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1. General introduction



Enveloped viruses

1.1. Transmissible gastroenteritis virus (TGEV)

History

Transmissible gastroenteritis virus (TGEV) was first identified in 1946 by Doyle and
Hutchings in the United State [1] . TGEV has also been reported in European, Americas, and Asia,
causing significant economic losses in the swine industry worldwide. According to Monika Olech et
al [2], TGEV infection in swine are rare in Europe but more prevalent in the Americas and Asia . In
Korea, Oh et al. [3] analyzed 1,295 serum from slaughtered pigs and 69 sera from wild boars
collected between 2009 and 2010, finding that 4.9% of the samples tested positive for TGEV
antibodies. In Japan, Miyazaki et al. [4] examined TGEV antibody prevalence across six regions,
including Tohoku, Hokuriku, Kanto, Chubu, Chugoku, and Kyushu, and reported 12.5% positive sera
for TGEV antibody using ELISA, and 14.4% by virus neutralization test .A review by Chen et al. [5]
reported the overall TGEV prevalence in China at 10% , with a notably higher prevalence of 38% in
the northeast region . In addition to the detection of TGEV, natural variants have also been isolated. In
China, three virulent strains with strong pathogenicity have been reported, including strain JS2012 in
2020 [6], strain HQ2016 in 2016 [7] , SC2021 in 2021[8] . These mutant strains have been associated
with high mortality rates and severe gastrointestinal signs. In Japan, strain TO163 isolated from
Tohoku District in 1999 and has since served as a reference strain in multiple seroepidemiologic and

molecular studies.

Virus properties

TGEV is an enveloped, single-stranded positive-sense RNA virus belonging to the genus
Alphacoronavirus in the tamily Coronaviridae [9]. Its genome is approximately 28.5 kb in length and
encodes both non-structural and structural proteins [10]. TGEV has four major structural protein:
spike glycoprotein (S), envelope (E), membrane protein (M). S protein mediates viral attachment and

entry into host cells. E protein involves in virus assembly, budding and pathogenesis. M protein



involves in virion morphogenesis and assembly. TGEV interact with aminopeptidase N (APN) as a

functional receptor.

Disease and pathogenesis

TGEYV infection exhibits significant age-dependent signs in swine with the severity of clinical
signs and outcomes of infection varying significant across different age groups [11] . Piglets under
two weeks of age often develop acute gastrointestinal disease, leading to severe watery diarrhea with

50-100% mortality [9] . TGEV specifically targets and destroys the mature enterocytes lining the villi

of the small intestine, resulting in villous atrophy, malabsorption, and severe watery diarrhea [12] . In
contrast, TGE V-infected adult pigs exhibit mild or subclinical infection. While they may show
transient signs such as reduced appetite or mild diarrhea, these are generally self-limiting and do not
result in significant mortality. Nevertheless, subclinically infected adults pig can serve as

asymptomatic carriers, contributing to viral persistence and transmission within herds [13] .

Treatment and prevention

No specific antiviral treatment is available for TGEV. Management focused on treating
clinical signs. According to the World Organisation for Animal Health (WOAH), vaccination is
practiced in only a limited number of countries, such as United States of America [14]. Sows and gils
that are either infected or vaccinated against TGEV can develop specific protective epitopes, induce
lactogenic immunity and offer protection to piglets [15]. Nevertheless, systematic monitoring and
surveillance are essential for effective disease prevention and control. Public sanitation is critical in
managing TGEV outbreaks. Conventional serological tests such as virus neutralization, indirect
fluorescent antibodies, agar gel precipitation, radioimmunoprecipitation, indirect immunoperoxidase

and enzyme-linked immunosorbent analysis (ELISA) tests are used for TGEV detection [2] .



1.2. Porcine epidemic diarrhe virus (PEDYV)

History

Porcine epidemic diarrhea (PED) was first identified as a distinct enteric disease in pigs in the
United Kingdom and Belgium in the early 1970s [16]. The causative agent, Porcine epidemic diarrhea
virus (PEDV), strain CV777, was isolated in Belgium in 1977 and classified as a new coronavirus,
Porcine epidemic diarrhea virus (PEDV) [17]. The virus spread across Europe during the 1970s and
1980s [18]. In Japan, PEDV was first detected in 1982—1983[19,20] , with large-scale outbreak in
1993—-1996 [21,22] causing high piglet mortality. A live vaccine approved in 1996 [21] led to sporadic
cases until a major resurgence in 2013 despite ongoing control measures [23]. In China, PEDV was
detected in 1980s and remained a mainly regional problem while CV777-based bivalent vaccines
were widely used. However, the emergence of highly virulent variant strains in 2010 led to
widespread outbreaks [24]. In 2013, PEDV was confirmed for the first time in the United States and
quickly spread across the Americas, causing severe economic losses [25]. Today, PEDV is globlally

distributed enteric pathogen with periodic emergence of novel variants that complicate control efforts.

Virus properties

PEDYV is a member of the genus Alphacoronavirus in the family Coronaviridae. Tt is an
enveloped virus with a positive-sense, single-stranded RNA genome of approximately 28 kb. The
genome is organized in the order of 5'-UTR-ORF1a/1b—S—ORF3-E-M-N-3'-UTR. ORF1a/1b
encode the replicase polyproteins, processed into non-structural proteins responsible for RNA
replication and transcription, while the downstream ORFs encode structural and accessory proteins.
The spike (S) glycoprotein mediates receptor binding and membrane fusion, determining tissue
tropism, virulence, and antigenicity. ORF3 is linked to viral replication and virulence. Envelope (E)
and membrane (M) proteins contribute to virion assembly and budding. Nucleocapsid (N) protein

binds viral RNA, forming the ribonucleoprotein complex and modulating host cell responses [26—28]



Although PEDV is less stable than non-enveloped viruses in the environment compared, it
can persist for extended periods in organic material (e.g. manure, slurry, feed) and at low

temperatures, facilitating indirect oral transmission between farms [29] .

Disease and pathogenesis

PEDV is mainly transmitted via fecal—oral route targeting the mature villous enterocytes in
the jejunum and ileum [30]. Infection causes villous atrophy, blunting, and fusion, crypt hyperplasia
and intestinal barrier dysfunction [31], leading to malabsorptive diarrhea, reduced digestive capacity,
and severe fluid loss. Clinically, PEDV causes sudden onset of profuse, watery diarrhea in pigs of all
ages. PEDV causes vomiting, dehydration, and rapid weight loss, especially in neonatal piglets. High
morbidity in affected herds and mortality that can approach 100% in piglets less than one week old
under severe epizootic conditions [30]. PED V-infected adult pigs generally show milder signs such as

transient diarrhea, anorexia, lethargy, and mild pyrexia, with low mortality [32].

Treatment and prevention

There is no specific antiviral therapy for PEDV. Management focuses on supportive care to reduce
mortality and maintain herd productivity. Standard measures include prompt fluid and electrolyte
replacement for affected piglets, thermal support, and effective nursing to prevent dehydration and
secondary infections [33,34] . At the herd level, control rely on a biosecurity and vaccination.
Biosecurity includes quarantine of replacements, all-in/all-out production, and disinfection for
environment. Vaccines, including inactivated, live-attenuated, and recombinant types, mainly target
the S protein. Maternal immunization enhances lactogenic IgA protection for suckling piglets [35].
However, cross-protection between classical and variant strains is often incomplete, and vaccine
efficacy can be variable, highlighting the need for continuous updating of vaccine strains and

optimization of immunization protocols.



1.3. Equine coronavirus (ECoV)

History

Coronavirus-associated enteritis in foals was described several decades ago, but the specific
role of ECoV was not well defined until the late 1990s and early 2000s. EcoV-infected cases were
reported in North America and Europe. In Japan, ECoV emerged as a recognized cause of outbreaks
in adult horses at Obihiro Racecourse in Hokkaido, Japan, in 2004, 2009, and 2012. The virus was

isolated from diarrheal samples using HRT-18G cells [36-38] .

Virus properties

ECoV is an enveloped, positive-sense single-stranded RNA virus classified within the
subgenus Embecovirus, species Betacoronavirus 1, family Coronaviridae [39]. Tt is closely related to
bovine coronavirus and share similar genomic and antigenic features. The genome is approximately
30 kb and encodes the typical coronavirus structural proteins spike (S), envelope (E), membrane (M)
and nucleocapsid (N), as well as the hemagglutinin-esterase (HE) protein that is characteristic of
embecoviruses. The S protein mediates receptor binding and membrane fusion, influencing tropism
and host range, while the HE protein facilitates attachment and release from sialylated receptors on
host cells. ECoV exhibits genetic flexibility due to its error-prone RNA-dependent RNA polymerase
and recombination capacity [40,41]. Although enveloped coronaviruses are generally less stable in the
environment than non-enveloped viruses, ECoV can cause enteric infection and persist in feces and

bedding under cool conditions, supporting indirect oral- transmission in stabled environments [42].

Disease and pathogenesis

ECoV infection in adult horses typically cause an acute, self-limiting systemic and enteric
illness with a 1—4 days incubation. Signs include fever, lethargy, anorexia, and variably soft feces,

diarrhea or colic. Leukopenia and neutropenia are frequent, reflecting systemic inflammation [43].

The virus is shed in feces with PCR as the primary diagnostic test [42,44]. Experimental
studies on equine intestinal epithelial organoids indicate that ECoV replicates in enterocytes of the

small and large intestine, causing cytopathic effects, epithelial damage and disruption of barrier
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function, leading to intestinal inflammation, fluid imbalance and malabsorptive diarrhea [45]. Most
horses recover with supportive care, but severe complications such as necrotizing enteritis,
endotoxemia and hyperammonaemia encephalopathy can occur, particularly in miniature horses.
Neurologic signs including ataxia, head pressing and seizures may arise secondary to

hyperammonemia and systemic inflammation, occasionally resulting in death [46.,47].

Treatment and prevention

No ECoV-specific antiviral therapy or licensed vaccine exit to date. Current management
focused on supportive treatment and strict biosecurity. Prevention relies on prompt isolation and
testing of symptomatic horses, use of dedicated equipment, clothing and personnel for sick horses,
careful manure handling through cleaning and disinfection of stalls, and movement restrictions during
outbreaks [48]. In the absence of a vaccine, consistent implementation of these measures remains the
primary defence. Ongoing research into ECoV genomics and host—virus interactions may eventually

lead to effective vaccines or targeted therapies.



1.4. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

History

SARS-CoV-2, the virus responsible for COVID-19, was first identified in Wuhan, China, in
December 2019 [49]. Its rapid human-to-human transmission led to a global. Several variants of
concern (VOCs) including Alpha, Delta, and Omicron, have since emerged, driven by spike protein
mutations enhancing transmissibility and immune evasion [50]. Widespread vaccination and prior
infections have shifted the global response from acute crisis to endemic management, yet SARS-CoV-
2 remains a major respiratory pathogen [51]. Severe outcomes are most common in older adults, those
with underlying conditions, and the immunocompromised [52]. Infections in animals raise concerns

about wildlife reservoirs and potential zoonotic spillback [53,54].

Virus properties

SARS-CoV-2 is an enveloped, positive-sense single-stranded RNA virus of the
Betacoronavirus genus (subgenus Sarbecovirus), with approximately 30 kb genome encoding non-
structural proteins for replication and transcription, along with structural and accessory proteins. Key
structural components include the spike (S) protein, which binds ACE2 via its S1 subunit and
mediates membrane fusion through S2, driving tropism, transmission, and antigenicity. The
membrane (M) and envelope (E) proteins, essential for virion assembly. The nucleocapsid (N) protein,
which packages the genome and modulates host responses. The virus is ~80—120 nm in diameter with
prominent surface spikes. Its error-prone RNA polymerase and recombination ability support rapid

evolution and emergence of immune-evasive variants [55].

Disease and pathogenesis

COVID-19 presents with a wide clinical spectrum, ranging from asymptomatic cases to
critical illness. Common acute manifestations include fever, cough, sore throat, nasal congestion,
fatigue, myalgia, and loss of smell or taste, with many also experiencing gastrointestinal symptoms.
Severe disease, more common in older adults and those with comorbidities, may progress to viral
pneumonia, hypoxemia, and acute respiratory distress syndrome (ARDS). Pathologically, severe
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COVID-19 features diffuse alveolar damage, endothelial injury, and widespread microthrombi, driven
by both viral cytopathic effects and immune dysregulation. Multisystem involvement is common,
with complications such as myocarditis, arrhythmias, thromboembolism, acute kidney injury, and
encephalopathy [56—58] . Additionally, a subset of patients develops long COVID, characterized by
persistent fatigue, dyspnea, and cognitive impairment, with underlying mechanisms still under

investigation [58].

