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1. General introduction



1.1. Viral infectious diseases in companion animals
1.1.1. Coronavirus (CoV)
1.1.1.1. General characteristics

Animal coronaviruses are classified into the order Nidovirales, the family
Coronaviridae. “Corona” means a crown in Latin. The origin of its name is derived from
the appearance of viral particle like a crown, because of spike proteins on viral surface.
These viral members are 100-140 nm in size and enveloped and the genome is a positive-
sense and single-stranded RNA. In Coronaviridae, there are four genera referred to as
Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus. The
genome size is 25-30kb and one of the largest genomes in RNA viruses. The 5’ two-thirds
of the genome encode a large polyprotein including RNA dependent RNA polymerase
(RdRp) and proteases. The 3° region of the genome contains open reading frames
encoding structural proteins (spike (S), envelope (E), membrane (M) and nucleocapsid
(N)) and accessory proteins (Sola et al.,2015). S protein includes a receptor binding
domain and plays important roles in viral entry and membrane fusion. E and M proteins
are an essential membrane proteins. E protein relates to viral production and maturation
(DeDiego et al., 2007; Ortego et al., 2007). M protein determines the shape of viral
membrane. N protein is known to bind to genomic RNA and consists of helical
ribonucleoprotein (RNP) complexes termed as nucleocapsid for protection of the genome
(McBride et al., 2014). The functions of some accessory proteins have been identified
(for example, inhibition of immune response in host cell (Liu et al.,2014)), but the

function are still unknown.

1.1.1.2. Diseases and pathogenesis



Coronavirus infection is found in many animal species including human, dog,
cat, cow, pig, mouse and so on, with respiratory or digestive diseases. However, some
coronaviruses cause encephalitis or granuloma. In many cases of coronavirus infection,

the illness is severe in infant or juvenile animals more than in matured ones.

1.1.1.2.1. Canine enteric coronavirus infection

Canine enteric coronavirus (CECoV) belongs to the genus Alphacoronavirus,
and it was divided into two genotypes. CECoV was first isolated from diseased dogs in
Germany in 1971 (Yesilbag et al., 2004). CECoV spreads by fecal-oral route, and the dogs
infected with CECoV generally show mild to severe diarrhea (Castanheira et al., 2014).
Co-infection of CECoV and canine parvovirus 2 or canine adenovirus type 1 causes
severe disease with high fatality rate (Decaro et al.,2006; Pratelli et al.,2001). Recently,
high pathogenic CECoVs, named “pantoropic” CECoV, have been reported (Buonavoglia
et al., 2000) and the characteristic disease is leukopenia (Alfano et al., 2020). CECoV
infection has been detected worldwide, especially in animal shelters and kennels. In Japan,
the positive rate of CECoV infection was 16.0-50.5% (Bandai et al., 1999; Soma et al.,
2011; Takano et al., 2016). For infected animals, supportive treatments to dehydration

and acidosis are recommended.

1.1.1.2.2. Canine respiratory coronavirus infection

Canine respiratory coronavirus (CRCoV) is a member of Betacoronavirus and a
causative agent of canine infectious respiratory disease, which was detected in 2003
(Erles et al., 2003). CRCoV genetically has a high identity with bovine coronavirus

(BCoV). Therefore, it has been considered that CRCoV is originated from BCoV (Erles
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et al., 2003). CRCoV infection causes mild diseases, such as nasal drop, cough and
sneezing (Mitchell et al., 2013). However, after CRCoV infection, the diseased dog
sometimes becomes compromised to second viral or bacterial infections (Priestnall et al.,
2009). Previous reports of RNA or antibody detection indicated that CRCoV was spread
in Americas, Europe and Asia (Erles et al., 2008). Palliative treatment is usually enough

for complete remission. Any vaccine for CRCoV isn’t available.

1.1.1.2.3. Feline coronavirus infection

Feline coronavirus (FCoV) is classified into the genus Alphacoronavirus. FCoV
includes two biotypes, feline enteric coronavirus (FECV) and feline infectious peritonitis
virus (FIPV). Former is a low or no pathogenic virus, causing mild diarrhea or
asymptomatic infection in cats (Tekes et al., 2016). The latter is a highly virulent virus
associated with fatal disease, feline infectious peritonitis (FIP). Although there are two
serotypes in FCoV, serotype I FCoV is dominant in natural infection (Benetka et al., 2004).
Domestic cats, especially in shelters or breeder’s houses, often get infected with FCoV
and the seroprevalence reached to approximately 80% (Hohdatsu et al., 1992). While
FCoV persistently infects to cats’ enterocytes, and nucleotide mutations accumulate in the
genes, especially S and 3¢ genes (Pedersen., 2014). It is suggested that the mutations
change viral cell tropism from enterocytes to macrophages, contributing to the emergence
of FIPV (Jaimes et al., 2020). FIP consists of two forms, an effusive form and a non-
effusive form. The effusive form shows peritoneal or thoracic effusion with rapid diseases
progression (Kipar and Meli., 2014). The non-eftfusive form shows parenchymal and
serosal pyogranulomas in kidney, liver, omentum and intestine without effusion.

Moreover, in some cases, ocular diseases or neurologic disorders, such as ataxia or
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epilepsy, are observed in non-effusive form. As mentioned above, FIP is a fatal disease
for cats. Although the nucleotide analog which can treat FIP was discovered, the
compound is not permitted for the use in Japan (Murphy et al., 2018). Supportive
treatments may improve clinical signs. Euthanasia would be one of the choices to save
suffering cats. In several countries, a vaccine for FCoV is available. However, some
neutralizing antibodies against FCoV enhance viral entry to macrophages and make
disease severe, hence the efficacy and the benefits of vaccination remain unclear

(Hartmann et al., 2005).

1.1.1.2.4. Ferret coronavirus infection

Ferret coronavirus (FRCoV) is first identified in USA in 2000 (Williams et al.,
2000). The classification of FRCoV is the genus Alphacoronavirus like FCoV and CECoV.
Ferret enteric coronavirus (FRECV) is an enteric FRCoV and related to epizootic
catarrhal enteritis (ECE), which leads to vomiting, drowsiness and hypophagia. The
morbidity of FRECV infection is high, but the fatality is low, and the illness is severe in
old ferrets than in young ferrets (Murray et al., 2010). Ferret systemic coronavirus
(FRSCV) is fetal and systemic FRCoV similar to FIPV. FRSCV infection is characterized
by an abdominal mass or neurologic manifestation, accompanied by clinical signs like
diarrhea, hypophagia and body weight loss (Murray et al., 2010). FRCoV infection was
reported in Americas, Europe and Japan with 40-70% of the positive rates of FRCoV
infection (Provacia et al., 2011; Smits et al., 2013; Terada et al., 2014). Nucleotide
homologies between FRSCV and FRECV genomes are about 90%, but little is known
about the emergence of FRSCV (Wise et al., 2010). There is no specific treatment for

FRCoV infection and supportive treatment is carried out.
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1.1.2. Calicivirus
1.1.2.1. General characteristics

Calicivirus is a non-enveloped and small virus in the order Picornavirales and
the family Caliciviridae which includes 11 genera. Sapovirus or Norovirus infection
cause gastroenteric diseases in human (Becker-Dreps et al., 2019; de Graaf et al., 2016).
Vesivirus is a pathogen isolated from cats, pigs and seals (Love et al., 1975; Gerberg et
al.,1982). Lagovirus has been found only in rabbits in the order Lagomorpha, causing a
fatal hepatitis (Buehler et al.,2020). Calicivirus possess a positive-sense and single-
stranded RNA. The genome encodes capsid proteins as structural proteins and non-
structural proteins including RdRp, 3C-like protease, VPg and helicase (Smertina et al.,
2021). Because of a lack of proof reading, RNA replication by RdRp generates genetic
variations. The 3C-like protease cleaves viral polyprotein, NS1/2, whose functions are
unclear. The VPg protein binding to the 5° end of genomic or subgenomic RNA works as
a primer in genomic RNA replication (Goodfellow., 2011). The helicase has some
functions as unwinding double-stranded RNA using ATP, remodeling RNA as a RNA

chaperone and possessing the replication complexes (Li et al., 2018).

