical significance, p<0.0001) (Table 9 And Figure
12).
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By locations, we found that 1.93% (46 out of 2388) of dogs were positive in
Bangkok, 1.60% (6 out of 375) in Samut prakan, and 3.33% (1 out of 30) in Samut
sakhon (statistical significance, p=0.0122) . On the other hand, 0.35% (5 out of 1416)
of cats were found positive in zone-1, zone-2, zone-5 of Bangkok and 0.47% (1 out of

211) in Samut prakan (p=0.7700) (Table 10 and Figure 13).

In this thesis, archived serum samples (24 dogs and 20 cats) from pre COVID-
19 cohort collected from 2014 to 2019 were included for the ELISA test. Moreover, 4
serum samples from dogs with canine respiratory coronavirus (CRCoV), 4 serum
samples from dogs with canine enteric coronavirus (CCoV), and 6 serum samples
from cats with feline coronavirus infection were also included for the ELISA test. Our
results showed that none of these samples tested positive for the ELISA against N
protein of SARS-CoV-2 with average S/P% of 5.28% in pre COVID-19 dog cohort,
0.53% in pre COVID-19 cat cohort, 1.20% in dogs with CCoV, 1.31% in dogs with
CCoV, and 0.89% in cats with FCoV, respectively (Table 11, Figure 14).

Among the positive and suspected samples that were subjected to sVNT (65
dogs, 8 cats), we found only one sample of a 7-year-old male neutered cat from
Bangkok zone-2 in August 2021 was positive with % inhibition of 97.4%, while other
72 samples showed % inhibition lower than 30% (0.08-26.70%, average 9.49%). It
should also be noted that most animals with seropositivity and suspected showed
no clinical signs, but mild respiratory symptoms such as serous nasal discharge,
increased lung sound, and cough were presented in few animals (12 out of 73) at the

time of samples collection (Table 11).
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Figure 10. The scatter plot showing S/P% of ELISA results by month. The samples
with S/P% of <50% were negative, 50-60% were suspected, and >60% were positive.

The green line represents the median with interquartile range.
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Figure 11. The chart showing result of SARS-CoV-2 antibodies detection using ELISA in

dogs and cats in Bangkok and vicinity by sex of animals.
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Figure 12. The chart showing result of SARS-CoV-2 antibodies detection using ELISA in
dogs and cats in Bangkok and vicinity by age group.
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Figure 13. The result of SARS-CoV-2 antibodies detection using ELISA in dogs and cats

in Bangkok and vicinity by location of animals.
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Figure 14. The S/P% scatter plot of ELISA results of archived serum samples included
this study. The samples with S/P% of <50% were negative, 50-60% were suspected,
and >60% were positive. The green line represents the median with interquartile

range.
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4.3 Molecular detection of SARS-CoV-2 in dogs and cats

In this thesis, total of 363 swab samples, including 62 nasal swabs, 122 oral
swabs, and 179 rectal swabs from 87 dogs and 92 cats were subjected to molecular
detection for SARS-CoV-2. All swab samples were tested with at least two panels of
primers and probes of real-time RT-PCR assays for the detection of SARS-CoV-2
(Table 12, Figure 15 - 16). Our result showed that none of these samples did not
show positivity for the SARS-CoV-2 RNA (Table 13 - Table 16).
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Figure 15. The real-time RT-PCR graph for SARS-CoV-2 detection using E and RdRP

primers and probes. The purple curve represents detection of E gene positive

control, while the green curve represents detection of RdRP gene positive control,

none of the samples were positive.
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Figure 16. The real-time RT-PCR graph for SARS-CoV-2 detection using N1 and N2
primers and probes. The grey curve represents detection of N1 gene positive
control, while the teal curve represents detection of N2 gene positive control, none

of the samples were positive.
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Table 13. The results of the detection of SARS-CoV-2 RNA in dogs and cats in

Bangkok and vicinity by month.