Treatment and prevention

While there is no definitive therapy for COVID-19, treatment now combines antivirals,
immunomodulators, and supportive care tailored to disease severity and patient risk. Prevention relies
primarily on vaccination and public health measures. mRNA, adenoviral-vectored, and protein-based
vaccines offer strong protection against severe outcomes, despite waning effectiveness against
infection. Updated boosters targeting Omicron subvariants are advised for high-risk groups.
Complementary strategies include enhanced ventilation, high-filtration masks, isolation when

symptomatic, targeted testing, and protecting vulnerable healthcare settings [59] .



1.5. Influenza A (HIN1) (FulV)
History

The 1918-1919 “Spanish flu” pandemic, caused by an avian-origin HIN1 influenza A virus,
infected an estimated one-third of the global population and led to at least 50 million deaths, making it
the deadliest influenza outbreak of the 20th century [60]. Genetic studies of archival samples have
confirmed that the 1918 virus was an HIN1 strain and have provided key insights into its unusual
virulence [61] . After 1918, HINI circulated seasonally until replaced by H2N2 in 1957, then re-
emerged in 1977 alongside H3N2 [62]. In 2009, a novel swine-origin HIN1 virus (A(HIN1)pdm09)
emerged in North America, triggering a global pandemic. The virus was a triple-reassorting swine
influenza strain containing gene segments from avian, human and swine lineages. It caused over 60
million U.S. cases and 12,500 deaths in its first year [63]. Since 2010, this virus has become

established as a regular seasonal HIN1 lineage, replacing the pre-2009 human HIN1 strains [64].

Virus properties

Influenza A HINI1 viruses are enveloped, pleomorphic particles with surface glycoproteins
hemagglutinin (H1) and neuraminidase (N1) embedded in a host-derived lipid membrane. Their
genome comprises eight single-stranded, negative-sense RNA segments encoding at least 17 proteins,
including polymerase subunits (PB2, PB1, PA), HA, NA, NP, M1, M2, and NS proteins. Each
segment forms a ribonucleoprotein complex with NP and the RNA-dependent RNA polymerase, and
virions must selectively incorporate one copy of each segment to be infectious. This segmented
structure allows antigenic shift through reassortment during co-infection with different influenza A
strains, enabling the emergence of pandemic viruses like A(HIN1) pdm09. Concurrently, the virus
evolves via antigenic drift—gradual mutations in HA and NA—driving seasonal variation and vaccine

escape [65].
Disease and pathogenesis
Seasonal A(HIN1) influenza presents similarly to other influenza A subtypes, with abrupt

onset of fever, chills, myalgia, headache, malaise, dry cough, sore throat, and nasal congestion after a
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1-4 day incubation [66]. Children often experience higher fevers and gastrointestinal symptoms. The
virus primarily replicates in the respiratory epithelium, from the upper airways to the lower tract in
severe cases [67]. While typically self-limiting in healthy individuals, high-risk groups may develop
viral pneumonia, ARDS, or secondary bacterial infections. Severe cases often involve diffuse alveolar
damage and intense inflammation. The 2009 pandemic saw disproportionate severity in young adults
and pregnant women, reflecting differences in immunity and host response. Less common
complications include myocarditis, encephalopathy, and multi-organ failure, while influenza can also

exacerbate chronic conditions and trigger cardiovascular events [68] .

Treatment and prevention

Adjunctive measures include respiratory hygiene (mask use in high-risk settings, cough
etiquette), staying home when ill, improved ventilation, and, during outbreaks in closed settings, post-
exposure antiviral prophylaxis for close contacts at increased risk of complications. While there is no
virus-specific cure for A(HIN1), early antiviral treatment, vaccination, and public health measures
significantly reduce morbidity and mortality. Recommended antivirals include neuraminidase
inhibitors (oseltamivir, zanamivir, peramivir) and the cap-dependent endonuclease inhibitor baloxavir
marboxil, particularly for hospitalized patients, those with severe or progressive illness, or high-risk
individuals. Treatment is most effective within 48 hours of symptom onset, though later use may still
benefit severe cases [66]. Annual vaccination remains the primary strategy for prevention. Seasonal
influenza vaccines, updated based on global surveillance, include A(HIN1)pdm09 and other
circulating strains, offering strong protection against severe outcomes, especially in vulnerable groups
[69] . Complementary measures include mask use in high-risk settings, respiratory hygiene, staying
home when ill, improving indoor ventilation, and antiviral prophylaxis during outbreaks in high-risk

environments [70].
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Non-enveloped viruses

1.6. Human adenovirus D56 (HAdv-D56)

History

Human Adenovirus genotype D56 (HAdV-D56) was discovered in France in 2008 from a
fatal case of neonatal infection [71]. In 2011, Robinson et al. [72] reported the computational and
genomic analysis of this antigen as a novel recombinant species D adenovirus, HAdV-D56. In 2012,
the first documented case of male urethritis due to HAdV-56, was identified in Japan by PCR and
sequencing [73]. In 2014, epidemic keratoconjunctivitis (EKC) outbreak caused by HAdV-D56 in
Dalian, China in 2012 [74] . In 2021, fatal neonatal sepsis cases were reported in the United States
caused by HAdV-D56-like strains during 2014-2020 [71]. More recently, molecular epidemiology
surveys have identified HAdV-D56 among pediatric patients with respiratory disease and acute
gastroenteritis in Japan, suggesting that its clinical spectrum and transmission routes may be broader

than initially appreciated [75] .

Virus properties

Adenoviruses are non-enveloped, icosahedral, double-stranded DNA viruses of approximately
26-45kb in length. The virus capsid is composed mainly of hexon, penton base and fiber proteins,
which determine cell attachment and tissue tropism. Human adenovirus (HAdV) is currently classified
by phylogenomics into seven species (A-G). Human Adenovirus species D is primary causative agent
of EKC, including HAdV-DS, 37, 53, 54, 56. HAdV-D56 is a natural recombinant adenovirus with a
novel penton base hypervariable region (HVR1), the penton base HVR2 of HAdV-D9, the hexon gene
of HAdV-D135, and the fiber gene of HAdV-D9. Owing to their protein capsid, adenoviruses show
petsistence on hands, fomites, and even metal and plastic surfaces [76—79] . Recent studies have
reported that HAdV-D56 uses CD46 as a major cellular receptor through a noncanonical interaction

with the hexon protein rather than the fiber knob [80,81].

Disease and pathogenesis

12



HAdVD-56 has been reported to cause EKC and urethritis in adult human, sepsis or
pneumonia in neonates, and respiratory or gastrointestinal disease in children, depending on host
tropism and immune responses. EKC typically presents as follicular conjunctivitis (pinkeye), with a
pebbled or nodular appearance of the palpebral conjunctival mucosa and inflammation of both
conjunctivae [79]. Neonatal systemic infection is associated with diffuse viral pneumonia and viremia
with multiorgan involvement [71] . An In vivo study demonstrated that HAdV-D56 targets the spleen
and lungs in mice, induce cellular immune responses with robust cytokine (IFNy, TNFa, IL5, IL6,
IP10, MCP1 and MIG1) production leading to severe inflammation, underscoring its potential for

strong innate immune activation in patients [82] .
Treatment and prevention

Currently no antiviral drug or licensed vaccine is available. Management of HAdV-D56
focuses on supportive care on clinical symptoms. Prevention is therefore critical and relies on hand
hygiene, avoidance of sharing personal items and thorough environmental disinfection with effective

agents against adenovirus [83,84].
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1.7. Feline calicivirus (FCV)

History

FCV was first identified in the late 1950s, with the classic vaccine strain FCV-F9 isolated
around 1950—-1957 and later adopted as a prototype for experimental work and vaccine development
[85] . FCV is prevalent in both domestic and wild felids, with infection rates around 10% in
household cats and 25—40% in shelters or catteries, reflecting differences in population density and
management [86,87]. Transmission occurs primarily through direct contact with oronasal secretions,
but also via feces, urine, fomites, and aerosols, especially in confined spaces. Many cats recover
clinically but become chronic or intermittent carriers, shedding virus over months to years and

seeding new infections, especially in multi-cat environments [88].

Virus properties

FCV is a small, non-enveloped virus with icosahedral symmetry and characteristic cup-
shaped surface depressions. Its approximately 7.5 kb positive-sense RNA genome contains three
open reading frames: ORF1 encodes non-structural proteins, including the RNA-dependent RNA
polymerase; ORF2 and ORF3 encodes VP1 and VP2 capsid proteins [89]. FCV’s environmental
resilience and resistance to some disinfectants contribute to its persistence in cat colony [88]. FCV are

frequently used as surrogate virus for human norovirus [90] .

Disease and pathogenesis

FCV primarily targets epithelial cells of the oropharynx and upper respiratory tract, but some
strains can also affect the lower airways, oral mucosa, joints, and multiple organs in systemic disease.
Clinical signs include acute upper respiratory symptoms, oral ulcers with salivation and sometimes
dysphagia, chronic gingivostomatitis linked to persistent infection, and a transient polyarthritis
syndrome [85]. Virulent systemic FCV (VS-FCV) causes severe illness with high fever, edema, skin
ulceration, jaundice, and multi-organ failure, with outbreak mortality rates exceeding 22—86% [85,91].

These cases involve widespread endothelial damage, vasculitis, and dysregulated inflammation. [85]

14



Treatment and prevention

No FCV-specific antiviral drug is used in routine clinical use. Management focuses on supportive
care and transmission control. Treatment includes fluid therapy, nutritional support, analgesia, and
management of oral pain and ulcers [92]. Broad-spectrum antibiotics may be used for suspected
secondary infections, while chronic gingivostomatitis may require dental extractions or
immunomodulatory therapies. Vaccination remains central to prevention, with live-attenuated or
inactivated vaccines commonly combined with feline herpesvirus-1 and panleukopenia virus.
Although vaccination reduces disease severity, it does not provide sterilizing immunity and may offer
limited protection against divergent strains [86,93]. Effective biosecurity including strict hygiene,

disinfection, isolation, and proper shelter management is critical to limit viral spread [93] .
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1.8. Coxsackie virus B2 (CVB2)

History

Coxsackie virus B2 (CVB2) were first isolated in 1948 from paralyzed children in Coxsackie,
New York, and later classified into group A and B based on pathogenicity in mice and antigenic traits.
Group B viruses, including CVB2, were quickly associated with myocarditis, pleurodynia, and
pericarditis, especially in children and young adults [94]. CVB2 has circulated worldwide but has
mainly caused focal outbreaks rather than nationwide epidemics. In 1989, Alexander et al. reported
cluster infections in high school in United States [95]. In 2022, a cluster of meningoencephalitis cases
were reported in Israel [96] . Overall, CVB2 tends to appear as regional or institutional outbreaks of

CNS or systemic disease during peak enterovirus seasons.

Virus properties

CVB2 is a small (~30 nm), non-enveloped, icosahedral virus in the genus Enterovirus,
composed of a VP1-VP4 capsid enclosing a ~7.4 kb positive-sense single-stranded RNA genome.
The genome includes a 5' untranslated region (UTR) with an internal ribosome entry site (IRES), a
single open reading frame encoding a polyprotein cleaved into structural (VP1-VP4) and non-
structural (2A-2C, 3A—-3D) proteins, and a 3' UTR with a poly(A) tail. CVB2 exhibits high mutation
rates due to its error-prone RNA polymerase and undergoes frequent recombination within the
Enterovirus B species, generating substantial genetic diversity, which contributes to variation in

virulence, tropism, and immune evasion [94].

Disease and pathogenesis

CVB2 causes a broad spectrum of disease, including nonspecific febrile illness, respiratory
symptoms, aseptic meningitis, encephalitis, myocarditis, pericarditis, pleurodynia, pancreatitis,
neonatal sepsis-like illness, and occasionally hand-foot-mouth disease or acute flaccid paralysis [97] .
Neonates are particularly vulnerable, presenting with multi-organ involvement including hepatitis,

myocarditis, and CNS disease. Pathogenesis involves initial replication in the oropharynx and gut,
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followed by viremia and dissemination to target organs, with tissue injury driven by direct viral

cytopathy, innate immunity, and possible autoimmune responses [98].