1.1.2.2. Diseases and pathogenesis
1.1.2.2.1. Feline calicivirus infection

Feline calicivirus (FCV), a member of the genus Vesivirus, is a common virus
among cats. The most frequent clinical signs caused by FCV infection are oral ulceration,
and nasal discharge is often observed as well (Cai et al., 2002). In kittens, FCV infection
is fatal, triggering severe respiratory diseases (Radford et al., 2007). Recently, a highly

virulent FCV strain has been found mainly in the USA (Pederson et al., 2000). This strain

6



is characterized by FCV-associated virulent systemic disease (VSD), including pyrexia,
hypophagia or icterus, with high fatality (Radford et al., 2007). Due to the high density
of cats, the risk of FCV infection in shelters is higher in private household. The prevalence
rate in cats owned in shelters was around 30%, but that in personal owned cats was 10%
(Wardley et al., 1974). FCV can keep the infectivity in the environment for a long time at
room temperature (Doultree et al., 1999). Therefore, the virus can transmit indirectly from
diseased cats to healthy cats. Although no specific antiviral medicine is available, broad-
spectrum antibiotics are used to protect animals from secondary bacterial infection.
Vaccination can be used to reduce clinical signs except for VSD, but not to prevent the
infection. The antigenicity of FCV is variable depend on the viral strains, hence vaccine-
induced antibodies can’t neutralize all isolates. The development of broadly cross-

reactive vaccine is needed.



1.1.3. Herpesvirus
1.1.3.1. General characteristics

Herpesviruses are members of the family Herpesviridae, consisting of
Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae. The virion has an
envelope including a tegument, capsid and core, and the size of virion varies from 150 to
300 nm. In viral particle, linear ds DNA is packaged as the genome with a range of
genome size from 100 to 300 kbp. The genome encodes so various genes depend on viral
species. However, about 40 genes called as core genes are genetically conserved in most
of herpesviruses. In addition, herpesviral genes are classified into three categories.
Immediate early genes are first transcribed and the proteins translated from them regulate
the transcription of other genes. Early genes, second transcribed genes, contribute to the
production of DNA polymerase or other enzymes. Finally, structural proteins are
translated from late genes. Since herpesviruses easily lose the infectivity in the
environment, a close contact is a main route of viral transmission. Because of the highly
specific host tropism, herpesviruses hardly transmit to other species. However, once they
cross the species-barrier, the infections sometimes lead to fatal disease. These events can
be observed in B virus or pseudorabies virus infections (Weigler et al., 1992; Ciarello et
al., 2020). The latent infection in neurological tissues is one of distinctive features of
herpesvirus infection, because it leads to asymptomatic carriers, which would spread the
infection (Evermann et al., 2011). Until now, herpesviruses have been identified in
different kinds of animals, such as fishes, amphibians, reptiles, birds and mammals. In

some companion animals, diseases by herpesvirus infection are known.

1.1.3.2. Diseases and pathogenesis



1.1.3.2.1. Canine herpesvirus infection

Canine herpesvirus (CHV) is genetically similar with feline herpesvirus and
equine herpesvirus, which belongs to Alphaherpesvirinae. CHV was first identified as a
cause of fatal disease of puppies in the middle of 1960 (Carmichael et al., 1965). Until
now, CHV has been found in not only domestic dogs, but also wild dogs all over the world,
and the seroprevalence was around 90% in the case of England (Reading et al., 1999).
Similar to FCV infection, the positive rate in dogs in kennels is higher than in pet dogs
(Decaro et al., 2006). The clinical sign is variable depend on the age when dogs are
infected. In neonates, CHV infection causes necrotizing and hemorrhagic diseases with
high mortality (Decaro et al., 2006). They were generally infected with CHV from their
mothers. Young or adult dogs often show asymptomatic infection, but some young
animals present blindness and deafness. In the case of pregnant dogs, abortion is caused
by CHYV infection, or the puppies are weak and die a few days after the birth (Ronsse et
al., 2004). In Japan, aged dogs in an animal medical center showed respiratory syndrome
with the death (Kawakami et al., 2010). To prevent newborns from CHYV infection,
injection of immune sera to their mothers is more benefitable than supportive therapy.
Hydration and warming are recommended to reduce the mortality in puppies. CHV is
easily inactivated with disinfectants, so CHV transmits directly to uninfected dogs with
oronasal discharge of infected dogs. Therefore, the restriction of viral spread to healthy
puppies is necessary. A subunit vaccine is available for pregnant dogs in Europe to protect

neonates from CHYV infection.

1.1.3.2.2. Feline herpesvirus infection

Feline herpesvirus 1 (FHV-1) is a causative agent of severe upper respiratory
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disease in cats. FHV-1 belongs to the subfamily Alphaherpesvirinae and the genus
Varicellovirus with CHV and phocine herpesvirus 1. Although the host range is limited
to Felidae, a herpesvirus similar to FHV-1 was detected in dogs (Kramer et al., 1991).
There seems to be only one serotype in FHV-1 (Gaskell et al., 2007). Between the isolates,
there are some small genetic changes in Mlul, and Sall, but it is unclear whether these
differences contribute to viral pathogenicity (Hamano et al., 2005; Horimoto et al., 1992).
FHV-1 transmits via oral, nasal and conjunctival routes and replicates in nasal septum,
turbinate, tonsils, lymph nodes and trachea (Gaskell et al., 2007). FHV-1 infection causes
multifocal necrosis in the respiratory epithelium and osteolytic lesion in the turbinate
(Hoover et al., 1970; Povey et al., 1979). Diseased cats generally show oral, ocular and
nasal discharges with inappetence, depression and high body temperature (Hoover et al.,
1970). FHV-1 infection sometimes leads to conjunctivitis and scabbing around nostrils
and eyes. In severe cases, cough and dyspnea are also observed. Unlike CHV infection,
FHV-1 infection doesn’t seem to be a direct cause of abortion. After acute infection, FHV-
1 latently keep the infection in the trigeminal ganglia and the latently infected cats shed
infectious virus as carriers (Gaskell et al., 1985; Nasisse et al., 1992). A lot of stress make
latent FHV-1 reactivate and cause diseases. For the treatments of FHV-1 infection, some
nucleoside analogs are considered to be effective, for examples, topical use of idoxuridine
or acyclovir improved FHV-1 ocular disease (Thomasy et al., 2016; Stiles et al., 2003).
Susceptibility of FHV-1 to feline and human IFN has been proven and combination of
acyclovir and human IFN-alpha showed a synergetic effect (Fulton et al., 1985; Thomasy
et al., 2016). Oral administration of L-lysine is safe and effective treatment to reduce viral
shedding (Gaskell et al., 2007). For the prevention, two types of vaccines are available,

modified live vaccine and inactivated vaccine. Although they are generally able to
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improve clinical signs, FHV-1 infection and the latency are not completely prevented by
these vaccines (Sussman et al., 1997; Weigler et al., 1997). Moreover, to prevent viral
reactivation, whether vaccination to latently infected animals is effective is under
discussion. However, the vaccine can restrict viral shedding and latency in vaccinated
cats compared to control cats (Sussman et al., 1997; Weigler et al., 1997). These facts

indicated that all cats should take vaccines to control the spread of FHV-1.
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1.1.4. Paramyxovirus
1.1.4.1. General characteristics

Paramyxoviruses, viruses in the order Paramyxoviridae, possess an envelope
and a single-stranded and minus-sense RNA encoding 6-10 proteins. Paramyxovirus
includes mumps virus and measles virus known as highly infectious viruses for human
and Hendra virus and Nipah virus associated with high mortality among human (Murray
et al., 1995; Chua et al., 2000). Paramyxoviruses can be divided into four subfamilies,
Avulavirinae, Metaparamyxovirinae, Orthoparamyxovirinae and Rubulavirinae. The
morphology of paramyxovirus particle is various, from spherical to ellipsoidal, and the
size is approximately 110-540nm (Loney et al., 2009). Paramyxoviruses have two
membrane glycoproteins, fusion (F) protein and hemagglutinin (H), hemagglutinin-
neuraminidase (HN) or glycoprotein (G), which are related to viral attachment and
receptor binding (Chang et al., 2012). Synthesized F protein called FO protein dose not
have a fusion activity. However, after cleavage by cellular proteinases and conformational
changes, F protein are activated for fusion (Paterson et al., 2000). Viral nucleoprotein (N)
attaches to genomic RNA accompanied with the phosphoprotein (P) and the large (L)
protein, which consists of RNP complexes (Cox et al., 2017). Matrix (M) protein
contributes to the particle assembly by the interaction with N protein and glycoproteins.
In addition to these proteins, several viruses also possess small hydrophobic (SH)
transmembrane protein as ion channels or transmembrane (TM) protein for cell-to-cell

fusion (Cox et al., 2017).