Month  Dog Cat

Nasal Oral Rectal  Total Animals  Nasal Oral Rectal  Total Animals

swab swab swab swab swab swab
Jan-21 0/1 0 0/5 0/6 0/5 0 0 0/1 0/1 0/1
Feb-21  0/30 0/30 0/30 0/90 0/30 0/30 0/30 0/30 0/90 0/30
Mar-21 0 0/1 0/2 0/3 0/2 0 0/2 0/5 0/7 0/5
Apr-21  0/1 0/2 0/19 0/22 0/19 0 0/1 0/13 0/14 0/13
May-21 0 0 0/9 0/9 0/9 0 0 0/8 0/8 0/8
Jun-21 0 0/5 0/5 0/10 0/5 0 0/4 0/5 0/9 0/5
Jul-21 0 0/2 0/2 0/4 0/2 0 0/3 0/3 0/6 0/3
Aug-21 0 0/15 0/15 0/30 0/15 0 0/27 0/27 0/54 0/27

0/32 0/55 0/87 0/174  0/87 0/30 0/67 0/92 0/189 0/92
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Chapter V
Discussion

5.1 Seroprevalence of SARS-CoV-2 in domestic dogs and cats in Bangkok and
vicinity

To date, many reports showed that dogs and cats are susceptible to SARS-
CoV-2 infection under experimental settings or natural conditions (Stout et al., 2020).
Due to the role of dogs and cats in the maintenance and spread of the virus during
the pandemic remains unclear, surveillance and monitoring of SARS-CoV-2 in animals
is necessary. Thailand has encountered at least five waves of COVID-19 outbreaks.
The first wave occurred in March to May 2020, the second wave occurred in
December 2020 to February 2021, the third wave occurred in late March 2021 to
June 2021, the fourth wave occurred in July until the end of 2021, and the current
fifth wave reported in January 2022 has now declining. In this thesis, a total of 4,696
serum samples (2,960 dogs, 1,736 cats) were collected covering the period from the
first to the fourth wave of outbreaks. The result from this study confirmed that
although SARS-CoV-2 circulates among human population, 1.26% of animals (1.79%
of dogs, 0.35% of cats) in Bangkok and vicinity developed detectable antibodies
against SARS-CoV-2, and one cat was even developed neutralizing antibodies against
the virus. Most animals with seropositivity showed no clinical signs, but mild
respiratory symptoms including serous nasal discharge, increased lung sound, and
cough were noted in few animals at the time of samples collection. The
seroprevalence in this study was in agreement with several studies that observed in
other countries. For examples, the study in dogs and cats visiting for veterinary
healthcare in Italy found 3.3% (15 out of 451) of dogs and 5.9% (11 out of 191) of
cats were seropositive by the plaque reduction neutralization assay. The higher
seropositivity was observed in animals with COVID-19 positive household at 12.8% (6
out of 47) in dogs and 4.5% (1 out of 22) in cats (Patterson et al., 2020). In the USA,
the study in dogs and cats during an early phase of the COVID-19 pandemic in
Minnesota found 0.9% (5 out of 510) of dogs and 7.9% (19 out of 239) of cats were
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seropositive by N-based ELISA. Interestingly, none of five dogs showed neutralizing
antibodies, but 15 out of 19 seropositive cat samples found neutralizing antibodies
by pseudotyped virus neutralization assay (Dileepan et al., 2021). In Germany, the
study of cat sera collected from veterinary diagnostic laboratory found only 0.69% (6
out of 920) seropositive by indirect multi-species ELISA and indirect
immunofluorescence assay (Michelitsch et al., 2020). In the Netherlands, a study in
domestic dogs and cats without known SARS-CoV-2 exposure found 0.4% (2 out of
500) of cats and 0.2% (1 out of 500) of dogs seropositivity by using pseudotyped virus
neutralization with S protein of SARS-CoV-2 (Zhao et al., 2021a). Moreover, In Spain, a
large-scale serological study of antibodies in dogs and cats visiting veterinary
clinics/hospitals showed that 2.3% (34 out of 1488, 20 dogs and 14 cats) of animals
found neutralizing antibodies (Barroso-Arévalo et al., 2021). On the other hand, in
Wuhan, China, serum samples collected from animal hospital, abandoned animals,
and animals in COVID-19 positive households showed seropositivity for SARS-CoV-2 at
a high level of 14.7% (15 out of 102) of cats and 1.7% (16 out of 946) of dogs (Zhang
et al,, 2020; Zhao et al., 2021b). A study in France, dogs and cats from COVID-19
positive households exhibited 23.5% (8 out of 34) of cats and 15.4% (2 out of 13) of
dogs were seropositive by microsphere immunoassay and neutralization test (Fritz et