Treatment and prevention

There is no licensed antiviral therapy for CVB2 or most enteroviruses. Management is supportive
and based on disease severity and organ involvement. Treatment includes antipyretics and analgesics,
fluid and nutritional support (especially in infants), cardiac monitoring and standard heart failure care
for myocarditis, and intensive care for severe CNS or neonatal sepsis-like presentations. While
capsid-targeting antivirals like pleconaril show promise, they are not routinely available [99].
Prevention focuses on hygiene and transmission control, including handwashing, surface disinfection,
and avoiding contact with symptomatic individuals. No CVB2 vaccine is currently licensed, but
experimental vaccines targeting CVB antigens are in development, especially for myocarditis and

type 1 diabetes prevention [97].
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1.9. Microbial detergent for various virus

Detergents and disinfectants used in the outer environment are usually formulated to be strongly
microbicidal and are not intended for direct contact with tissues. Acidic detergents combine
surfactants with low pH such as citric acid, acetic acid, oxalic acid to remove organic and inorganic
deposits such as scale, proteins and biofilms from surfaces. The acidic environment itself can
destabilize some viruses and bacteria, and the surfactant component helps to solubilize lipids and

disrupt microbial envelopes [100-102].

In addition, agents used on human body surfaces such as eyes and skin must balance antimicrobial
activity with biocompatibility. Sodium hypochlorite and hydrogen peroxide are oxidizing agents that
damage microbial membranes, proteins and nucleic acids [103] . By carefully controlling
formulations, they are used for wound irrigation, contact lens disinfection or ocular surface cleaning.
Salicylic acid has keratolytic and mild antimicrobial effects and is widely used on skin and used for
contact lens disinfection [104]. Polyhexamethylene biguanide (PHMB), e-polylysine,
polyquaternium-1 (PQ-1) and alexidine are cationic antiseptics, binding to negatively charged
microbial membranes, increase permeability and lead to leakage and death, while being tolerated by
human tissues at low concentrations [105—107] . Many commercial eyes drop and contact lens
solutions therefore combine surfactant action with one or more of these cationic biocides, providing

sustained antimicrobial protection on the ocular surface without the tissue damage.
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1.10. Human gastrointestinal acid as acidic disinfectant inside human body

Human gastric acid forms a primary microbiocidal barrier to prevent antigen to reach into the
intestine [108,109]. Gastric juice is a mixture of hydrochloric acid (HCI), pepsin and other
components, with a fasting pH typically around 1-2 and increase to 6 after food ingestion [110]. The
prevailing assumption suggested that many enveloped viruses lose infectivity at low pH. However, the
effectiveness of this virucidal barrier in gastric lumen depends on the antigen characteristic. Even so,
food buffering in gastric lumen after meal could largely change pH environment and pepsin activity to

allow antigen to sneak into intestine.

1.11. Unknown facts

Most commonly used detergents and disinfectants have been characterized primarily in terms
of their antibacterial spectrum, minimum inhibitory concentrations, and material compatibility,
whereas their activity against viruses has been much less systematically studied. In routine practice, it
is often assumed that enveloped viruses are sensitive to low pH environment due to its enveloped

structure, while non-enveloped viruses are more resistant due to its protein capsids.

However, this paradigm is largely based on general principles and limited experimental
datasets for virucidal assessment. In reality, virucidal efficacy is likely to depend not only on the
presence or absence of an envelope, but also on the detailed physicochemical properties of individual

viruses and the specific formulation, concentration, pH, and contact time of each detergent.

To address these knowledge gaps, we systematically evaluated the virucidal effects of a panel
of detergents with different chemistries and human gastric acid. By testing enveloped and non-
enveloped viruses under controlled conditions, our study provides a more evidence-based framework
for interpreting detergent efficacy, for selecting appropriate agents in environmental and surface
decontamination. In addition, we analyse coronavirus infectivity in human gastric acidity to provide

scientific support for coronavirus maintaining its infectivity inside human gastric acid.
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2. CHAPTER1

pH-dependent virucidal effects of weak acids
against pathogenic viruses
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2.1. Abstract
Background: Weak acids, such as acetic acid, show virucidal effects against viruses, and

disinfectants are considered effective virucidal agents possibly because of their low pH, depending on
the proton concentration. This study aimed to evaluate the efficacy of different weak acids (acetic,
oxalic, and citric acids) and eligible vinegars under different pH conditions by comparing their

inactivation efficacy against enveloped and non-enveloped viruses.

Methods: Acetic, oxalic, and citric acids were adjusted to pH values of 2, 4 and 6, respectively. They
were also diluted from 1 M to 0.001 M with distilled water. Enveloped influenzas A virus (FulV) and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and non-enveloped feline calicivirus
(FCV) were treated with adjusted weak acids for up to 30 min. These viruses were also reacted with

white distilled vinegar (WDV) and grain-favoured distilled vinegar (GV) for up to 30 min. Infectious

viral titers after the reactions were expressed as plaque-forming units per mL.

Results: Acetic acid showed virucidal effects against FulV at pH 4, whereas citric and oxalic acids
did not. Acetic and citric acids inactivated SARS-CoV-2 at pH 2, whereas oxalic acid did not. All
acids showed virucidal effects against FVC at pH 2; however, not at pH 4. The virucidal effects of the
serially diluted weak acids were also reflected in the pH-dependent results. WDV and GV
significantly reduced FulV titers after 1 min. SARS-CoV-2 was also susceptible to the virucidal
effects of WDV and GV; however, the incubation period was extended to 30 min. In contrast, WDV

and GV did not significantly inactivate FCV.

Conclusions: The inactivation efficacy of weak acids is different even under the same pH conditions,
suggesting that the virucidal effect of weak acids is not simply determined by pH, but that additional
factors may also influence these effects. Moreover, eligible vinegars, the main component of which is
acetic acid, may be potential sanitizers for some enveloped viruses, such as FulV, in the domestic

environment
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2.2. Introduction

Viral infectious diseases, such as coronavirus disease 2019 [111-113] , influenza [114-116] and
norovirus gastroenteritis [117,118] are major domestic public health concerns. These diseases are
highly contagious, which makes the inactivation of these viruses a matter of utmost priority in
preventing the spread of infections. Inactivation of these viruses is of the utmost priority in preventing
the spread of infections.

Disinfectants, such as ethanol [119,120] and sodium hypochlorite [121,122] are generally used as
potent virucidal agents domestically. Weak acids, such as acetic acid, are also effective against
pathogenic viruses. Acetic acid exerts virucidal effects against enveloped viruses, such as vaccinia
virus, African swine fever virus, influenza virus (FulV), and severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) [123-127]. In addition, vinegar, the main component of which is acetic
acid, shows efficient virucidal activity against SARS-CoV-2 [125,128,129]. It is a natural product that
is harmless to the human body [130-132]; thus, the use of edible vinegars as cleaning and sanitizing
agents is promising domestically [133-135].

The virucidal effect of acids is considered to be due to the low pH. Therefore, any weak acid
seems to exert similar inactivation effects under the same pH conditions. However, the effective pH of
weak acids has not yet been fully elucidated. In this study, we aimed to compare the inactivation
effects of acetic, oxalic, and citric acids against two enveloped viruses, SARS-CoV-2 and FulV, and a
non-enveloped virus, feline calicivirus (FCV), under different pH conditions. We further demonstrated
the virucidal effects of eligible vinegars. These observations provide useful information regarding the

appropriate conditions for weak acids against pathogenic viruses.
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2.3. Materials and methods

2.3.1 Viruses and cells

SARS-CoV-2 (2019-nCoV/Japan/Al/1-004/2020, National Institute of Infectious Diseases [NIID]
strain) was kindly provided by the NIID (Tokyo, Japan). FulV A/HIN1 was provided by the
Yamaguchi Prefecture Institute of Public Health and Environment (Yamaguchi, Japan). FCV was
obtained from the American Type Culture Collection and was used as a surrogate for norovirus.

FulV, SARS-CoV-2, and FCV were propagated in Madin—Darby canine kidney (MDCK),
VeroE6/TMPRSS2 (JCRB 1819), and Crandell-Rees Feline Kidney (CRFK) cells, respectively.
VeroE6/TMPRSS2 was kindly provided by the NIID. These cells were propagated in Dulbecco’s
modified Eagle’s minimum essential medium (DMEM; Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA) supplemented with 10 % heat-inactivated fetal bovine serum (FBS) (JR
Scientific, Woodland, CA, USA), 100 U/mL penicillin, and 100 pg/mL streptomycin (Life
Technologies, Carlsbad, CA, USA) and maintained at 37 °C in 5 % COx.

Virus-infected cells were incubated at 37 °C in 5 % CO, in DMEM supplemented with 2 %
FBS. The supernatants of these growth media were stored at —80 °C as stock sources of viruses.
Stocked virus titers of FulV, SARS-CoV-2 and FCV were 6.33x10° plaque-forming assay units
(pfu)/ml, 6.93x107 pfu/ml and 1.04x107 pfu/ml, respectively.

Experiments using infectious SARS-CoV-2 were performed in a biosafety level (BSL)-3
laboratory at Yamaguchi University following standard BSL-3 guidelines. FulV and FCV experiments

were performed in a BSL-2 laboratory.

2.3.2 Plaque-forming assay

The infectious viral titers of SARS-CoV-2, FulV, and FCV were determined using a plaque-
forming assay. Briefly, each type of cell was grown in 12-well plates until confluent; subsequently,
serially diluted viruses were inoculated (100 pL/well). SARS-CoV-2 and FCV were diluted in DMEM
supplemented with 2 % FBS, and FulV was diluted in DMEM supplemented with 0.001 % trypsin
(trypsin from Hog pancreas 1:250; NACALAI TESQUE. Tokyo, Japan) and 0.2 % bovine serum

albumin (BSA) (SIGMA, USA). After incubation at 37 °C for 90 min, the inoculum was removed,
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and the cells were washed with DMEM. Subsequently, 0.8 % agarose (SeaPlaque GTG Agarose,
Lonza, Rockland, ME, USA) in DMEM supplemented with 10 % FBS or DMEM supplemented with
0.001 % trypsin and 0.2 % BSA was added to each well. The plates were incubated at 37 °C until
visible plaques appeared. Plaque formation was observed at 36 h post-infection (pi) for SARS-CoV-2,
48 h pi for FulV, and 24 h pi for FCV. Addition of trypsin to media did not influence pH of reaction
samples for FulV including acids and plaque formation (data not shown). To retrieve the plate, the
cells were fixed with 10 % formalin and thoroughly stained with 1 % crystal violate (FUJIFILM

WAKO, Osaka, Japan). The viral titers were expressed as plaque-forming units (pfu)/mL.
2.3.3 Weak acids

In total, 1 M acetic acid (FUJIFILM, conduct log: 017-00256), 1 M oxalic acid (WAKO, conduct
log: 150-00455), and 1 M citric acid (FUJIFTLM, conduct log: 038-06925) were diluted using
sterilized water from the original acid solutions. To adjust the acetic acid to pH 2, 4, and 6, 0.12-, 0.2-,
and 1-time volumes of 1 M sodium hydroxide (NaOH) were added to 1 M acetic acid, respectively.
Correspondingly, 1.08-, 1.5-, and 1.9-time volumes of 1 M NaOH and 0.14-, 1.3-, and 2.59-time
volumes of 1 M NaOH were added to 1 M oxalic acid and 1 M citric acid, respectively, to adjust the

pHto 2, 4, and 6. Each 1 M acid was serially diluted to 1, 0.1, 0.01, and 0.001 M with sterilized water.

2.3.4 Inactivation of viruses by weak acids

A total of 900 pL of each adjusted weak acid was mixed with 100 pL of each viral solution in 2 %
FBS-supplemented DMEM at a 9:1 ratio and reacted for 1-30 min at room temperature. The pH of the
reaction mixtures did not significantly change from the original adjusted values (Table 1).

The reacted solutions were immediately diluted with 2 % FBS-supplemented DMEM, and viral
titers were determined. Notably, pH values and of the weak acid- and edible vinegar-reacted solutions
for plaque assays were confirmed (Table S1, S2 and S3). Cell viabilities of each cell for plaque assay
were also evaluated using XTT cell viability assay kit (Biotium, conduct log: 30007, CA, USA)
(Table S4 and S5). From these data, more than 1:100 dilution of any acids didn’t induce cell damages,
indicating that the detection limit of viral titers was 10° pfu/ml for each virus. The effectiveness of the

weak acids was determined based on viral loads below the detection limit.
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2.3.5 Vinegars

White distilled vinegar (WDV) and grain-flavored distilled vinegar (GV) containing 4 %
acetic acid were provided by Mizkan Holdings Co., Ltd., Aichi, Japan. In total, 100 pL of each viral
solution was mixed with 900 pL of WDV, GV, and 4 % acetic acid for 1, 5, and 30 min, respectively,
at room temperature. Subsequently, the samples were immediately diluted with DMEM containing
2 % FBS and were applied to cultured cells for titration using the plaque-forming assay. The
effectiveness of the weak acids was determined based on viral loads below the detection limit.
Notably, > 1:100 dilutions did not cause any cell damage, indicating that the detection limit of the

virus titer was 10° pfu/mL.