1.1.4.2. Diseases and pathogenesis

1.1.4.2.1. Canine distemper virus infection
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Canine distemper virus (CDV) is a member of the genus Morbillivirus and has
been identified as a causative agent of the systematic infection termed as canine distemper
in dogs since 1760 (Rendon-Marin et al., 2019). CDV uses the signaling lymphocyte
activation molecular (SLAM) in the peripheral blood mononuclear cells and the nectin-4
in the epithelial cells as the receptors for viral attachment using H protein. CDV has broad
cell tropism, which contributes to general clinical signs (Lempp et al., 2014). It is known
that CDV has not only broad cell tropism, but also broad host range. CDV infection has
been reported, for example, in many kinds of animals; racoons, ferrets, pandas and
surprisingly lions and monkeys (Martinez-Gutierrez et al., 2016). During CDV infection
in dogs, CDV is secreted in all body fluids and transmitted to susceptible animals
(Beineke et al., 2009). After the transmission, at first, CDV replicates in macrophages and
monocytes around respiratory epitheliums and tonsils and the virus spreads to other
hematopoietic tissues followed by viral infection to whole-body tissues (Vandevelde et
al., 2005; Okita et al., 1997). CDV infected dogs exhibit respiratory and gastrointestinal
diseases, conjunctivitis, anorexia and skin rash, which are accompanied with bacterial
infection or neurological diseases at acute infection (Beineke et al., 2009). Biphasic fever
and demyelinating leukoencephalitis are the representative features in CDV infection
(Beineke et al., 2015). Supportive treatment is recommended to control the diseases. To
resolve diarrhea and vomiting, infusion is of particular importance. In the case of second
bacterial infection, administration of antibiotics would be necessary. CDV vaccine is
defined as a core vaccine, which should be inoculated to all dogs. The live vaccine can
lead virus neutralizing antibodies which continue over for three years (Schultz., 2006).
For eftective immunization, vaccination schedules should be well considered by referring

to the guidelines such as American Animal Hospital Association canine vaccine
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guidelines.

1.1.4.2.2. Feline morbillivirus infection

Feline morbillivirus (FeMV) is a new emerging paramyxovirus, which was
detected in Hong Kong in 2012 (Woo et al., 2012). This virus belongs to the genus
Morbillivirus and, until now, FeMV infected cats have been reported in Asia, Europe and
Americas (Choi et al., 2020). Virus isolation has been also succeeded in CRFK cell. In
Japan, the epidemiological survey was performed using 82 urine samples and ten blood
samples of cats from veterinary hospital, resulting that five urine and one blood samples
were positive for RT-PCR (Furuya et al., 2014). Viral RNA can be detected not only urine
samples, but also kidney samples. Although urinary and gastrointestinal diseases with
fever, depression and some hametologic disorders were observed in FeMV infected cats,
other viral co-infection was also observed. Therefore, the clinical signs caused by FeMV
infection are still unknown. In some cases, cats were persistently infected with FeMV for
more than one year (Sharp et al., 2016). Further research on viral entry mechanism and

the pathogenicity are needed.
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1.1.5. Orthomyxovirus
1.1.5.1. General characteristics

Orthomyxoviruses, including influenza virus, consist of the family
Orthomyxoviridae and 7 genera Alpha-, Beta-, Delta-, Ganmainfluenzavirus, Isavirus,
Quaranjavirus and Thogoyovirus. Influenza A viruses (IAV) have been detected from
human and many animals, and cause pandemics. Influenza B and C viruses are respiratory
pathogens mainly among human. Influenza D viruses have been recently reported in cows
and pigs (Zhai et al., 2017). Salmon isavirus, which consists of the genus Isavirus alone,
causes fatal anemia in atlantic salmons (Olsen et al., 2016). Viruses in the genus
Quaranjavirus are isolated from birds and ticks (Sameroff et al., 2021). Thogotoviruses
are tick-borne viruses which lead to febrile illness with neurological diseases in human
and the fatal case have been reported in the USA (Kosoy et al., 2015). The form of viral
particle is spherical or filamentous surrounded by a lipid envelope, and the size is at least
80-120 nm in diameter. The particle contains glycoproteins for viral entry and membrane
fusion. Alphainfluenzavirus and Betainfluenzavirus possess hemagglutinin (HA) and
neuraminidase (NA) and Deltainfluenzavirus and Gammainfluenzavirus have
hemagglutinin-esterase-fusion (HEF) (Russell., 2016). Hemagglutinin-esterase (HE) and
fusion (F) proteins exists on a surface of Isavirus (Kibenge et al., 2009). Quaranjavirus
and Thogotovirus encodes only glycoprotein (GP) (Portela et al., 1992; Mourya et al.,
2019). Orthomyxoviral genome is composed by single-stranded, linear and segmented
RNA with negative polarity (Zheng et al., 2013). The number of the segments is eight
(Alphainfluenzavirus, Betainfluenzavirus and Isavirus), seven (Deltainfluenzavirus and

Gammainfluenzavirus) and six (Quaranjavirus and Thogotovirus).

15



1.1.5.2. Diseases and pathogenesis
1.1.5.2.1. Influenza A virus infection

Influenza A viruses (IAV) in the genus Alphainfluenzavirus is common pathogen
among vertebrates. They have eight segments and HA in segment 4 and NA in segment 6
are glycoproteins. 18 HA- and 11 NA-subtypes are reported. It’s considered that wild
aquatic birds are the natural hosts of all IAV subtypes except for H17N10 and HI8NT11 in
bats (Webster et al., 1992; Wu et al., 2014). Nowadays, HIN1 and H3N2 infections are
seasonal diseases and other avian IAV infection is rarely observed among human
(Gatherer et al., 2009; Allen et al.,2018). However, due to the segmented genome, the
genomic reassortment sometimes occurred in IAV's, and this event contributes to antigenic
shift and an emergence of new IAV strain (Urbaniak et al., 2014). At least five IAV
pandemics were documented and particularly, Asian Flu in 1957, Hong Kong Flu in 1968
and swine Flu in 2009 emerged by the reassortants (Mostafa et al., 2020). A cause of Hong
Kong Flu was H3N2, which was originated from H2N2 which leads to Asian Flu and an
avian [AV (Jester et al., 2020). During the pandemic, approximately one million people
were died for H3N2 infection. In 2009, swine Flu as HIN1pdm09 emerged by the unique
combination of human-, avian- and swine-origin IAVs (Garten et al., 2009). H3N2 and
HIN1pdm09 are globally circulating now. Therefore, [AV transmission among animals
have a critical role in IAV pandemics and there are some reports of the detection of AV
infection among companion animals.

[AV-infected dogs were first reported in Florida in 2004 (Payungporn et al.,
2008). These animals showed fevers and coughs, and some of them died of the
hemorrhagic pneumonia caused by equine H3NS8. Furthermore, another TAV infection

among dogs was sporadically identified in Korea (Song et al., 2008). This virus was H3N2
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and caused diseases in dogs. Besides H3N8 and H3N2, swine-origin H5N2 or
HIN1pdm09 infection have been ever known among dogs (Song et al., 2013; Su et al.,
2014). The seroprevalence of canine influenza virus in dogs was 8.5% in Ohio in the USA
and 5.7% in Ukraine (Jang et al., 2017; Kovalenko et al., 2021).

The results of seroepidemiological surveys and animal experiments indicate that
cats can be infected with some [AVs (Frymus et al., 2021). Especially highly pathogenic
avian H5N1 causes severe disease in the animals in the family Felidae. In the case of
Thailand, tigers and leopards were infected by eating chickens infected with H5NI1
(Keawcharoen et al., 2004). Cats experimentally infected with the virus showed fever,
dyspnea and conjunctivitis, and one of them died six days after the inoculation (Kuiken
et al., 2004). HIN1pdm09 infection has been identified all over the world (Sponseller et
al., 2010; Zhao et al., 2014; Fiorentini et al., 2011).