al., 2020).

In this study. the benefit of large-scale serological detection is demonstrated.
Currently, several serological assays for diagnosis of SARS-CoV-2 infection have been
developed and readily utilized. The spike (S) and nucleocapsid (N) structural proteins
of SARS-CoV-2 are known as two major targets of antibody responses, thus, the
serological diagnostic assays based on these target proteins have been developed
(Liu et al., 2020). The ELISA assay used in this study displayed high sensitivity and
specificity without cross-reactivity to other coronaviruses correlating with other study
using the same ELISA (Spada et al., 2021). Furthermore, the neutralization assay used

in this study has proven to be comparable of the gold standard quality for



60

assessment of antibodies against SARS-CoV-2 in a species-independent manner (Tan
et al., 2020). Several studies reported that S-based ELISA assays, especially with the
RBD or S1 subunit, offer high specificity as they correlate with neutralization test (Ni
et al,, 2020; Zhao et al., 2021a). In contrast, the N-based assays offer higher sensitivity
due to earlier production of the anti-N antibodies in the early phase of infection (Liu
et al., 2020; Okba et al., 2020; Rikhtegaran Tehrani et al., 2020; Dileepan et al., 2021).
Therefore, the discrepancy between positivity of N-based ELISA detection and

neutralization assay can be observed.

The discrepancy between the results of the ELISA and sVNT is one of the
limitations in this thesis which requires further investigation. Similar observation has
been reported in previous studies. For instance, a serological study of cats in
Germany found two samples were positive by VNT out of six samples that were
positive by indirect multi-species ELISA (Michelitsch et al., 2020). In China, a
serological study of cats and dogs during the COVID-19 outbreak in Wuhan found
lower positivity of VNT from samples that were ELISA positive (Zhang et al., 2020
Zhao et al., 2021b). In Croatia, an investigation for SARS-CoV-2 infection in free-living
and captive wildlife species found none sVNT positive from 15 animals positive by
indirect multi-species ELISA (Jemersic et al., 2021). The timing of infection in animal
and serum sample collection may support the explanation of this finding. Antibody
response to SARS-CoV-2 in animals was found to be relatively high within 10 days of
infection with short duration of the peak titer (Zhang et al., 2020). While the
neutralizing antibody response develops later and peaks around 7-13 days after
infection (Bosco-Lauth et al., 2020; Shi et al., 2020). Furthermore, the discrepancy
observed in this thesis might result from individual differences in development of
neutralizing antibodies, such as underlying health conditions of animals, different
levels of SARS-CoV-2 exposure. It is noteworthy that the structure of the
nucleocapsid protein is conserved. Although the most common coronaviruses found

in cats and dogs, FCoV and CCoV, belong to Alphacoronavirus and are highly distinct
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from SARS-CoV-2. Also, CRCoV, which belongs to Betacoronavirus, shares only 45.8-
46.2% nucleotide similarity with SARS-CoV-2 (Sharun et al., 2020). The antigenic cross-
reactivity between SARS-CoV-2 and these coronaviruses is possible but less likely

regarding the use of N-based ELISA.