25



2.4. Results

2.4.1. pH-dependent virucidal effects of weak acids

Against FulV, acetic acid caused significant reductions in viral titers below the detection limit at
pH 2 and 4 in 1 min; however, not at pH 6 (Fig. 1a). In contrast, citric and oxalic acids substantially
reduced the titers at pH 2 in 1 min; however, it did not show virucidal effects at pH 4 (Fig. 1a) in
Imin. Acetic acid at pH 4 significantly reduced FulV titer under detection limit within 1 min, while
oxalic and citric acid required 10 min to reduce viral titeration. At pH 6 of weak acids, viral titer
mildly reduced in 30 min while compared to 1 min. These observations suggest that acetic acid
shows potentially stronger effects against FulV than oxalic and citric acids under the same pH
conditions.

Interestingly, the effects of weak acids on SARS-CoV-2 were different from those on FulV,
although both are enveloped viruses. Acetic and citric acids caused a significant reduction in viral
titers of SARS-CoV-2 at pH 2 in 1 min, whereas oxalic acid did not (Fig. 1b). None of the acids
exhibited a significant reduction in viral titers at pH 4 and 6 (Fig. 1b). Although viral titers were
somewhat reduced after 30 min incubation in each reaction, the inactivation effect of oxalic acid were
comparatively limited than acetic and citric acids (Fig 1). These results indicate that the virucidal
effect of oxalic acid is limited to SARS-CoV-2 when compared with that of acetic and oxalic acids
under low pH (pH 2) conditions.

Acetic, oxalic, and citric acids significantly reduced virus titers of FCV to below the detection
limit at pH 2 in 1 min; however, the same reduction was not observed at pH 4 and 6 (Fig. 1¢),
indicating that the inactivation effects against FCV are not significantly different among acetic, citric,
and oxalic acids.

These findings suggest that the inactivation efficacy of weak acids differs for different viruses
under the same pH conditions. Acetic acid has a potentially greater effect compared with citric acid

and oxalic acids.

2.4.2. Concentration-dependent virucidal effects of weak acids

The virucidal effects of each acid, depending on serial concentrations of 0.001—1 M, were also
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examined (Table 2). In total, 0.01—1 M acetic acid (pH 2.39—4.46), citric acid (pH 1.27-2.94), and
oxalic acid (pH 0.63-2.25) showed significant reductions of FulV titers (Fig. 2a), whereas 0.001 M
acetic acid (pH 7.35), citric acid (pH 6.41), and oxalic acid (pH 6.79) did not. These results
corresponded to the pH-dependent effects shown in Fig. 1a.

Against SARS-CoV-2, 1 M acetic acid (pH 2.39) showed a significant reduction in viral titers;
however, 0.001-0.1 M (pH 3.25-7.35) did not (Fig. 2b). Moreover, | M (pH 1.27) and 0.1 M (pH
2.02) citric acid exhibited significant inactivation of viral titers; however, 0.01 M (pH 2.94) and 0.001
M (pH 6.41) did not (Fig. 2b). Additionally, 1 M (pH 0.63) and 0.1 M (pH 1.20) oxalic acid showed
significant reduction of viral titers; however, 0.01 M (pH 2.25) and 0.001 M (pH 6.79) did not (Fig.
2b). These effects corresponded to the pH-dependent results shown in Fig. 1b.

Against FCV, 1-0.001 M acetic acid (pH 2.39-7.35) did not show significant inactivation (Fig.
2¢). Moreover, 1 M (pH 1.27) citric acid showed virucidal activity; however, 0.1-0.001 M citric acid
(pH 2.02-6.41) did not (Fig. 2¢). Furthermore, 1 M (pH 0.63) and 0.1 M (pH 1.20) oxalic acid
significantly inactivated FCV; however, 0.01 M (pH 2.25) and 0.001 M (pH 6.79) did not (Fig. 2c).
These results mostly corresponded to the pH-dependent results shown in Fig. 1¢, although the effects
of approximately pH 2, including 0.1 M citric acid (pH 2.02) and 0.01 M oxalic acid (pH 2.25), were
different from the results of Fig. 1¢. These differences may be due to the dependence of the efficacy
on the acid concentration.

These observations suggest that pH mainly influences the virucidal activity of each weak acid.
Taken together, acetic acid can inactivate FulV at approximately pH 4; however, citric and oxalic
acids require pH lower than 4 for the same efficacy. In addition, acetic and citric acids can inactivate
SARS-CoV-2 at approximately pH 2, whereas oxalic acid requires a pH < 2. These findings suggest
that the virucidal activity of weak acids does not simply depend on proton concentration, and other

factors of each weak acid may also contribute significantly to these effects.
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2.4.3. Virucidal effects of eligible vinegars

Our observations imply that acetic acid effectively reduces the infectious virus concentrations
under higher pH conditions compared with other weak acids. Therefore, we examined the virucidal
activity of vinegars containing acetic acid as the main component.

Similar to 4 % acetic acid (pH 2.72), 4 % WDV (pH 2.77) and 4 % GV (pH 2.79) exhibited
significant reductions in FulV titers below the detection limit immediately after 1 min (Fig. 3a). These
results reflect the pH-dependent effects of acetic acid on the reaction solutions.

SARS-CoV-2 was also susceptible to the virucidal effects of 4 % WDV and 4 % acetic acid;
however, incubation periods below the detection limits were extended up to 30 min (Fig. 3b).
Moreover, 4 % GV did not reach the detection limit after 30 min (Fig. 3b). These observations also
reflect the pH-dependent effects of acetic acid.

In contrast, 4 % WDV (pH 2.77), 4 % GV (pH 2.79), and 4 % acetic acid (pH 2.72) did not
significantly inactivate FCV (Fig. 3c). These results are consistent with those of the adjusted 1 M
acetic acid (pH 2.51) shown in Fig. 2c.

These observations suggest that eligible vinegars may be potential sanitizers for some enveloped
viruses, such as FulV, in the domestic environment; however, these effects may be limited to

enveloped SARS-CoV-2 and non-enveloped viruses.
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2.5. Discussion

Generally, virucidal activity of acids is due to their low pH, which depends on the molar
concentration of protons. Therefore, a higher molar proton concentration is believed to be the key
determinant, regardless of the type of acid. Interestingly, our results suggest that there are cases in
which inactivation efficacy varies between different types of weak acids, even under the same pH
conditions. For example, acetic acid at pH 4 inactivated FulV, whereas citric and oxalic acids did not.
Moreover, pH 2 acetic and citric acids showed significant virucidal effects against SARS-CoV-2,
whereas oxalic acid did not. These observations suggest that the virucidal effect of weak acids is not
simply determined by the pH, and additional factors, such as chemical structure of the acid and other
factors, may influence these effects. For example, citric acid and oxalic acid are dicarboxylic acid, and
this chemical structure may influence the different effects compared with acetic acid. Further studies
will be required to identify the mechanism of inactivation effects due to different weak acids. In
addition, underlying the morphological changes of inactivated viruses using cryo-electron microscope
will provide useful information for understanding the inactivation mechanism by weak acids.

Our results showed that acetic acid was more effective than oxalic and citric acids against the
enveloped viruses FulV and SARS-CoV-2 at higher pH. Interestingly, acetic acid induces unique
physiological responses in mammalian cells when compared with other types of acids [136],
suggesting that acetic acid may penetrate the lipid bilayer of the cell membrane. Therefore, acetic acid
may cause physiological changes in the viral envelope and is a potentially effective disinfectant.

Acetic acid is the primary component of vinegar. Edible vinegar is produced by fermentation of
plant-based products and is harmless to the human body [131]. It is generally used as a condiment
domestically. Vinegar has virucidal effects against SARS-CoV-2 [128]. In this study, 4 % WDV and
4 % GV showed virucidal efficacy against SARS-CoV-2 and higher effectiveness against Ful V.
However, these inactivation effects were limited against FCV. 4 % GV showed less potency of
virucidal effect against SARS-CoV-2 compared with 4% WDV and 4% AA, although they should
contain same kind and concentration of weak acid with similar pH. GV and WDV contain other

organic components extracted from plants such as sugar, and these different components may
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influence the effects of GV and WDV. Our results demonstrate the potential antiviral properties of
these edible vinegars, which can be used as sanitizers against enveloped viruses in common
household.

Interestingly, our results showed that SARS-CoV-2 was comparatively stable against inactivation
by acetic and oxalic acids under the same pH conditions when compared with FulV, although both
viruses are enveloped. In particular, oxalic acid did not inactivate SARS-CoV-2, even at pH 2. These
observations indicate that this virus is more stable under low pH conditions than other enveloped
viruses. A previous study showed that SARS-CoV-2 was extremely stable over a wide pH range [137].
Wang et al. [138] recently showed that oxalic acid exhibited inhibitory effects on combination to the
receptor-binding domains of the SARS-CoV-2 pseudovirus and angiotensin-converting enzyme 2.
Although our data showed no changes in infectious ability of SARS-CoV-2 after oxalic acid reactions,
the elucidation of the inconsistent observations may provide evidence to reveal the factors affecting
the stability of SARS-CoV-2 under acidic conditions.

Some coronaviruses, such as transmissible gastroenteritis virus [139] and porcine epidemic
diarrhea virus [140], cause oral infections and intestinal diseases, such as diarrhea, suggesting that
these coronaviruses are resistant to gastric acid. Therefore, coronaviruses potentially possess
resistance to low pH among enveloped viruses. It would be interesting to reveal the mechanism and
factors underlying the low pH stability of enveloped coronaviruses, which cause gastrointestinal
infections. Further investigation of these factors will provide useful information for the development

of more effective antiviral agents against coronaviruses, including SARS-CoV-2.
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2.6. Conclusion

When comparing acetic, oxalic, and citric acids, we observed that the inactivation efficacies
of weak acids are different, even under the same pH conditions. These observations suggest that the
virucidal effect of weak acids is not simply determined by pH and additional factors may also
influence these effects. Acetic acid shows an effective virucidal reaction against enveloped viruses
compared with oxalic and citric acids. Eligible vinegars, whose main component is acetic acid, may
be potential sanitizers for some enveloped viruses, such as FulV in the domestic environment. In
addition, our data imply that SARS-CoV-2 is comparatively stable against inactivation by weak acids.
Further investigation to reveal the mechanism and factors of low pH stability of enveloped
coronaviruses will provide useful information for the development of more effective antiviral agents

against coronaviruses.
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2.7. Figure Legends

Fig. 1. pH-dependent virucidal effects of acetate, oxalate, and citrate against influenza A virus (FulV),
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and feline calicivirus (FCV).
Acetate, oxalate, and citrate adjusted at pH 2, 4, and 6 were mixed with each virus for 1, 10 and 30
min. Negative control (NC) was incubated with distilled water instead of weak acids. Plaque-forming
unit (pfu) per mL of FulV (A), SARS-CoV-2 (B), and FCV (C) were determined. Error bars indicate
the standard error. Detection limit was set to 10° pfu/mL. Each viral inactivation was accessed in
triplicate.

Fig. 2. Concentration-dependent virucidal effects of acetate, oxalate, and citrate against FulV, SARS-
CoV-2 and FCV. In total, 1, 0.1, 0.01, and 0.001 M of acetate, oxalate, and citrate were mixed with
each virus for 1 min. NC was incubated with distilled water instead of weak acids. pfu per mL of FulV
(a), SARS-CoV-2 (b), and FCV (c¢) were determined. Error bars indicate the standard error. Detection
limit was set to 103 pfu/mL. Each viral inactivation was accessed in triplicate.