Ferrets are used for animal experiments of IAV infection, because they exhibit
respiratory diseases similar to those of human (Beleser et al., 2011). Diseased ferrets
develop sneezing, nasal discharge, lethargy and a fever (Reuman et al., 1989). In vivo
experiments in ferrets can be performed for evaluation of viral pathogenicity and
transmission via the droplets or the effect of vaccine and antiviral agents (Belser et al.,
2018; Lee et al., 2020). For the first isolation of AV, ferrets were inoculated with samples
to replicate alive viruses (Smith et al., 1933). Ferrets are also known as pet animals like
dogs and cats. Although natural infection of IAV and clinical signs have been reported in
some reports, little is known about seroprevalence of IAVs in domestic ferrets (Lin et al.,

2014; Swenson et al., 2010).
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1.1.6. Parvovirus
1.1.6.1. General characteristics

Parvoviruses are small and non-enveloped viruses with single-stranded DNA
genome. Viral particle size is around 25 nm and these viruses resist to disinfectants. The
VP gene in the genome encodes capsid protein which constructs viral particle, and the NS
gene encodes non-structural protein (Francois et al., 2016). Parvoviruses possess a DNA
helicase called as NS1 protein, but don’t have a DNA polymerase. Therefore,
parvoviruses utilize host or the other viral DNA polymerase for their genome replication
(Zou et al., 2018). Parvoviruses in the family Parvoviridae consists of three subfamilies
Parvovirinae, Densovirinae and Hamaparvovirinae. Especially, the members in
Parvovirinae infect many kinds of vertebrates, such as dogs, cats, cows, pigs, mice, minks,

chickens and so on, and cause virous diseases (Cotmore et al., 2014).

1.1.6.2. Diseases and pathogenesis
1.1.6.2.1. Canine parvovirus infection

Canine minute virus, called as CPV-1, is a member of the genus Bocaparvovirus.
Bovine parvovirus is related to mild diarrhea in cows and belongs to the same genus.
CPV-1 was isolated from a healthy dog in 1967 (Binn et al., 1970). In addition to the VP
gene and the N'S gene, this viral genome encodes NP1 gene (Schwartz et al., 2002). CPV-
1-affected dogs generally exhibit mild diarrhea, respiratory syndrome or asymptomatic
infection (Carmichael et al., 1994; Pratelli et al., 1999). By contrast, CPV-1 infection is
occasionally fatal in neonates (Harisson et al., 1992). The result of serological
surveillance in America indicated that the seroprevalence was over 50% and the

widespread of CPV-1 (Carmichael et al., 1994).
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Enteric disease caused by canine parvovirus 2 (CPV-2) is a serious problem in
dog populations all over the world. CPV-2 is classified into the subfamily Parvovirinae
and the genus Profoparvovirus. This virus was first reported in 1978, and then
antigenically divided into CPV-2a and CPV-2b (Carmichael., 2005). Furthermore, since
2000, new strain CPV-2¢ has been detected in many countries (Hoang et al., 2019;
Battilani et al., 2019; Hao et al., 2020). Although these three strains are spreading,
dominant CPV-2 is different between countries. For example, although most typical
isolate is CPV-2a in Asia and Australia, CPV-2b and CPV-2c are more prevalent in North
America (Meers et al., 2007; Nandi et al., 2010; Hong et al., 2007). Some epidemiological
surveys showed 5.7-59.7% of positive rate in dog population and higher rate in pure
breeds than that in mix breeds (Tion et al., 2018; Sayed-Afmed et al., 2020; Umar et
al.,2015). Three forms, enteric, cardiac and neurologic forms, are known as the clinical
signs of this viral infection. The enteric form presents pyrexia, anorexia and
gastrointestinal diseases, such as vomiting and bloody diarrhea. The cardiac form
indicates cardiovascular and respiratory diseases in young animals (Agungpriyono et al.,
1999). CPV-2 transmits via oral route and the incubation time is approximately five days.
Since this virus is able to keep the infectivity in the environments for a long time, animals
are infected from the contaminated materials like clothing, shoes and feeders (Kantere et
al., 2021). Administrations of fluid, antiemetics and recombinant feline omega-interferon
are performed to relieve dehydration, vomiting and fever (Castro et al., 2013; Mylonakis
et al., 2016). CPV-2 vaccine is included in core vaccine and the vaccination is important
for all dogs to control this pathogen. Approximately 70% of vaccine coverage is necessary

for prevention of outbreak (Decaro et al., 2020).
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1.1.6.2.2. Feline parvovirus infection

Feline panleukopenia virus (FPV) is a cause of feline panleukopenia (FPL),
known as highly virulent disease in cats (Kruse et al., 2010). FPV, a member of the genus
Protoparvovirus, was identified from the stool sample of cats showing gastroenteritis in
1928 (Capozza et al., 2021). FPV is genetically and antigenically similar to canine
parvovirus and recognized as the host range variant. It is considered that the hosts of FPV
are all animals in Felidae and some carnivores like mink and raccoon (Steinel et al., 2001).
FPV generally infects lymphoid tissues, bone marrow and intestine, where the cells grow
and divide quickly, and leads lymphopenia, neutropenia, anorexia, hemorrhagic diarrhea
and vomiting with 25-100% of mortality rate (Kruse et al., 2010). The sickness is severe
in young animals and cerebellar hypoplasia in neonates is triggered by FPV infection
(Resibois et al., 2007). However, the number of FPV outbreak is fortunately decreased by
the vaccination (Stone et al., 2020). FPV vaccines are also one of the core vaccines and
they are available as modified live or inactivated forms. Regardless of a place where cats
are kept indoor or outdoor, all cats should be vaccinated. Treatment protocol is similar to
that for CPV-2 infection. Because of no specific drug to FPL, the supportive therapy is

recommended.

1.1.6.2.3. Ferret parvovirus infection

Aleutian disease is an infectious disease originally identified in minks and known as
gammaglobulinemia and plasmacytosis. A cause of this illness is Aleutian mink disease
virus (AMDYV) classified into the genus Ambovirus and first reported in the USA in 1940s
(Nituch et al., 2011). Virus isolation was also successful in feline kidney cells in 1977

and, until now, this virus has been detected in various animals as ferrets, skunks and
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raccoons (Franzo et al., 2021). Since AMDV is as strong as other parvovirus in the
environment, indirect infection sometimes occurs (Lu et al., 2021). In addition, vertical
and vector-borne transmission appear to be available for AMDV (Broll et al., 1996; Shen
et al., 1972). AMDV leads to different disease types depend on the age of the minks. In
adult animals, AMDYV persistent infection causes progressive wasting syndrome related
to lymphadenopathy, splenomegaly, plasmacytosis arteritis and glomerulonephritis
(Eklund et al., 1968; Hadlow et al., 1984). In pregnant animals, AMDYV causes abortion,
the death of embryos and low pregnancy rate (Broll et al., 1996). In contrast to the
persistence in adults, AMDV infection in young animals results in acute and fatal
pneumonia and the treatment using anti-AMDYV antibodies is effective (Alexandersen et
al., 1989). Similar to minks, AMDV-infected ferrets exhibit wasting syndrome associated
with respiratory disease, arteritis and glomerulonephritis. Moreover, there are some
reports of neurologic sign (Langlois et al., 2005). However, AMDYV infections in ferrets

are basically subclinical and not persistent.
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2. CHAPTER1

Antiviral effect of sinefungin on in vitro growth of feline herpesvirus type 1
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2.1. Abstract

Feline herpesvirus type 1 (FHV-1) causes a potentially fatal disease in cats.
Through the use of virus inhibition and cytotoxicity assays, sinefungin, a nucleoside
antibiotic, was assessed for its potential to inhibit the growth of FHV-1. Sinefungin
inhibited in vitro growth of FHV-1 most significantly over other animal viruses, such as
feline infectious peritonitis virus, equine herpesvirus, pseudorabies virus and feline
calicivirus. Our results revealed that sinefungin specifically suppressed the replication
of FHV-1 after its adsorption to the host feline kidney cells in a dose-dependent manner
without obvious cytotoxicity to the host cells. This antibiotic can potentially offer a
highly effective treatment for animals infected with FHV-1, providing alternative

medication to currently available antiviral therapies.
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2.2. Introduction

Nucleoside antibiotics constitute a large family of important microbial products
with antiviral, antifungal and antiprotozoal activities (Chen et al., 2016). Because
nucleosides metabolites play pleiotropic roles, such as energy donors, cofactors and
metabolite carriers, in most primary metabolisms and central roles in genetic
inheritance, they possess high potential of targeting parasite-specific process, such as
viral proliferation and protozoan parasitism (Isono et al., 1988).

Sinefungin is a nucleoside antibiotic and structural analogue of S-adenosyl-L-
methionine, and it inhibits the methylation of DNA, RNA, proteins and other molecules
(Fuller et al., 1978; Paolantonacci et al., 1985; Phelouzat et al., 1992; Zhen et al., 2006).
It has been suggested that the potent antiviral activity of sinefungin might be due to
selective inhibition of cap-methylation in maturing mRNA molecules, particularly by
RNA (guanine-N7) methyltransferase, which adds a methyl group to Gppp-RNA for the
formation of the m7GpppRNA cap. This process is essential for the initiation of
translation and protection of RNA molecules from degradation by 5'-exonucleases
(Bouvet et al., 2010; Li et al., 2007; Selisko et al., 2010; Zheng et al., 2008).