5.2 Occurrence of SARS-CoV-2 RNA in domestic dogs and cats in Bangkok and
vicinity

In addition to serological survey, a total of 363 swab samples of 179 animals
(87 dogs, 92 cats) were collected between January 2021 to August 2021 covering
from the second to fourth wave of COVID-19 outbreaks in Thailand. In this thesis,
collection of swab samples from animals could not be done along the same period
of serum samples collection due to the limitations including the city lock-down,
convenience in sample collecting facilities, and willingness of animal owners and
animal hospital staff. The SARS-CoV-2 RNA detection using four panels of primers and
probes revealed the absence of the viral RNA in all samples. This finding was also
observed in previous studies with the possible explanation that of low viral RNA level
of natural infection with SARS-CoV-2 in animals, or the variation in time of virus
shedding and sample collection among animals. A study in natural SARS-CoV-2
infected dogs and cats revealed that animals remained shedding up to 16 days after
the first detection of viral RNA (Newman et al., 2020; Sit et al., 2020), also in the
experimental setting, dogs and cats remained shedding for only 2-6 days post-
inoculation (Shi et al., 2020). For example, a study in Italy found none of animals
were positive using real-time RT-PCR despite SARS-CoV-2 neutralizing antibodies were
detectable (Patterson et al., 2020). In Mexico, a cross-sectional survey of animals
living in positive COVID-19 household found none of 130 animals (100 dogs, 30 cats)

were positive by real-time RT-PCR (Sanchez-Montes et al., 2021).

There are some serological and molecular studies of COVID-19 in domestic
animals In Thailand. The first cross-sectional study in domestic animals living in high-

risk area during the second wave of COVID-19 outbreak reported that all swab
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samples collected from animals were negative by real-time RT-PCR detection but the
antibodies detection results showed 3.14% (5 out of 159) of animals were positive by
multispecies ELISA (Jairak et al.,, 2022b). In addition, the study conducted during the
third wave of COVID-19 outbreak reported the first detection of SARS-CoV-2 infection
in dogs and cats living in COVID-19 positive households in Thailand which 4 out of 44
animals (3 out of 35 dogs, 1 out of 9 cats) from 4 of 17 households. The
phylogenetic and genomic mutation analyses of whole genome sequences revealed
SARS-CoV-2 of the alpha variant (B.1.1.7 lineage) with the specific neutralizing
antibodies detected by sVNT (Jairak et al., 2021). Moreover, a recent study reported
the SARS-CoV-2 infection of the delta variant (B.1.617.2) in dogs (sub-lineage AY.85)
and cats (sub-lineage AY.30) which was the predominant SARS-CoV-2 variant during
the fourth wave of COVID-19 outbreak in Thailand (Jairak et al., 2022a). These findings
demonstrated the significant of human-to-animal transmission of SARS-CoV-2, thus
public awareness of spillover events in domestic animals due to human-animal

interface should be concerned.

In summary, this thesis demonstrated that despite the absence of the SARS-
CoV-2 viral detection result, domestic dogs and cats living in COVID-19 affected area
in Thailand developed antibodies against the virus which is comparable to several
studies in different countries around the world, albeit unknown exposure to the
virus. The significant role of domestic animals in SARS-CoV-2 maintenance and
transmission within species or across species, especially animal-to-human, remains
inconclusive. Our findings emphasize the importance of disease surveillance and
monitoring in animals during the pandemic. Accordingly, the awareness of the SARS-
CoV-2 infection and transmission in domestic animals should be raised. The
recommendation and precautions on the potential risk of the human-domestic

animal interface should be publicly available.
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Conclusion and Recommendations