Fig. 3. Virucidal effects of eligible vinegars. In total, 4 % white distilled vinegar (WDV), 4 % grain-
flavored distilled vinegar (GV), and 4 % acetic acid (AA) were mixed with each virus for 0 (control),
1, 5, and 30 min. pfu per mL of FulV (a), SARS-CoV-2 (b), and FCV (c) were determined. Error bars
indicate the standard error. Detection limit was set to 10° pfu/mL. Each viral inactivation was

accessed in triplicate.
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2.8. Figures

Fig. 1
A FulVv
pH2 pH4 pH6
__ 61 __ 61 __6
E |f E |f " E |Bes Fos B
~ ~ ~
35 1 35 1 35 1
— = —
= o o
S ) S
a4 47 S
3 - 3 - 3 A
NC acetate citrate oxalate NC acetate citrate oxalate NC acetate citrate oxalate
01 min 010 min W30 min 01 min 010 min W30 min 01 min 010 min W30 min
B SARS-CoV-2
pH2 pH4 pH6
— 77 - - — T 7 - — 77 - - I
E E 1 5 S =
=6 - 6 A ~~6
= | - 3
‘a a a
o° ] o° ] o° ]
o o o
- - . |
4 4 A 4
3 L 3 L 3 L
NC acetate citrate oxalate NC acetate citrate oxalate NC acetate citrate oxalate
01 min 810 min W30 min 01 min B10 min ®W30 min 01 min 010 min ®W30 min
C FCV
pH2 pH4 pH6
— — T _—
= = =
~ 6 4 ~ 6 4 NG 6 4
= | -] =3
[ U= U=
D'S 1 D'S 1 Q'5 1
(@)} ()] D
(@] (@) (@)
- | — —
4 4 4 4
3 3 3
NC acetate citrate oxalate NC acetate citrate oxalate NC acetate citrate oxalate
01 min 010 min W30 min 01 min 010 min W30 min 01 min 010 min W30 min

33



Fig. 2
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Fig. 3
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2.9. Tables
Table 1 pH in the reaction mixtures of pH-dependent acids and 2% FBS DMEM

Acid Original adjusted pH pH in the reaction mixture”

2.07 2.04+0.12

Acetate 4 4.09 +£0.01
6.03 6.03 +0.09

2.05 2.24 +£0.02

Citrate 4.04 4.24+0.10
6 6.00+£0.15

2.02 2.02+0.05

Oxalate 3.96 4.09+0.13
6.01 6.77 £ 0.02

pH in original adjusted weak acids was measured, following to measure pH in mixture in triplicate.

“Average value in triplicate = 95 % confidence interval.

The pH values in the reaction mixtures of molarity-dependent mixtures were 2.39—7.35 in acetic

acid, 1.27-6.41 in citric acid, and 0.63—6.79 in oxalic acid (Table 2).
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Table 2 pH in the reaction mixtures of molarity-dependent acids and 2%FBS DMEM

Acid Molarity of acid Original adjusted pH pH in the reaction mixture”
1M 2.31 2.39 +0.090
0.1M 2.73 3.25+0.100
Acetate
0.01M 3.31 4.46 +0.258
0.001 M 3.94 7.35+0.259
1M 1.25 1.27 £0.094
0.1M 1.85 2.02+0.112
Citrate
0.01M 2.46 2.94 +0.169
0.001 M 32 6.41 +0.080
1M 0.59 0.63 +0.100
0.1 M 1.17 1.20 + 0.000
Oxalate
0.01M 1.97 2.25 +0.029
0.001 M 2.95 6.79 + 0.305

pH in original adjusted weak acids was measured, following to measure pH in mixture in triplicate.

"Average value in triplicate + 95 % confidence interval.
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2.10.Supplementary data

Table S1. pH values in diluent reaction solutions of pH-dependent acids and

2%FBS DMEM for plaque assays

Diluents
Acid pH
1 0.1 0.01 0.001 0.0001
pH2 2.21%* 3.46* 4.99% 7.22 7.92
Acetic
pH4 4.18%* 5.21*%  7.27 7.95 7.95
acid
pH6 5.96%* 7.87 825 8.26 8.23
pH2 1.92%* 5.93* 793 8.32 8.27
Oxalic
pH4 4.05%* 6.95 8.1 8.21 8.2
acid
pH6 6.94 827 825 8.22 8.25
pH2 1.97%* 3.12%* 6.4 7.79 8.09
Citric
pH4 4.13% 4.45*  6.06 7.51 8.09
acid
pH6 6.15 6.9 7.84 8.11 8.17

Reaction mixtures of weak acids (pH2, 4, 6) and 2%FBS DMEM (9:1) were followed to 10-fold
serially dilution (1-0.0001) and pH of each diluent was measured. “*” indicated acidic pH in

solutions.
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Table S2. pH values in diluent reaction solutions of molarity concentration-dependent acids and

2%FBS DMEM for plaque assays

Acid Molarity Diluents
concentration 1 0.1 0.01 0.001 0.0001

Acetic M 2.6* 4.46% 7 8.15 8.03
acid 0.1IM 3.28* 6.87 7.9 8.01 7.96
0.01M 4.47* 8 8.13 8.16 8.11
0.001M 7.19 8.16 8.18 8.13 8.13
Citric M 1.59% 291*  6.24 7.7 7.99
acid 0.1M 2.28* 6.27 7.8 8.07 8.04
0.01M 3.34% 7.72  8.08 8.13 8.11
0.001M 6.68 8.1 8.15 8.09 8.09
Oxalic IM 1.03* 1.61* 6.16 7.58 7.87
acid 0.1M 1.49% 6.26  7.66 7.97 7.91
0.01M 2.33% 7.63 797 7.93 7.8
0.001M 6.63 8.04 8.03 8.03 7.98

Reaction mixtures of weak acids (1-0.001M) and 2%FBS DMEM (9:1) were followed to 10-fold
serially dilution (1-0.0001) and pH of each diluent was measured. “*” indicated acidic pH in the

solutions.
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Table S3. pH values in diluent reaction solutions of edible vinegar and DMEM for plaque assays

Acid  Percentage  Original Diluents
pH 1 0.1 0.01  0.001 0.0001
GV 4% 2.76% 2.67* 4.48*% 739  8.17 8.61
WDV 4% 2.12% 2.55% 4.99% 8.1 8.55 8.82
AA 4% 2.23* 2.54% 4.76% 761  8.17 8.77

pH in original vinegar (4%GYV, 4% WDV, 4% A A was measured before mixing with 2%FBS DMEM.

Reaction mixtures of vinegar (4%GV, 4% WDV, 4% AA) and 2%FBS DMEM (9:1) were followed to

10-fold serially dilution (1-0.0001) and pH of each diluent was measured. “*” indicated acidic pH in

the solutions.
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Table S4. Quantification of cell viability in diluent reaction solutions of weak acids

corresponding to pH value.

Acid Diluents
0.1 0.01 0.001 0.0001
Acetic pH 3.46 4.99 7.22 7.92
acid  Absorbance Vero
[A4sonm- E6/TMPRSS2 0.23* 0.20* 0.52 0.57
Ags5nm]
CRFK 0.17* 0.34* 0.63 0.54
MDCK 0.28* 0.59* 0.85 0.66
Oxalic pH 5.93 7.93 8.32 8.27
acid Absorbance Vero

[A450nm- E6/TMPRSS2

Agssum] 0.25% 0.61 0.59 0.63
CRFK 0.31%* 0.70 0.72 0.82
MDCK 0.34* 0.79 0.84 0.79
Citric pH 3.12 6.4 7.79 8.09
acid Absorbance Vero

[Assoom-  E6/TMPRSS2

Agss0m] 0.26* 0.64 0.64 0.73
CRFK 0.23* 0.58* 0.69 0.81
MDCK 0.29* 0.78 0.87 0.87

pH of each diluent (0.1-0.0001) of weak acids (acetic acid, oxalic acid and citric acid at pH 2) were
measured. Cell viability of the diluents were tested by XTT cell viability assay in triplicate. Negative
control absorbance [Assonm- Asssnm]: Vero E6/TMPRSS2=0.6, CRFK=0.67, MDCK=0.77. “*”

indicated cell damage by weak acids diluents.
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Table S5. Quantification of cell viability of diluent reaction solutions of vinegar corresponding to

pH value.
Acid pH Dilutions
0.1 0.01 0.001 0.0001
4% pH 4.48 7.39 8.17 8.61
GV Absorbance Vero 0.20* 0.55 0.56 0.67
[A4sonm= E6/TMPRSS2
Asssnm]
CRFK 0.27* 0.66 0.75 0.75
MDCK 0.27% 0.83 0.80 0.73
4% pH 4.99 8.1 8.55 8.82
WDV  Absorbance Vero 0.19% 0.72 0.59 0.76
[A4s00m- E6/TMPRSS2
Agssum]
CRFK 0.09% 0.64 0.68 0.76
MDCK 0.25* 0.92 0.90 0.86
4% pH 4.76 7.61 8.17 8.77
AA
Absorbance Vero 0.17* 0.54 0.59 0.62
[A4s500m- E6/TMPRSS2
Asssnm]
CRFK 0.10* 0.50 0.57 0.59
MDCK 0.27* 0.84 0.88 0.86

pH of diluents (0.1-0.0001) of vinegar (4%GV, 4% WDV, 4%AA) were measured. Cell viability of
vinegar acids were tested XTT cell viability assay in triplicate. Negative control absorbance [A4sonm-

Asssnm]: Vero E6/TMPRSS2=0.6, CRFK=0.67, MDCK=0.77. “*” indicated cell damage by diluents.
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3. Chapter 2

Virucidal effects of contact lens disinfectants
against enveloped and nonenveloped
pathogenic viruses causing conjunctivitis
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3.1. Abstract

Objectives: Contact lens (CL) contamination catries the risk of viral keratoconjunctivitis
transmission, particularly to CL users. Inadequate disinfection and viral stability in CL disinfectants of
Human adenovirus (HAdV-D) and Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
can contribute to ocular infections. In this study, we evaluated the antiviral efficacy of commercial CL
disinfectants against these viruses.

Methods: Prior to the experiment, the cytotoxicity of CL disinfectants was assessed in A549 and Vero
E6/TMPRSS2 cells to determine the detection limits. Stock viruses and each CL disinfectant were
mixed in a 1:9 ratio and incubated according to the manufacturer’s protocol. After the reactions,
infectious viral titers were determined and compared with those of mock samples without
disinfectants.

Results: Sodium hypochlorite-and hydrogen peroxide-based CL disinfectants reduced both enveloped
SARS-CoV-2 and nonenveloped HAdV-D56 to below the detection limits. Salicylic acid and some
PHMB-based disinfectants effectively inactivated enveloped SARS-CoV-2 but not nonenveloped
HAdV-D56. Other kinds of PHMB, e-Polylysine, PQ-1 and alexidine hydrochloride, did not exhibit
efficient inactivation against both viruses.

Conclusions: Sodium hypochlorite-and hydrogen peroxide-based CL disinfectants have potent
virucidal activities against enveloped and nonenveloped viruses. HAdV is the most important
causative agent of conjunctivitis. CL disinfectants are recommended to sanitize contact lenses on a

daily basis, following the manufacturer’s protocol.
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3.2. Introduction

Contact lens (CL) contamination carries the risk of transmitting infectious diseases such as viral
keratoconjunctivitis [141]. CL users with long-term and high frequency use including of overnight or
extended-wear users face a increased risk of moderate to severe microbial keratitis [142,143].
According to a surveillance study conducted in the United States, 30.2% of wearers, including users
of daily disposable, planned replacement soft lenses, overnight soft lenes, and rigid lenses
experienced red or painful eye requiring medical care, often linked to risk behaviours [144]. Relevant
risk factors for viral ocular infections include insufficient contact time with CL disinfectants and the
ineffectiveness of CL disinfectants inactivating the virus. Viral conjunctivitis can spread through
direct or indirect contact with contaminated CL surfaces and improper use of CL disinfectants, leading
to ocular infections [145].

Human adenovirus (HAdV) is the main infectious agent of viral conjunctivitis [79]. Adenoviruses
are double-stranded DNA viruses that are nonenveloped, known to cause a wide range of diseases,
including ocular, respiratory, and gastroenteritis. HAdV species D (HAdV-D) is the primary causative
agent of keratoconjunctivitis. This extremely resilient virus can persist on hands, fomites, and even
metal and plastic surfaces for up to 49 days [76—78]. Since 2011, HAdV-D56 outbreaks have been
reported in the USA and China, as well as conjunctivitis and urethritis in patients in Japan
[72,73,146] .

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection may also lead to ocular
manifestations, including conjunctivitis, which has been reported in clinics and by the World Health
Organization (WHO) during the COVID-19 pandemic [147,148]. Coronaviruses are RNA viruses
encapsulated in an enveloped structure. This envelope contains a lipid bilayer with spike
glycoproteins that play a crucial role in receptor attachment.