In this study, we assessed the antiviral activity of sinefungin on some major
animal viruses. Feline herpesvirus type 1 (FHV-1) is an enveloped DNA virus, classified
into the family Herpesviridae, subfamily Alphaherpesvirinae, genus Varicellovirus.
This virus causes viral rhinotracheitis in cats. This commonly diagnosed clinical disease
is characterized by upper respiratory diseases and conjunctivitis (Kruger et al., 1996;
Povey et al., 1979; Spradbrow et al., 1971; Stiles et al., 1997). Although most kittens
can recover from primary infection with FHV-1, the virus can latently infect the

trigeminal ganglion, often becoming reactivated in old and/or immunocompromised
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cats. When FHV-1 infects newborn, debilitated and immunodeficient cats, secondary
infections with other pathogens occur and sometimes the disease becomes fatal.

In addition to FHV-1, we evaluated some other viruses which can infect
animals. Feline infectious peritonitis virus (FIPV) is a member of the family
Coronaviridae, subfamily Coronavirinae, genus Alphacoronavirus; it has a single-
stranded positive-sense RNA genome. FIPV is a causative agent of feline infectious
peritonitis, which is a systemic and fatal immune-mediated disease (Montali et al.,
1972). Equine herpesvirus type 1 (EHV-1) and Pseudorabies virus (PRV) belong to the
family Herpesviridae, genus Varicellovirus; they possess double-stranded DNA genome
similar to FHV-1. EHV-1 causes severe respiratory disease, neurological disease,
abortion or death in horses (Lunn et al., 2009; Mochizuki et al., 2009). PRV causes
Aujeszky’s disease, a neurological and respiratory disease in pigs and a lethal disease in
other animals (Thiry et al., 2013). Feline calicivirus (FCV), which contains a single-
stranded positive-sense RNA genome, belongs to the family Caliciviridae, genus
Vesivirus; it causes acute oral and upper respiratory disease in cats (Reubel et al., 1992).

Here we report the in vitro antiviral effect of sinefungin on the growth of FHV-
1, FIPV, EHV-1, PRV and FCV. In addition to its antiviral activity, the cytotoxicity of
sinefungin toward host cells was assessed to determine its potential as an antiviral

treatment for infected animals.
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2.3. Materials and methods

2.3.1. Cells and viruses

A feline kidney cell line, CRFK (Crandell et al., 1973), Fcwt-4 cell line
(Norimine et al., 1992) and our established fetal horse kidney (FHK)-Tcl3.1 cell line
(Andoh et al., 2009) were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen Carlsbad, CA, USA) containing 10% heat-inactivated fetal calf serum (FCS)
(GE Healthcare Life Science, UK), 100 U ml™! of penicillin and 100 ug ml™" of
streptomycin (Thermo Fisher Science, USA) in a humidified atmosphere with 5% CO»
at 37 °C. FHV-1 C7301 strain (Mochizuki et al., 1977), FCV F9 strain (Bittle et al.,
1976), FIPV M91-267 strain (Mochizuki et al., 1997), PRV Indiana strain (Fukusho et
al., 1981) and EHV-1 89¢25p strain (Matsumura et al., 1998) were used in this study.
FHV-1, FCV and PRV were propagated in CRFK cells, FIPV was propagated in Fcwf-4
cells (Pederson et al., 1981) and EHV-1 in FHK-Tcl3.1 cells cultured in DMEM with
2% FCS at 37 °C in 5% CO» until cytopathic effect was observed and then were stored
at —80 °C. Sinefungin was purchased from Sigma-Aldrich (MO, USA), and the purity of
>98% was confirmed by our analytical HPLC system implemented with Hitachi
photodiode-array detector and a CAPCELL PAK SCX column (Shiseido, Japan) as

previously described (Fukuda et al., 2010).

2.3.2. Virus inhibition assay
Host cell lines, CRFK, Fewif-4, and FHK-Tcl3.1, were cultured at 37 °C on 12-
well culture plates (Sumitomo Bakelite, Tokyo, Japan) in DMEM containing 10% FCS.

Next, the medium was removed and cells in each well were inoculated with FHV-1,
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FCV, FIPV, PRV or EHV-1 at a multiplicity of infection (M.O.1.) of 0.01 in 200 pl of
DMEM containing 2% FCS with/without sinefungin (100 pg ml™'; 262 uM). After
incubation for 1 h at 37 °C, cells were washed twice with DMEM and overlaid with
media containing 2% FCS with/without sinefungin (100 pg mI™"). After inoculation at
37 °C, FCV was collected at 48 h post-infection (h.p.i.), FIPV at 36 h.p.i. and FHV-1,
PRV and EHV-1 at 72 h.p.i. The supernatant was collected and stored at —80 °C, and
virus titres were determined by plaque assay. The percentage of plaque number was
calculated in comparison with that of the untreated control. Each experiment was

repeated at least twice.

2.3.3. ECso determination

CRFK cells were cultured on 12-well culture plates in DMEM containing 10%
FCS in a humidified atmosphere with 5% CO, at 37 °C. Next, the media was removed
and cells in each well were inoculated for 1 h with FHV-1 at an M.O.I. of 0.01 in 200 pl
of DMEM containing 2% FCS with/without twofold diluted sinefungin or acyclovir (3—
100 pg mI™!) at 37 °C or without sinefungin at 4 °C. The cells were then washed twice
with DMEM. After washing, the cells were overlaid with media containing 2% FCS
with/without the antiviral agent (3—100 pg ml™") and incubated at 37 °C. After
incubation, the supernatant was collected and stored at —80 °C until virus titration assay.

Each experiment was repeated at least twice.

2.3.4. Virus titration
Cell lines, CRFK or FHK-Tc¢l3.1, cultured on six-well plates (Sumitomo

Bakelite, Tokyo, Japan), were inoculated with 200 pl of tenfold diluted viral solutions
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and incubated at 37 °C for 1 h. After incubation, the media were removed, the cells were
washed twice with DMEM and then overlaid with 0.8% agarose (SeaPlaque GTG
Agarose; Lonza, Basel, Switzerland) in DMEM containing 6.7% FCS. The plates were
incubated at 37 °C until plaques were observed. Next, the cells were fixed with
phosphate-buffered formalin and stained with crystal violet to count the number of
plaques. The percentage of plaque numbers was calculated by comparison with that of

the untreated control

2.3.5. Cytotoxicity assay

The cytotoxicity of sinefungin was assessed using MTT assay as described in a
previous report (Elshabrawy et al., 2014). CRFK cells were inoculated at a density of
10* cells/well in 96-well plates. After 24 h, the cells were incubated with different
concentrations (3—100 pg ml™!) of sinefungin. Following incubation for 72 h, the cells
were washed once with phosphate-buffered saline and 100 pl of fresh DMEM was
added to the wells. Subsequently, 10 pul of MTT reagent was added to each well and the
plates were incubated for 4 h at 37 °C. Following incubation, 100 pul of 10% sodium
dodecyl sulphate in 1 mM HCI was added to each well and the plates were incubated for
4 h at 37 °C. The optical density was measured at 570 nm using a spectrophotometer
(Bio-Rad, Tokyo) and the percentage cell viability was calculated in comparison with
that of the untreated control after subtracting the background. Each experiment was

repeated at least twice.
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2.4. Results

2.4.1. Antiviral effects of sinefungin

A variety of viruses were used to assess the antiviral effects of sinefungin.
CRFK cells were inoculated with FCV, FIPV, FHV-1, or PRV, and FHK-TcI3.1 cells
were inoculated with EHV-1. After incubation, the supernatants were collected, and the
virus titre was determined by plaque assay. Figure 2-1 presents the percentage of plaque
number standardized with plaque number of the untreated control. The plaque numbers
for FCV and FIPV decreased to 67.7% and 7.8%, respectively. Thus, sinefungin was
most effective against FHV-1 infection (0.04%). Alternatively, PRV and EHV-1, which
belong to the genus Varicellovirus similar to FHV-1, were less sensitive to sinefungin,
and the plaque yields were 52.4% and 21.9%, respectively. The antiviral activity of
sinefungin was reproduced at the similar levels on another FHV-1 isolate,

Tokyo/181128, and when the host was Fcwt-4 cell (data not shown).