The COVID-19 pandemic caused by the SARS-CoV-2 has brought significant
challenges to global communities. As of June 2022, over 500 million human cases
and 6 million deaths have been reported. Fewer reports of SARS-CoV-2 infections in
domestic animals were documented despite the probable SARS-CoV-2 spillover
events in affected human-animals interface have been proven. This thesis aimed to
strengthen the one health approach by providing the evidence on the exposure of
SARS-CoV-2 in domestic dogs and cats in Thailand. We conducted a large-scale
surveillance in domestic animals which a total of 4,696 serum samples (2,960 of
dogs, 1,736 of cats) and 363 swabs (n=174 of 87 dogs, n=189 of 92 cats) were
collected from April 2020 to August 2021. The samples collection period covered the
first to the fourth wave of COVID-19 outbreaks in Thailand. For serological detection,
we found that 1.26% (59/4,696) of animals were seropositive for the detection of
antibodies against the N-protein of SARS-CoV-2 using multi-species ELISA. By species,
we found 1.79% (53/2,960) in dogs and 0.35% (6/1,736) in cats with the S/P% level
ranging from 51.02-383.40% (average 127.63%). Most animals with seropositivity
showed no clinical signs. However, mild respiratory symptoms including serous nasal
discharge, increased lung sound, and cough were noted in few animals at the time of
samples collection. Notably, we detected neutralizing antibodies against the virus in
a cat which confirmed the infection of the virus in animals during the pandemic in
Thailand. Although, the seroprevalence in our study was relatively low, this finding
demonstrated that domestic animals are probably incidental hosts owing to SARS-
CoV-2 spillover from humans. This finding is consistent with several studies
worldwide. However, in this study, we were unable to confirm the occurrence of
SARS-CoV-2 in animals from viral RNA detection using four panels of real-time RT-

PCR.

This thesis showed the benefit of disease surveillance in domestic animals

during the pandemic. Thus, continuous surveillance and monitoring of SARS-CoV-2 in



64

animals are necessary for planning the prevention and control strategies of SARS-

CoV-2 during the pandemic.

Based on the result of this thesis, the recommendations for monitoring and

prevention of SARS-CoV-2 in dogs and cats are as following.

For pet owners

® The pet owners should keep on good hygiene practices such as
regular hand washing or sanitizing, especially before and after touching

animals, their food or supplies.

® The pet owners should only wash or bathe their animals in the usual
way when necessary due to no supporting evidence that washing

animals could minimize the spread of COVID-19.

® (lose contact including snuggling, cuddling, kissing or licking, sharing
food or utensils, and sleeping in the same bed with pets should be

avoid.

® The owners who are suspected or COVID-19 positive should isolate
themselves or avoid close contact from everyone, including their pets

and other animals.

® |f possible, owners should have other members in their household
take care for the animals. If not possible, basic care for animals should
be provided while putting on personal protective equipment (PPE)
such as gloves, surgical or N95 mask, and the other protective
equipment (e.g., face shield, protective gown, etc.) as necessary when
taking care of animals.

® Animals should never be abandoned. The owners should seek for

professional or veterinary services when animal shows signs of illness

or when there is concern about animal health.
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® Animals suspected or confirmed to be infected with SARS-CoV-2
should be separated in restricted area at home or animal care
facilities to minimize contact from other animals and people. Daily
monitoring for signs of illness is required until the end of

recommended isolation period.

For high-risk professionals or veterinarians

® Arrange separate area in service facilities for SARS-CoV-2 suspected or

infected animals isolated from the rest of other animals.

® Offer adequate amount of appropriate PPE for animal handlers and
veterinary staff. Always put on appropriate PPE including gloves,
surgical or N95 mask, protective gown, face shield while handling

SARS-CoV-2 suspected or infected animals.

® Personnel required for working with SARS-CoV-2 suspected or infected

animals should be limited.

® Regularly cleaning and disinfect of the facilities and supplies should

be considered and practiced.

® The collaboration using One Health approach to conduct
epidemiological investigations for companion animals with SARS-CoV-2

infection is recommended for mitigating the COVID-19 in animals.

Recommendations for further studies includes 1) A larger scale surveillance of
SARS-CoV-2 RNA in natural settings in dogs and cats, not only in Bangkok and the
vicinity but also other provinces in Thailand should be performed, 2) Information on
COVID-19 exposure of animal should be collected along with the samples in order to
determine the risk of exposure and infection in animals, 3) a study in other domestic
animals or exotic animals in Thailand should be conducted for better understanding

of the SARS-CoV-2 infection in animals.
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