Following the development of protection against microbial contamination of CL surfaces, a
variety of lens-care systems have become commercially available. Alternative disinfection procedures

for CL must be user-friendly and nonharmful to both the CL wearer and the lens material.
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Commercial CL disinfectants include several types such as hydrogen peroxide, sodium hypochlorite
and salicylic acid.

Enveloped viruses are generally considered to be more susceptible to environmental stress owing
to their lipid membranes, whereas nonenveloped viruses exhibit greater resistance to harsh conditions
due to physical properties of capsid protein. However, viral stability under environmental stress, such
as acidity and other chemicals, varies depending on the viral characteristics or chemical compounds,
regardless of the envelope structure. Our previous study reported that SARS-CoV-2 can resist low-pH
oxalate environments [149]. However, comprehensive data on the viral stability are limited.

It has been shown that CL disinfectants are capable of inhibiting bacterial growth [150]. However,
their virucidal properties have not been fully elucidated. In this study, the inactivation effects of CL
disinfectants were examined against the enveloped virus SARS-CoV-2 and the nonenveloped virus

HAdV-D, which causes conjunctivitis.
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3.3. Materials and Methods

3.3.1. Viruses and cells

SARS-CoV-2 (hCoV-19/Japan/TY40-385/2022 strain), HAdV-D56 and VeroE6/TMPRSS2 cells
were kindly provided by the National Institute of Infectious Diseases (NIID; Tokyo, Japan). SARS-
CoV-2 and HAdV-D56 were propagated in VeroE6/TMPRSS2 and A549 cells, respectively. These
cells were cultured in Dulbecco’s modified Eagle’s minimum essential medium (DMEM; Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (JR Scientific, Woodland, CA, USA), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Life Technologies, Carlsbad, CA, USA) and maintained at 37 °C in 5% CO,. Virus-
infected cells were incubated at 37 °C in 5% CO, in DMEM supplemented with 2% FBS and
penicillin streptomycin (FUJIFILM WAKO, Osaka, Japan). As for SARS-CoV-2, the supernatant was
harvested from cell cultures then stored at -80 °C as stock source of viruses. HAdV-D56 were
harvested after 3 freeze-thaw cycles, following to store at -80 °C as stock source of viruses.
Experiments using infectious SARS-CoV-2 and HAdV-D56 were carried out in biosafety level (BSL)-

3 and BSL-2 laboratories at Yamaguchi University following standard BSL guidelines.

3.3.2. Inactivation with CL disinfectant solution

The CL disinfectants listed in Table 1 were provided by Menicon Co., Ltd., because they offer a
comprehensive range of CL disinfectants across all product categories. The stock virus and each CL
disinfectant were mixed at a 1:9 ratio at room temperature. The procedure and incubation time for
each CL followed the operational protocol for each product (Table 1). Reactions with hydrogen
peroxide were performed in a specific container containing neutralizing platinum. Sterile saline was

used as a negative control.

3.3.3. Plaque-forming assay (PFA)

The viral titer of SARS-CoV-2 was determined using PFA. Virus solutions were 10 times serially
diluted with 2% FBS in DMEM and inoculated on confluent Vero E6/TMPRSS2 cells (100pl per
well). After incubation at 37 °C in 5% CO; for 90 minutes, the inoculum was removed, and the cells

were washed with DMEM. Next, 0.8% agarose (Seaplaque GTG Agarose; Lonza, Rockland, ME,
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USA) was added to each well containing DMEM supplemented with 2% FBS and incubated at 37 °C
in 5% COs. Plaque formations were observed 4 days post infection (dpi), followed by thorough cell
staining with 1% crystal violet (FUJIFILM WAKO, Osaka, Japan). Viral titers were expressed as
plaque-forming units (PFU) / ml.
3.3.4. Median tissue culture infectious dose (TCIDso) assay

The viral titer of HAdV-D56 was determined using TCIDso. Virus solutions were 10 times serially
diluted with 2% FBS in DMEM and inoculated on confluent A549 cells (100pl per well). Virus-
inoculated cells were incubated at 37 °C in 5% CO, for 72 h. The cytopathic effects (CPE) were

observed and scored using an optical microscope. TCIDso per ml (TCIDso /ml) was calculated using

the Behrens-Karber method.

3.3.5.Cell viability of CL disinfectants

CL disinfectants were 10 times serially diluted with 2% FBS in DMEM and inoculated into A549
and Vero E6/TMPRSS2 cells. Hydrogen peroxide disinfectants were neutralized using neutralizing
platinum before application to the cell. Following incubating for 90 minutes at 37 °C in 5% CO; cells
were fixed with 10% formalin and stained with 0.1% crystal violate. Cell staining was defined as no
cell toxicity, whereas a well on the plain was defined as cell toxicity. The minimum dilution without

cell toxicity was used to determine the detection limit (Table 2).

3.3.6.Statistical analysis

Statistical analyses were performed using GraphPad Prism 10.2.3. The activity of all the
disinfectants was compared to the blank using an unpaired t-test, with statistical significance set at

P <0.05.
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3.4. Results

We first evaluated the cytotoxicity of the diluted CL disinfectants against Vero E6/TMPRSS2 and
AS549 cells which were used to determine the detection limits of the viral titers of SARS-CoV-2 and
HAdV-D56, respectively. Minimum dilutions (maximum concentration) of each CL disinfectant
without cell damage were evaluated, and the detection limit of the virus titrations was determined
(Table 2). Toxicities against Vero E6/TMPRSS2 and A549 cells varied between the original
concentrations (10° dilutions) and 10 dilutions, indicating that the detection limits of virus titrations
in each assay were 10°—~10? PFU/ml for SARS-CoV-2 and 10'-10° TCIDs, /ml for HAdV-D56 (Table
2).

Disinfectants with sodium hypochlorite, Progent ipl, Progent ip2, and Progent showed significant
inactivation effects with below-detection limits against both SARS-CoV-2 and HAdV-D56 (Fig. 1A).
Disinfectants with hydrogen peroxide, Smart Clean, Meni-Sept, Clear Care Plus Hydraglyde, and AO
Sept Clear Care also showed significant virucidal effects below the detection limits against both
HAdV-D56 and SARS-CoV-2 (Fig. 1B). These results indicate that sodium hypochlorite-and
hydrogen peroxide-based CL disinfectants possess strong inactivation effects against both enveloped
and nonenveloped viruses.

Four-season care, including salicylic acid, decreased the infectious titer of SARS-CoV-2 below
the detection limits and that of HAdV-D56, although the effect did not reach a 99% reduction in the
infectious titer (Fig. 2A). Among the disinfectants containing PHMB, O» care aminosora showed
significant inactivation against SARS-CoV-2, whereas the effect was limited against HAdV-D56 (Fig.
2B). However, Bloom care, Epica cold, Solocare Aqua, Cleadew repair solution, and Menicare Plus
did not exhibit a significant decrease in infectious virus titers, with > 99% reduction (Fig. 2B). These
observations suggest that salicylic acid-based disinfectant and some kind of PHMB-based
disinfectants has virucidal effects against enveloped SARS-CoV-2, but the effects were limited
against noneveloped adenovirus.

Menicare Pure (e-Polylysine), Unique Ph (Polyquaternium-1), cleadew procare solution (PHMB

and alexidine hydrochloride), and Acuvue Revitalens (Polyquaternium-1 and alexidine hydrochloride)
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did not show significant inactivation effects, with > 99% reduction against SARS-CoV-2 and HAdV-
D56 (Fig. 3). These observations suggest that these disinfectants are insufficient to inactivate both

enveloped and nonenveloped viruses.
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3.5. Discussion

In this study, we showed that sodium hypochlorite-and hydrogen peroxide-based CL disinfectants
have potent virucidal activity against both enveloped and nonenveloped viruses that cause
conjunctivitis. A previous study showed that 0.32% w/w sodium hypochlorite inactivates SARS-CoV-
2 within 5 minutes [151] . In this study, CL disinfectants containing low concentrations of these
compounds were also capable of inactivating enveloped SARS-CoV-2 and nonenveloped HAdV-D56
under the recommended treatment conditions. Of note, a previous study reported that hydrogen
peroxide-based CL disinfectant showed limited efficacy against adenovirus [152] . On the other hand,
our current findings demonstrated that hydrogen peroxide-based formulations of ACC, CCP, MS and
SC exhibited significant virucidal effects. While the underlying reason for these different effects
remains unclear from current data, they may be attributable to variations in adenovirus type, types of
CL disinfectants or differences in experimental methodology. Sodium hypochlorite and hydrogen
peroxide act as strong oxidizing agents by releasing free radicals into water [153,154], and this
process is likely to damage the viral envelope, proteins, and nucleic acids. Although these CL
disinfectants may be harmful to the skin and ocular mucosa, the neutralization process reduces the
chemical concentration through rinsing, scrubbing in water, and degradation in a neutralizing vessel.
Therefore, CL disinfectants, such as Progent and Clear Care Plus Hydraglyde, are highly effective at
avoiding contamination by viral conjunctivitis agents.

Salicylic acid-based CL disinfectants efficiently inactivated enveloped coronaviruses but not
nonenveloped adenoviruses. Salicylic acid is a beta-hydroxy acid that functions as a plant immunity
signalling molecule to induce resistance against plant viruses, including the tobacco mosaic virus
[104]. A recent report showed that handwash containing salicylic acid inactivates SARS-CoV-2 within
30 s [151]. Our study showed that salicylic acid (0.2%) in CL disinfectants could inactivate SARS-
CoV-2, suggesting that CL disinfectants, such as Four seasons care is useful in preventing enveloped
viral infections in CL wearers.

Although O; care aminosora showed significant inactivation effects against enveloped SARS-

CoV-2, other PHMB disinfectants did not exhibit efficient inactivation against either enveloped or
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nonenveloped viruses. PHMB is a cationic antimicrobial agent that is widely used in the healthcare,
food, and water industries. Previous studies have also indicated that disinfectants containing PHMB at
working concentration of 0.0205-0.14% exhibited variable inactivation rates of SARS-CoV-2,
ranging from 30% to 100% after 5—10 minutes of exposure [155]. A previous study using the MS2
bacteriophage as a nonenveloped virus model suggested that nonenveloped viral particles aggregate
upon exposure to PHMB, presumably because of alterations in phage surface hydrophobicity, thus
hampering the virucidal activity of biguanides [156] . This may explain why nonenveloped viruses
have a resistance strategy against PHMB exposure.

CL disinfectants containing e-Polylysine, PQ-1 and alexidine hydrochloride solution (Menicare
Pure, Unique Ph, Cleadew Procare solution, and Acuvue Revitalens) could not inactivate either
SARS-CoV-2 or HAdV-D56. A previous study showed that PQ-1 and alexidine hydrochloride did not
inactivate the mouse hepatitis virus [157] . Thus, the virucidal effects of CL disinfectants may be
limited against conjunctivitis viruses such as adenovirus and coronavirus. However, previous studies
showed that rub-and-rinse procedure effectively reduce the infectious titers of both adenovirus and
coronavirus [152,158]. In addition, our preliminary experiments indicated that even a simple rinse
with water effectively reduced infectious viral titers to below detection limit (data not shown). These
findings suggest that rinse and rub-and-rinse procedures can provide significant virucidal effects.
Although PHMB-, e-Polylysine-, PQ-1-, and alexidine hydrochloride-based CL disinfectants
exhibited limited viral inactivation effects, the regimen of OCA, BC, CRS, MP and CPS include the
rinse procedures, and those of MP, UP and AR recommend the rub-and-rinse procedures. Therefore,
when using these CL disinfectants, appropriate procedures following the regimens is critical to reduce
the risk of contamination of infectious viruses.