2.4.2. ECso of sinefungin against FHV-1 infection

To investigate whether sinefungin inhibits viral adsorption to host cells, CRFK
cells were incubated with FHV-1 and with/without different concentrations of
sinefungin (3—100 pg ml™") at 37 or 4 °C for 1 h and washed with DMEM. After
incubation for 72 h with/without sinefungin, the viruses were collected, and the titres
were determined. The result showed that sinefungin specifically suppressed FHV-1
propagation in CRFK cells in a dose-dependent manner. The ECso values at each
incubation temperature were nearly identical (ECso at 37 °C: 9.5 ng ml™!, at 4 °C: 11.2

ng ml™!) (Fig. 2-2). Sinefungin may not affect the attachment of FHV-1 to the host cells,
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but it may affect the biochemical processes after adsorption. The ECso value of
acyclovir (18 pg ml™") was determined by our in vitro assay (Fig. 2-3), suggesting that
sinefungin is as effective as the anti-herpes drug, acyclovir, which is used for the

treatment of shingles.

2.4.3. Cytotoxicity of sinefungin toward CRFK cells

The cytotoxicity of sinefungin toward CRFK cells was assessed using an MTT
assay (Fig. 2-2). There was no significant difference in cell viability at concentrations of
3-100 pg ml™!, which suggested that sinefungin has almost no cytotoxicity toward

CRFK cells at effective antiviral concentrations.
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2.5. Discussion

The antiviral activity of sinefungin has been reported to be because of the
potent inhibition of mRNA-methyltransferase and multiplication of the vaccinia virus
(Pugh et al., 1978) or inhibition of cell transformation by the Epstein—Barr virus (Long
et al., 1987). In this study, we assessed the antiviral effects of sinefungin on some major
animal viruses. The results indicate that FHV-1 is more sensitive to sinefungin than
other cat and herpes viruses. The mechanism underlying inhibition remains unclear;
however, this antiviral effect appears not specific to the genus Varicellovirus because
FIPV and EHV-1 were also inhibited by sinefungin, while PRV and FCV were less
sensitive to sinefungin in CRFK (Fig. 2-1). It is unknown whether the mechanism of
action of sinefungin against FHV-1 is due to its activity as an inhibitor against S-
adenosyl-L-methionine-dependent methyltransferase reactions (Fuller et al., 1978;
Paolantonacci et al., 1985; Pheulouzat et al., 1992; Zheng et al., 2006).

Further investigations were conducted to determine the antiviral activity of
sinefungin against FHV-1 in detail. Sinefungin inhibited FHV-1 replication in a dose-
dependent manner with an ECso value of 25 pM (9.5 ug ml ') at 37 °C. Few reports on
the comparison of antiviral drugs against FHV-1 are available. For example, acyclovir is
typically used for the treatment of an ocular disease that is caused by FHV-1 infection
with an ECso of 250 uM. Adefovir inhibits herpesvirus infection, including those caused
by human simplex virus (HSV) (De Clercq et al., 2013), cytomegalovirus (CMV)
(Andrei et al., 1991) and varicella-zoster virus (Andrei et al., 1995); it can inhibit FHV-
1 infection in vitro with an ECso value of 73 uM. Foscarnet, which is administered for
CMYV in human retinitis or HSV infection (De Clercq et al., 2013), is also effective

against FHV-1 infection with an ECso value of 140 uM (van der Meulen et al., 2006).

31



Accordingly, sinefungin might be as effective and useful for the treatment of FHV-1
infection as acyclovir, adefovir and foscarnet, based on the comparable ECso values
revealed in our in vitro assay, and sinefungin shows no obvious cytotoxicity toward the
host feline kidney cell line. A previous study reported that sinefungin was cytotoxic to
NCTC clone 929 mouse cells of strain L, known as fibroblasts (Pugh et al., 1978). This
toxicity might be due in part to the difference of the host and tissue from which the
culture cells were derived. According to a recent database, sinefungin and acyclovir
have similarly low toxicity; for sinefungin oral L.Ds¢ is 1 g/kg (mouse) and
subcutaneous LDsg is 185 mg/kg (mouse) (Cayman Chemical Company., 2015). For
acyclovir, oral LDsg is >10 mg/kg (mouse) and subcutaneous LDsp is 1,118 mg/kg

(mouse) (Cayman Chemical Company., 2018).
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2.6. Figure legends

Fig. 2-1 Antiviral effects of sinefungin toward FCV, FIPV, FHV-1, PRV and EHV-1.
CRFK cells were propagated with FCV, FIPV, FHV-1 or PRV and FHK-Tcl3.1 cells
were propagated with EHV-1 at an M.O.1. of 0.01 with/without sinefungin (100 pg ml™';

262 pM). *p < 0.0001 referenced to the plaque yield by FCV.

Fig. 2-2 Dose-dependent anti-FHV-1 activity of sinefungin and its cytotoxicity in CRFK
cells. CRFK cells were inoculated with FHV-1 at an M.O.I. of 0.01 with different
concentrations of sinefungin (0—100 pg ml™") at 37 °C (dark bar) or at 4 °C (white bar)
for 1 h. After adsorption, the cells were incubated in the presence of twofold diluted
sinefungin solution (0—100 ug mI™") at 37 °C and the virus titre was determined by

plaque assay. The percentage of viable cells is represented by the white circle.

Fig. 2-3 Dose-dependent anti-FHV-1 activity of acyclovir in CRFK cells. The antiviral

effect was tested under the same condition with different concentrations of acyclovir (0—

100 pug mI™!) at 37 °C (meshed bar).
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Fig. 2-2
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Fig. 2-3
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3. CHAPTER 2 Influenza A virus infection in domestic ferrets
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3.1. Abstract

Ferrets are animals that are known to be susceptible to influenza A virus (IAV)
infection. To evaluate the risk of IAV transmission from diseased ferrets to humans, we
performed a serosurvey to detect specific antibodies against the H1, H3, HS, and H7
subtypes of IAV. We found a high positive rate of the H1 (24.1%) and H3 (5.2%)
subtypes in pet ferrets by using an enzyme-linked immunosorbent assay for
hemagglutinin proteins. The results were confirmed by the virus-neutralization test for
representative antibody-positive serum samples. We also detected hemagglutinin and
neuraminidase genes in two ferrets showing acute respiratory illness and whose owner
was diagnosed with TAV infection; a human HIN1pdm virus was isolated from one of
these ferrets. Our findings suggest that attention should be paid for [AV infection from

humans to ferrets, and vice versa.
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3.2. Introduction

Influenza A viruses (IAVs) are segmented, negative-sense, single-stranded
RNA viruses of the family Orthomyxoviridae. They infect a wide range of host species
in addition to humans (Shao et al., 2017). Domestic animals, such as dogs and cats,
which live in relatively closer contact with humans than other animals, are susceptible
to IAVs, and can be an accidental source of IAV infection in humans (Chen et al., 2018;
Horimoto et al., 2015; Marinova-Petkova et al., 2017). Therefore, epidemiological
surveys of IAV infection among pet animals are needed to assess the risk of [AV
transmission from animals. Ferrets are highly susceptible to IAV infection, and infected
ferrets exhibit sneezing, nasal discharge, and high fever, and are an experimentally
useful model of [AV infection (Haga et al., 2010). However, no epidemiological survey
of TAV in pet ferrets has been performed to date.

We established an enzyme-linked immunosorbent assay (ELISA) using extracts
from HEK-293T cells transfected with plasmids expressing the hemagglutinin (HA) of
A/California/04/2009 (HIN1), A/duck/Mongolia/301/2001 (H3N2),
A/chicken/Yamaguchi/7/2004 (H5NT1), and A/seal/Massachusetts/1/1980 (H7N7) to
examine the seroprevalence of [AV infections in domestic ferrets. In a previous study,
we used a similar method to successfully establish an ELISA for the detection of
antibodies against hepatitis E virus infection in numerous mammalian species
(Yonemitsu et al., 2016). In the present study, ELISA was performed using 79 serum
and/or plasma samples collected from pet ferrets in animal hospitals throughout Japan
between August 2012 and January 2018. Although the samples were collected for the
diagnosis of ferret coronavirus infection, many of them were collected regardless of

their clinical signs (Terada et al., 2014; Minami et al., 2016).
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3.3. Materials and Methods

3.3.1. Samples

Plasma or serum samples were collected from 79 domestic ferrets by veterinary
clinicians in Japan from 2012 to 2018 for the seroepidemiological research.