HAAJYV is the most important agent in conjunctivitis, and SARS-CoV-2 has also been reported to
cause ocular infections [182]. HAdV-D56 was effectively deactivated by low concentrations of
sodium hypochlorite CL disinfectants and hydrogen peroxide-based disinfectants within the
manufacturer-recommended treatment time. These results indicate that regular CL wearers must
strictly follow the manufacturer’s instructions when disinfecting CLs to prevent adenovirus ocular

infection. It is noteworthy that our experimental data were obtained under controlled laboratory

52



conditions. In natural environments, the viral titer attached to surfaces may typically be lower than
that of laboratory stock samples. Therefore, inactivation efficacy may vary between laboratory
conditions and living environments. However, CL disinfectants are recommended to sanitize contact
lens on a daily basis, following the manufacturing procedure and time. We believe that our results will
not only offer useful information into the virucidal effects of CL disinfectants but also provide a
foundation for future studies aimed at elucidating the mechanisms based on different types of

disinfectants.
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3.6. Figure legends

Fig. 1. (A) Inactivation effects of sodium hypochlorite-based Progent (Pro), Progent ip1(Pip1) and
Progent ip2 (Pip2). (B) Inactivation effects of hydrogen peroxide-based AO sept Clear Care (ACC),
Clear Care Plus Hydraglyde (CCP), Meni-Sept (MS) and Smart clean (SC) against SARS-CoV-2 and
HAdV-D56. Mock is viral titer under same incubation times of each disinfectant listed in Table 1.
Each sample was tested triplicate. Error bar stands for standard error of mean.

Fig. 2. (A) Inactivation effect of salicylic acid-based Four seasons care (FSC). (B) Inactivation effect
of PHMB-based O, care aminosora (OCA), Bloom care (BC), Menicare Plus (MP), Cleadew repair
solution (CRS), Solocare Aqua (SA) and Epica acid (EC). Mock is viral titer under same incubation
times of each disinfectant listed in Table 1. Each sample was tested triplicate. Error bar stands for
standard error of mean.

Fig. 3. Inactivation effect of (A) Menicare Pure (MP) containing e-Polylysine -based, (B) Unique Ph
(UP) containing PQ-1 (polyquaternium-1), (C) Cleadew procare solution (CPS) containing alexidine
hydrochloride and PHMB and (D) Acuvue Revitalens (AR) containing alexidine hydrochloride and
PQ-1. Mock is viral titer under same incubation times of each disinfectant listed in Table 1. Each

sample was tested triplicate. Error bar stands for standard error of mean.
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3.7. Figures
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FIG.2
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FIG.3
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3.8. Tables

Table 1. CL disinfecting solutions used in this study.

Product name Manufacturer Component Conc. Time
Progent Menicon Ab.0.2% 30 mins
Sodium
Progent ip1 Menicon Ab.0.1% 10 mins
hypochlorite
Progent ip2 Menicon Ab.0.067% 10 mins
AO sept Clear Care Alcon 3.42% 6 h
Clear Care Plus
Alcon 3.42% 6h

Hydraglyde Hydrogen peroxide
Meni-Sept Menicon 3.42% 6h
Smart clean Menicon 3.42% 6h
Four seasons care Menicon Salicylic acid 0.20% 4 h
O: care aminosora Menicon 100 ppm 4h
Bloom care Menicon nect 1 ppm 6h
Menicare Plus Menicon 5 ppm 5 mins
Cleadew repair PHMB*

Ophtecs 1 ppm 4h
solution
Solocare Aqua Menicon 1 ppm 4h
Epica cold Menicon 1 ppm 4 h
Menicare Pure Menicon e-Polylysine 100 ppm 30 mins
Unique Ph Menicon PQ-1 10 ppm 4 h
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cleadew procare Alexidine 4ppm;

Ophtecs Alexidine, PHMB 4h
solution PHMB 1ppm
Alexidine
Alexidine
Johnson and hydrochloride
Acuvue Revitalens hydrochloride, PQ- 4h
Johnson 0.0016m; PQ-1
1
0.003mg

*PHMB: Polyhexamethylene biguanide
*PQ-1: Polyquaternium-1

Ab: Acid base

Table 2. Cell toxicity of CL disinfecting solutions and viral detection limit

Vero E6/TMPRSS2 A549 cell
Minimum dilution Minimum dilution factor ~ Detection limit
Products Detection limit:
without cell toxicity to reduce cell toxicity Unit: Logio TCIDso/
(Logio PFU/ ml)
(Logio) (Logio) ml
Progent 1 2 1 2
Progent ipl 1 2 | 2
Progent ip2 1 2 1 2
AO sept Clear
0 1 0 1
Care
Clear Care Plus
0 1 0 1
Hydraglyde
Meni-Sept 0 1 0 1
Smart clean 0 1 0 1
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Four seasons care

O, care
aminosora
Bloom care
Menicare Plus

Cleadew repair

solution
Solocare Aqua

Epica cold

Menicare Pure

Unique Ph

cleadew procare

solution

Acuvue

Revitalens
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4. CHAPTER 3

Gastric acid resistances of animal
gastrointestinal coronaviruses
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4.1. Abstract

Gastrointestinal coronaviruses such as porcine epidemic diarrhea virus (PEDV) and transmissible
gastroenteritis virus (TGEV) cause gastrointestinal diseases in animals despite being enveloped
viruses, implying that they can pass through the highly acidic gastric lumen. This study focuses on the
low pH acid resistance of PEDV, TGEV and equine coronavirus (ECoV) in fasted-state simulated
gastric fluid (FaSSGF). Both 1M citric and acetic acid at pH2 significantly inactivated PEDV, TGEV
and ECoV, similar to SARS-CoV-2, whereas oxalic acid showed limited inactivation effects.
Interestingly, PEDV, TGEV and ECoV retained infectivity in FaSSGF, while SARS-CoV-2 was
rapidly inactivated. The inclusion of surfactants in FaSSGF did not affect the inactivation; however,
pepsin in FaSSGF exhibited virucidal effects against PEDV, TGEV and ECoV. These results suggest
that despite possessing an enveloped structure, PEDV, TGEV and ECoV exhibit notable resistance to
low-pH gastric acid environments. Moreover, the higher susceptibility of PEDV and TGEV in piglets
may be attributed to limited digestive enzyme activity, such as pepsin, because neonatal animals
contain little to no proteolytic activity in the gastric lumen. Our findings suggest that gastrointestinal
coronaviruses retain infectivity during gastrointestinal passage, and have potential for fecal—oral

transmission by maintaining infectivity in low-pH gastric acid environments.
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4.2. Introduction

Porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV) cause
acute gastrointestinal disease in piglets, leading to severe watery diarrhea with 50—100% mortality [9].
PEDYV and TGEV infect piglets through rapid fecal-oral, fomite, and airborne transmission [18].
PEDV NK94P6Tr- was isolated in the 1990s in Japan and has been used as antigen for swine
surveillance in Japan [159]. TGEV TO-163 strain was isolated from the first outbreak in Toyama,
Japan in 1956 using CPK cells [160].

PEDYV and TGEV belong to the family Coronaviridae, genus Alphacoronavirus, species
Alphacoronavirus porci and Alphacoronavirus suisi, respectively [9]. Coronaviruses (the family
Coronaviridae) are enveloped, positive-sense, single-strand RNA viruses [10], and are taxonomically
classified into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and
Deltacoronavirus [161]. Alphacoronavirus and Betacoronavirus mainly infect mammals, whereas
Deltacoronavirus and Gammacoronavirus primarily infect avian species with some exceptions in
mammals [162].

Most viruses responsible for gastrointestinal are non-enveloped, as their proteinaceous capsid
structures confer resistance to acidic environment. In the mammalian stomach, gastric fluid consists
primarily of hydrochloric acid (HCI) and sodium chloride (NaCl), which together maintain a highly
acidic environment essential for food digestion and the inactivation of ingested pathogens. The gastric
environment in the fasted stage typically exhibits a pH of 1 to 2 [110,163], acting as a primary barrier
against microbial invasion and potentially destabilizing the lipid-enveloped viruses [164].

Interestingly, despite their lipid enveloped structure, coronaviruses present a notable exception to
this paradigm [165], and several coronaviruses including PEDV and TGEV cause gastrointestinal
infections in livestock animals. Equine coronavirus (ECoV), belonging to the genus Betacoronavirus,
also causes gastrointestinal signs in horses [39]. ECoV caused outbreaks at Obihiro Racecourse in
Hokkaido, Japan, in 2004, 2009 and 2012, and the virus was isolated from diarrheal samples using
HRT-18G cells [37,38]. However, data on the acid resistance of coronaviruses remain limited

compared to non-enveloped viruses. Therefore, understanding viral stability in acidic environments is
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essential for assessing the potential for oral transmission and for developing future antiviral drug
strategies and infection control.

In a previous study, we showed that the effectiveness of weak acids in inactivating non-enveloped
and enveloped viruses including Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
varies even at the same pH [149]. Acetic and citric acids inactivated SARS-CoV-2 at pH 2, whereas
oxalic acid did not, suggesting that the virucidal effect of weak acids is not determined solely by pH,
but that additional factors may also influence these effects. In this study, we investigated the acid
resistance of gastrointestinal coronaviruses of PEDV, TGEV and ECoV, focusing on their inactivation

kinetics in gastric acidic environments.
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4.3. Materials and Methods

4.3.1. Cells and virus

HRT-18G cells were obtained from American Type Culture Collection (ATCC).
VeroE6/TMPRSS2 cells were kindly provided by the National Institute of Infectious Diseases (NIID;
Tokyo, Japan). Human rectal tumor 18G (HRT-18G), the porcine kidney cell (CPK), African green
monkey kidney cell (Vero E6) and VeroE6 cells expressing the transmembrane serine protease
TMPRSS2 (VeroE6/TMPRSS2), Madin-Darby canine kidney (MDCK), Vero 9013 cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Carlsbad, Canada) supplemented with
penicillin-streptomycin (FUJIFILM WAKO, Osaka, Japan), and 10% fetal bovines serum (FBS; JR
Scientific, Woodland, CA, USA). The cells were maintained at 37 °C with 5% CO,. PEDV
NK94P6Tr- and TGEV TO-163 strain were kindly provided from Central Livestock Hygiene Service
Center in Yamaguchi Prefecture. ECoV isolated from the feces of an ECoV-infected horse was kindly
provided by the Tokachi Livestock Hygiene Service Center in Hokkaido, Japan. SARS-CoV-2 (hCoV-
19/Japan/TY40-385/2022 strain) was kindly provided by NIID. Coxsackievirus B2 (CVB2) and
Influenza A/HINT (FulV) were kindly provided by the Yamaguchi Prefecture Institute of Public
Health and Environment (Yamaguchi, Japan). PEDV, TGEV, ECoV, FulV, CVB2 and SARS-CoV-2
were propagated in Vero E6, CPK, HRT-18G, MDCK, Vero 9013, and VeroE6/TMPRSS2 cells,
respectively, using DMEM containing 2% FBS. Virus supernatants were harvested from cell cultures
then stored at -80 °C as stock source of viruses. The SARS-CoV-2 was used at biosafety level (BSL)-
3, and the others were handled in BSL-2 laboratories at Yamaguchi University following standard

BSL guidelines.

4.3.2.Plaque-forming assay (PFA)

The infectious viral titers of PEDV, TGEV, SARS-CoV-2, FulV, and CVB2 were determined using
a PFA. Briefly, each type of cell was grown in 24-well plates until confluent; subsequently, serially
diluted viruses were inoculated (125 pL per well) in 90 mins. PEDV, TGEV, SARS-CoV-2 and CVB2
were diluted in DMEM supplemented with 2% FBS, and FulV was diluted in DMEM supplemented

with 0.001% trypsin (trypsin from Hog pancreas 1:250; NACALAI TESQUE, Tokyo, Japan) and
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0.2% bovine serum albumin (BSA; FUJIIFILM WAKO, Osaka, Japan). After incubation, the inoculum
was removed, and the cells were washed with DMEM. Subsequently, 0.8% agarose (SeaPlaque GTG
Agarose; Lonza, Basel, Switzerland) in DMEM with 10% FBS or DMEM with 0.001% trypsin and
0.2 % BSA was added to each well, and incubated at 37 °C until visible plaques appeared. Plaque
formations were observed at 2 days post-infection (dpi) for SARS-CoV-2, FulV, and CVB2, 3 dpi for
TGEYV, and 5 dpi for PEDV. The addition of trypsin and BSA to the media did not influence pH of
reaction samples for FulV, including acids and plaque formation. To retrieve the plate, the cells were
fixed with 10% formalin and thoroughly stained with 1% crystal violate (FUJIFILM WAKO, Osaka,

Japan). The viral titers were expressed as pfu/mL.

4.3.3. Median tissue culture infectious dose (TCIDso) assay

The viral titer of ECoV was determined using the TCIDso method. Virus solutions were serially
diluted 10-fold with 2% FBS DMEM and inoculated on confluent HRT-18G cells (100ul per well).
Virus-inoculated cells were incubated at 37 °C in 5% CO- for 72 hr. The cytopathic effects were
observed and scored using an optical microscope. The viral titers were expressed as TCIDsy /mL

calculated using the Behrens—Kérber method.