Pharyngeal swabs of two diseased ferrets were collected by veterinary clinicians

two days after the respiratory diseases appeared.

3.3.2. Cells

For the plasmid transfection, human embryonic kidney 293T (HEK-293T) cells
were cultured in Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific) with
10% fetal calf serum (GE Healthcare Japan), 100 U/ml penicillin and 100 pg/ml
streptomycin at 37°C in 5% CO,.

MDCK and AX-4 cells were maintained in Modified Eagle Medium (MEM)
(Thermo Fisher Scientific) with 5% fetal calf serum (FCS) (GE Healthcare Japan), 100

U/ml penicillin and 100 pg/ml streptomycin at 37°C in 5% COz.

3.3.3. Expression plasmids

The plasmids, pPCAGGS, expressing the hemagglutinin (HA) of
A/California/04/2009 (HINT1), A/duck/Mongolia/301/2001 (H3N2),
A/chicken/Yamaguchi/7/2004 (H5N1), and A/seal/Massachusetts/1/1980 (H7N7) were
kindly provided by Professor Taisuke Horimoto in the University of Tokyo and

Professor Ayato Takada in Hokkaido University.
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3.3.4. Transfection in HEK-293T

HEK-293T cells were transfected with the HA-expression plasmids and, as a
control, empty plasmids. 16 pg of plasmids were mixed with 40 pl of PEI (2 mg/ml) and
the mixture was added into HEK-293T cells in 90mm dish. After the incubation for
three days at 37°C, the transfected HEK-293T cells were collected with a cell scraper
(Techno Plastic Products AG) and washed twice with phosphate-buffered saline (PBS).
The cells were treated with 0.5 ml of RIPA buffer (1% sodium deoxycholate, 1% Triton
X-100, 10 mM Tris-HCI pH 7.4, 150 mM sodium chloride, 0.5 mM ethylene diamine
tetra acetic acid) for 1 h at 4°C, and the supernatant was collected after centrifugation at

20630 x g for 30 min at 4-C. The extracts were stored at -80-C until use.

3.3.5. Enzyme-linked immunosorbent assay (ELISA)

The extracts from HEK-293T cells transfected with the HA-expression plasmids
or empty plasmids were diluted into 5 pg/ml with coating buffer (0.05 M carbonate-
bicarbonate buffer, pH 9.6), and distributed at 100 ul per well into 96-well microplates
(Maxisorp; Nunc, Roskilde, Denmark). After the incubation at 37°C for 2 h, the 96-well
microplates were placed at 4°C overnight. Wells in the plates were washed three times
with PBS containing 0.05% Tween 20 (PBS-T), and then incubated with 200 pl of 1%
Block Ace (DS Pharma Biomedical Co., Ltd) in PBS at 37-C for 30 min. After three
times washing with PBS-T, 100-fold diluted sera or plasma samples with PBS-T
containing 0.4% Block Ace were added to duplicate wells as the 1st antibody. After
incubation at 37°C for 30 min, wells were washed three times with PBS-T and
incubated at 37°C for 30 min with 100 pl per well of HRP conjugated protein A/G

(Thermo Fisher Scientific) diluted with PBS-T containing 0.4% Block Ace. After three
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times washing with PBS-T, 100 pl of substrate reagent (ABTS Microwell Peroxidase
Substrate, KPL, MA, USA) was added and the plates were shaken gently for 30 min.
The enzymatic reaction was stopped by adding 100 pl of 1% SDS. Absorbance was
measured using a spectrophotometer (iMarkTM; BIO-RAD) at a wavelength of 405 nm.
Absorbance of wells coated with extracts from mock-transfected cells was subtracted
from those from pCAGGS-HAs transfected cells. The ELISA absorbance greater than

0.5 was tentatively considered to be positive.

3.3.6. Virus isolation

Oral swabs in PBS were centrifuged, and the supernatants were collected and
diluted with MEM containing 0.3% FCS. The dilutions were inoculated into MDCK or
AX-4 cells in 6-well plates for 1hr at 37°C. Then, the cells were washed with MEM
twice, and cultured in MEM with 0.3% FCS. The CPE appeared only in AX-4 cells, not

in MDCK cells.

3.3.7. Virus-neutralization (VN) test

To compare the results between ELISA and VN test, ELISA-positive (n=9) and -
negative ferret samples (n=7) against HA(H1) was examined by VN test using human
IAVs, former seasonal HINT1 virus (A/Kawasaki/UTK4/09), seasonal H3N2 virus
(A/Kawasaki/UTK20/08), and HIN1pdm virus (A/Osaka/369/09). 100 TCIDso (50%

tissue culture infective dose) of these virus strains were pre-incubated with two-fold

serial dilutions of serum samples after receptor-destroying enzyme (RDE II, Denka-

seiken Co., Ltd, Tokyo, Japan) to remove non-specific inhibitors, and incubated for 30
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min on MDCK cells. The neutralizing activity of the test sera was determined by

observation of these cytopathic effects a few days after infection.

3.3.8. RT-PCR

The pharyngeal swabs of two diseased ferrets were mixed with PBS and
centrifuged at 2,000 x g for 5 min at 4 °C. For RT-PCR, RNA was extracted from the
supernatants using QlAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany).

The genotyping RT-PCR for HA gene was carried out using the primer sets, Type
A/M30F2/08 (5’- ATG AGY CTT YTA ACC GAG GTC GAA ACG-3’) and Type
A/M264R3/08 (5°- TGG ACA AAN CGT CTA CGC TGC AG -3”)for IAV consensus
RT-PCR, NIID-swH1 ConvPCR Primer-F1 (5°- TGC ATT TGG GTA AAT GTA ACA
TTG -3”) and NIID-swH1 ConvPCR Primer-R1 (5°- AAT GTA GGATTT RCT GAK
CTT TGG-3") for H1pdm09, H3HA1-BIGIN (5’- AGC AAA AGC AGG GGA TAA
TTC-3") and H3HAI1-END (5°- TGC CTG AAA CCG TAC CAA CC-3’) for H3 HA
and H1 HAT-BEGIN (5’- AGC AAA AGC AGG GGA AAA TAA-3") and H1 R10 (5°-
GCTATT TCT GGG GTG AAT CT-3") for H1 former seasonal HA with QITAGEN
OneStep RT-PCR Kit (QIAGEN, Hilden, Germany) (Nakamura et al., 2019).

HA and NA genes were amplified using specific primers for complete nucleotide
analysis. All primer sets are available in previous report by Nakamura and corroborators

(Nakamura et al., 2019).

3.3.9. Sequence analysis
To determine the sequence of PCR amplicons, after the purification using

MinElute PCR Purification Kit or MinElute Gel Extraction Kit (QIAGEN, Hilden,
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Germany), the sanger sequencing was performed using the BigDye Terminator Ver 3.1
Cycle Sequencing Kit (Thermo Fisher Scientific) according to the manufacturer’s

instructions.

3.3.10. Phylogenetic analysis
Phylogenetic analysis of HA and NA genes was constructed using a maximum
likelihood with 1000 bootstrap replications in MEGA 7.0 software. All sequences of

other strains were deposited in GISAID.
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3.4. Results

3.4.1. Seroprevalence of IAV among domestic ferrets

The results of the ELISA indicated that 19 of 79 (24.1%) and four of 77 (5.2%)
ferrets had antibodies against HA(H1) and HA(H3), respectively. In contrast, no ferret
had antibodies against HA(HS) or HA(H7) (Fig. 3-1).

To confirm the IAV infection in representative ELISA-positive ferrets, we
performed a VN test to detect antibodies against the former seasonal HIN1 virus
(A/Kawasaki/UTK4/09), seasonal H3N2 virus (A/Kawasaki/UTK?20/08), and
HIN1pdm virus (A/Osaka/369/09) using MDCK cells (Table 3-1). Due to the limited
volume of serum samples, not all samples were applied for VN test. All nine HA(H1)-
positive ferrets possessed high levels of VN antibodies against the HIN1pdm virus, but
not against the former seasonal HIN1 virus. None of the seven HA(H1)-negative ferrets
had VN antibodies against the HIN1pdm virus or former seasonal HIN1 virus. One of
two HA(H3)-positive ferrets had VN antibodies against the seasonal H3N2 virus.
Interestingly, two HA(H3)-negative ferrets were positive for VN antibodies against the

seasonal H3N2 virus.

3.4.2. ldentification of two diseased ferrets

We collected clinical samples from two ferrets exhibiting acute respiratory
illness in an animal hospital in Tokyo, Japan, in 2019. They had been kept in their
owner’s house as pets, and their owner was diagnosed with influenza at a hospital just 1
day before the ferrets exhibited the clinical signs. One ferret exhibited sneezing and

nasal discharge, and recovered from the illness 6 days after the first clinical sign. The
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other ferret exhibited not only sneezing and nasal discharge, but also diarrhea, lethargy,
anorexia, and open-mouth breathing. Reverse transcription polymerase chain reaction
was performed with the nasal discharge samples from the two ferrets (Nakamura et al.,
2019), and the complete sequences of the HA and neuraminidase (NA) genes were
determined. Both the HA and NA nucleotide sequences were completely identical
between the two ferrets, and were highly homologous to those of Hlpdm and N1,
respectively. Phylogenetic analysis indicated that these HA genes were classified into
clade 6B.1 (Fig. 3-2).

Virus isolation was also performed using AX-4 cells (Hatakeyama et al., 2005),
and the [AV A/ferret/Tokyo/358/2019 was isolated from the nasal swab of the ferret that
recovered earlier. The HA and NA nucleotide sequences of the isolate had 100% identity
to those of the clinical sample (DDBJ accession numbers: LC635746 for HA and

LC635747 for NA).
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3.5. Discussion

In this study, the sequence of the influenza virus that infected the owner of the
diseased pet ferrets could not be obtained. However, these ferrets had been kept in the
owner’s house and did not go outside, and their clinical signs were observed just after
the owner’s influenza infection. In addition, the two pet ferrets developed respiratory
diseases at the same time, and the obtained sequences were identical, indicating that
they were infected from the same source. Therefore, although there is no clear evidence
for direct transmission from the owner to the ferrets, the epidemiological evidence
indicates that the ferrets were infected from their owner.

IAV was isolated from the nasal swabs of the infected ferrets, which suggested
that contact with IAV-infected ferrets may be associated with a risk of IAV infection for
veterinarians and animal handlers in veterinary hospitals, pet shops, and breeding farms.
We observed that 24.1% of ferrets were seropositive for HA(H1) and had VN antibodies
against HIN1pdm virus (Fig. 3-1 and Table 3-1). Therefore, pet ferrets may be infected
with HIN1pdm virus at a relatively high rate. Two HA(H3)-negative ferrets were
positive for VN antibodies against the seasonal H3N2 virus. This result may have been
influenced by the differences in antigenicity among the H3 subtypes.

In conclusion, we found that around 20% of pet ferrets have been infected with
IAV. This finding indicates that reverse zoonotic infection of IAV from humans to
animals may occur frequently, and AV infection from diseased animals to humans

should be surveyed for further assessment of the risk.
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3.6. Figure legends

Fig.3-1 Seroprevalence of influenza A virus infection in domestic ferrets. ELISA was
performed using serum samples (diluted 1:100) from pet ferrets. Each dot represents a
single sample that was examined. In the ELISA, an absorbance value greater than 0.5

was tentatively defined as seropositive for each HA subtype.

Fig. 3-2 Phylogenetic tree of HA genes using maximum likelihood method. Bootstrap
values were calculated from 1000 bootstrap replications. Accession numbers of GISAID
were followed by the name of IAV strain. Red indicates the sequences which we have

determined in this study.
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Table. 3-1 The results of the virus-neutralization (VN) test and enzyme-linked

immunosorbent assay (ELISA) using representative sera

Sample ID ELISA absorbance VN titer

H1 H3 HINIpdm HIN1 H3N2

1 2.29% -0.02 1:512 <1:8 <1:8
2 1.74 0.05 1:32 <l:8 <1:8
5 2.40 0.86 1:512 <1:8 1:64
7 3.13 0.23 1:1024 <1:8 1:32
13 1.68 0.15 1:512 <1:8 <1:8
32 2.07 -0.01 1:512 <1:8 <1:8
33 0.81 0.01 1:128 <1:8 <1:8
34 1.77 0.00 1:128 <1:8 <1:8
41 2.85 -0.09 1:512 <1:8 <1:8
3 0.05 0.78 <1:8 <1:8 <1:8
4 -0.00 -0.06 <1:8 <1:8 <1:8
6 0.02 -0.04 <1:8 <1:8 <1:8
10 0.03 -0.02 <1:8 <l:8 <1:8
17 0.02 0.33 <1:8 <1:8 <1:8
18 0.05 0.03 <1:8 <1:8 1:64
35 -0.07 -0.08 <1:8 <1:8 <1:8

*Bold letters indicate positive results.
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4. General conclusion

Recently, many kinds of animals were kept as pets by human beings. The animal-
to-human transmission of zoonotic diseases occurs and becomes a problem for public
health. Domestic animals are infected with the pathogens from not only other animals or
the environment but also human beings, as reverse zoonosis. “One health” approach has
been considered as a key concept to maintain human and animal health. Therefore,
treatment and the surveillance of infectious diseases among companion animals are
required to achieve “One Health”.

In this study, I discovered a new possible candidate of treatment to FHV-1,
established a diagnostic system of IAV among ferrets, and conducted serosurvey of IAV

infection.

In CHAPTER 1, The antiviral activity of sinefungin, a nucleoside antibiotic,
against FHV-1 was analyzed in vitro.

Previous reports indicated that sinefungin can inhibit the growth of bacteria,
fungus, parasite and herpesvirus. Therefore, to evaluate efficiency of sinefungin to animal
viruses, [ compared the viral titers of FCV, FIPV, FHV-1, PRV and EHV-1 under treatment
with sinefungin. As the result, I found that sinefungin inhibited FHV-1 infection
significantly by blocking viral replication, but not viral entry. In addition, the antiviral
activity of sinefungin against FHV-1 was in dose-dependent manner without the
cytotoxicity and the 50% effective concentration of sinefungin was similar to that of
acyclovir, which known as antiviral agents of herpesviruses. Thus, sinefungin or this

analog would lead to alternative effective treatment of FHV-1 infection.
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In CHAPTER 2, TAV infection was observed in diseased ferrets and
serologically surveyed in domestic ferrets.

Ferrets are susceptible to IAV infection and used for animal experiments. To
survey the seroprevalence of IAV among domestic ferrets, I performed ELISA using HA-
expressing plasmids and 79 serum and/or plasma samples collected from August 2012 to
January 2018. The positive rate of the H1 and H3 subtypes was 24.1% and 5.2%,
respectively. The result of VN test indicated that domestic ferrets would be infected with
HIN1pdm09.

Furthermore, two ferrets, whose owner was diagnosed as TAV infection,
exhibited respiratory diseases. RT-PCR and sequence analysis showed they were infected
with HIN1pdm. AV in these ferrets belonged to clade 6B.1 which is circulating among
humans, indicating the possibility of IAV human-to-animal transmission. Finally, the
success of virus isolation showed the risk for the spread of IAV from infected ferrets to

human.

In CHAPTER 1, the discovery of the antiviral effect of sinefungin will contribute
to new antiviral agents against many pathogens. In CHAPTER 2, I succeeded in
establishment of ELISA system for the detection of antibodies against IAV infection from
many animals. The results of ELISA using sera of domestic ferrets indicated that many

events of transmission of [AV from human to ferret occurred in Japan.
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WICBWTEFERUANATHDL R AR ) T ANV LRGN 7 A LR L
FHV-1, FHV-1 LA U ANV £ v O A LV RABTHHRMIERIF T A VA L T v~ "2 A
WAL N2 & 25 FUV-1 I DBRFRERPT T A NV AIEMENRO bz, 72, Z
PULU A NV ATEVEIREE 2 2 L TR T U R OREKRFERICR G, T A LR
DIRANBIERT 5D Z Lo T-, Z0 506N MRS (BCs) 1. JRFTH ST FHV-1 |2
SLTHERNPHD L ENDTANRATA NV AEKDOT 7 n eV ERIEETH D Z LN
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NTWDA, MEEFHEOWRE L/, Lis > T, ELISAIC L 25T HA BiikipHR %
feNL L, PUARE S Z TR, 5 Licd 2 A HL fRNCxH LT 79 BAH 19 BH (24. 1%) .
H3 MR LT 77 B 4 BH (5. 2%) 2MUAIBIETH o7z, LA, HE OV HT #iR2Ht
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FE.INSOESNTE hTHRITAR LN TV Z L— K 6B, LIZE|L T\, L7zii> T,
IRHD7 =l oy M, flNEND AV IR L Z LAl bz, b, 2
507zl y bDOOH 1LHEHDO AT T BIE TAV OSBRI Lz, 202 Lid, TAV &
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