4.3.4. Acids preparation and neutralization

1M acetic acid, citric acid, and oxalic acid at pH 2 were prepared by diluting stock solutions in
sterile Milli-Q water and adjusting the pH with sodium hydroxide. Fasted-state simulated gastric fluid
(FaSSGF) (Biorelevant, London, United Kingdom) (1M, pH 1.6) containing HCI and NaCl was
prepared at room temperature following the manufacturer’s protocol. FaSSGF powder containing
surfactants (sodium taurocholate and lecithin) was stored at 4 °C. FaSSGF containing surfactants
(FaSSGF surfactant) was prepared by adding 0.06 g/L of 3F powder (Biorelevant, London, United
Kingdom) into FaSSGF. FaSSGF with pepsin (FaSSGF pepsin) was prepared by dissolving pepsin
(Pepsin from porcine gastric mucosa; Sigma, Tokyo, Japan) at 0.1, 0.3, 0.4 and 0.8 mg/mL, and 0.06
g/L surfactants into FaSSGF. The pH was confirmed immediately after preparation using
LAQUAtwin compact pH meter (HORIBA, Kyoto, Japan). The addition of surfactant or pepsin in

FaSSGF in FaSSGF have no effect on sample pH and plaque formation. The reaction solution of
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acetic acid was neutralized with 234 pL, oxalic acid with 34 pL, citric acid with 200 pL of 10M
sodium hydroxide (NaOH), FaSSGF was neutralized with 25 uL. of 1M NaOH. Neutralizing volume

of NaOH was calculated prior to experiment.

4.3.5.Assessment of cytotoxicity of weak acids and FaSSGF

Weak acids, including 1M acetic acid, oxalic acid, and citric acid at pH 2, FaSSGF at pH 1.6 were
mixed with 2%FCS DMEM in the ratio of 9:1, followed by neutralization with sodium hydroxide and
then applied to cultured cells including CPK, Vero E6/TMPRSS2, Vero E6, HRT-18G, MDCK and
Vero 9013 cell lines at both original and 10-fold diluted concentrations. For HRT-18G cell, reaction
solution was incubated on cell for 24 hr at 37 °C in 5% CO.. For other cell lines, incubation was 90
min. After a 24 hr or 90 min incubation, supernatant was removed, and the cells were fixed with 10%
formalin and stained with 1% crystal violate (FUJIFILM WAKO, Osaka, Japan). The addition of
surfactants in FaSSGF did not influence cytotoxic effect. The highest dilution without cytotoxic effect
was determined as the detection limit of virus quantification. The 90-min incubated groups were to

determine for PFA, 24-hour incubation groups were used for the TCIDs, assay.

4.3.6. Assessment of virucidal reactions of weak acids and FaSSGF

Viruses were mixed with oxalic acid, citric acid, acetic acid, FaASSGF and FaSSGF surfactant at the
ratio of 1:9 and incubated at room temperature for 1, 30, 60, 90 mins. After reactions, sodium
hydroxide was added to neutralize the pH to terminate the virucidal reaction, and were placed on ice
for 5 mins. Sterilized Mili-Q water was used in mock treatment. PEDV was cultured for 5 dpi, TGEV
and ECoV for 3 dpi; CVB2, FulV, and SARS-CoV-2 for 2 dpi, all maintained at 37 °C with 5% CO..

Infectious viral titers were determined by PFA and TCIDso.

4.3.7. Statistical analyses

Statistical analyses were performed using GraphPad Prism 10.2.3. Disinfectants activity was

compared to the control using an unpaired t-test, with statistical significance set at 2 < 0.05.
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4.4. Results

Prior to inactivation experiments, we first assessed the cytotoxic effects of each acid to determine
the detection limits of each virus titration using each cultured cell line. Neutralized acid samples were
serially diluted and applied to each cell line, after which cell death was observed. Samples of acetic,
citric, and oxalic acid were required 100-fold dilutions to exhibit non-toxicity for VeroE6/TMPRSS2,
Vero E6, CPK and HRT-18G cells (Table 1). Thus, detection limits were 10° pfu/ml (SARS-CoV-2,
PEDV, TGEV) or 10° TCIDs¢/mL (ECoV). On the other hand, FaSSGF did not show cytotoxicity in
most cells without dilutions of neutralized acid samples, except HRT-18G cell lines (Table 1),
indicating that detection limits of 10 pfu/mL (SARS-CoV-2, PEDV, TGEV, FulV and CVB2) or 10>
TCIDs¢/mL (ECoV).

Our previous study demonstrated that SARS-CoV-2 was significantly inactivated by acetic and
citric acids with more than 10*% pfu reductions compared with untreated controls after 1 min at pH 2,
whereas inactivation effect of oxalic acid was comparatively limited with almost no reductions at 1
min and 10'3* pfu reduction at 30 min [149].

Here, we examined the virucidal effects of weak acids of acetic acid, citric acid and oxalic acid
against PEDV, TGEV and ECoV under pH 2 condition. Acetic acid and citric acid significantly
reduced the virus titers of PEDV, TGEV and ECoV to below detection limits within 1 min as same as
SARS-CoV-2 (Fig. 1). Interestingly, virus titers of PEDV, TGEV and ECoV were not significantly
reduced by oxalic acid after 1 min (Fig. 1). Although virus titers of PEDV, TGEV and ECoV were
under detection limits after 30 min, those reductions were >10"" pfu/mL, >10"'° pfu/mL, and >10'¢’
TCIDso /mL similar to that of SARS-CoV-2 with >10"** pfu/mL (Fig. 1). These results indicated that
TGEYV, PEDV and ECoV were immediately inactivated by low pH 2 acids of acetic acid and citric
acid, although those effects of oxalic acid were limited, suggesting that TGEV, PEDV and ECoV are
susceptible to some kinds of acids at low pH conditions.

We next examined viral inactivation under simulated gastric acids conditions using FaSSGF
containing HCI and NacCl at pH 1.6. Remarkably, the virus titers of TGEV, PEDV and ECoV were not

significantly reduced after 1 min compared with their controls, and the virus titers were somewhat
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reduced after 30 mins, but the reductions were very limited, with less than 10"'? pfu/mL, 10'¢°
pfu/mL, and 10" TCIDs, /mL even after 90 min (Fig. 2). On the other hand, interestingly, SARS-
CoV-2 was significantly inactivated to below detection limits for 1 min (Fig. 2), indicating that
SARS-CoV-2 appears to be more vulnerable in FaSSGF. Enveloped FulV was also immediately
inactivated in 1 min (Fig. 2). Of note, the non-enveloped CVB2 did not show significant reductions of
infectious titers even after 90 min (Fig. 2), suggesting that non-enveloped viruses show significant
acid resistance in FaSSGF.

These observations suggest that TGEV, PEDV, and ECoV possess infectious stability in gastric
acid conditions at extremely low pH of 1.6, whereas infectivity of SARS-CoV-2 was readily
diminished in this condition. Therefore, despite the same coronavirus group, it is suggested that
gastrointestinal coronavirus such as TGEV and PEDV retain infectivity during gastrointestinal
passage, potentially contributing to fecal-oral or enteric transmission routes.

The gastric lumen also contains surfactants that play a crucial role in the breakdown and
emulsification of ingested materials, and these surfactants have been reported to affect virus
infectivity [166,167]. Therefore, we also examined the influence of the surfactants in the FaSSGF
surfactant. PEDV, TGEV, and ECoV maintained detectable infectivity in the FaSSGF surfactant even
after 90 min of treatment (Fig. 3), similar to the results of FaSSGF alone. On the other hand, SARS-
CoV-2 was significantly inactivated to below the detection limit in the FaSSGF surfactant within 1
min (Fig. 3). The enveloped FulV was also immediately inactivated in 1 min, whereas the non-
enveloped CVB2 showed significant acid resistance over 90 mins in the FaSSGF surfactant (Fig. 3).
These results suggest that surfactants did not affect the infectious stability of gastrointestinal
coronaviruses such as PEDV and TGEV, and these coronaviruses could survive through gastric acids
regardless of the presence of surfactant.

Pepsin is a representative digestive enzyme in the animal stomach. It is a proteolytic peptidase that
activates in acidic environments, raising the possibility of virucidal effects in the gastric [umen. Thus,
we next examined the inactivation effects of various concentration of pepsin in FaSSGF against
coronaviruses. Interestingly, after incubation with FaSSGF pepsin of more than 0.1 mg/mL, PEDV

was immediately inactivated to below detection limits in 1 min (Fig. 4). Virus titers of TGEV
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significantly decreased depending on pepsin concentration within 1 min and were inactivated to below
detection limits within 30 min (Fig. 4). ECoV titers also decreased depending on pepsin concentration
in 1 min and inactivated to below detection limits in 30 min (Fig. 4). SARS-CoV-2 and FulV were
inactivated below detection limits within 1 min (Fig. 4). On the other hand, inactivation effects
against CVB2 were not observed in 30 min even at 0.8 mg/mL pepsin (Fig. 4). These observations
suggest that the digestive enzyme pepsin exhibit virucidal effects against enveloped viruses including

PEDYV and TGEYV in the acidic condition of the gastric lumen.
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4.5. Discussion

In this study, we showed that despite possessing an enveloped structure, gastrointestinal
coronaviruses of PEDV, TGEV and ECoV exhibit a notable ability to withstand low pH conditions in
gastric acid environments, whereas SARS-CoV-2 was immediately inactivated. In general, oral
infectious viruses are non-enveloped viruses such as norovirus and rotavirus, hepatitis A and hepatitis
E viruses [168,169], and enveloped viruses seem to be vulnerable to disinfectants including low acid
solutions due to the lipid layer construction. Therefore, our observations raise the possibility of a
specific structure in the envelope of gastrointestinal coronavirus that confer resistance to low gastric
pH enabling oral infections. Our findings will provide an important clue to elucidate the mechanism
of oral infections due to enveloped viruses.

It is noteworthy that FaSSGF pepsin exhibit virucidal effects against PEDV, TGEV and ECoV,
whereas FaSSGF surfactants did not affect the resistance to low gastric pH. Gastric pH and pepsin
activity are influenced by age and food buffering effect, and adult animals have more developed
gastric lumen with robust pepsin production and activity[170]. In contrast, neonatal animals contain
little or no proteolytic activity in gastric lumen, with both acid and pepsin secretory capacities
increases with age and weaning [171,172]. Therefore, the greater infectivity with PEDV and TGEV in
piglets may be explained by the insufficient activity of digestive enzymes such as pepsin.

Interestingly, our previous observations suggested that the inactivation effects at pH 2 against
SARS-CoV-2 were different between weak acids including acetic, citric and oxalic acids [149], and
the current study also showed similar inactivation effects of weak acids against PEDV, TGEV and
ECoV. It is considered that the virucidal effect against coronavirus is likely driven by conformational
changes in viral proteins, particularly the spike protein, and virus exposure to low pH levels could
eliminate viral infectivity. On the other hand, low pH is known to facilitate viral entry by inducing
structural rearrangements for virus-membrane fusion, thereby leading to viral infection on host cell
[173,174]. This discrepancy of infectivity at low pH raises the possibility that conformational change
patterns are affected not only by pH, but also by other factors, such as the chemical properties of the

acid and the endosomal environment.
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Although coronaviruses show similar acids resistance to low pH in weak acids, PEDV, TGEV and
ECoV retained their infectivity following exposure to gastric acid conditions. Specific structural
features of the lipid envelope and the trimeric spike glycoprotein may relate to the different
susceptibility against low acid conditions. Previous studies on coronaviruses have suggested that the
conformational flexibility of the spike glycoprotein may contribute to viral survivability under acidic
conditions [175—177]. A cryo-electron tomography study revealed that exposure of SARS-CoV-2 to
highly acidic environments (<pH 3) induce partial unfolding of the spike protein, which impairs its
ability to bind host cell receptors and initiate infection [178]. Therefore, PEDV, TGEV and ECoV may
possess spike proteins with enhanced structural stability that preserve receptor-binding functionality
even under extreme pH stress, distinguishing them from SARS-CoV-2 in their ability to maintain
infectivity in the gastrointestinal environment.

In addition, the integrity of the viral lipid bilayer may be attributed to its unique lipid composition,
which is often enriched in ordered, raft-associated lipids such as sphingolipids and cholesterol,
forming a more rigid and stable membrane structure [179—181]. Such compositional differences could
explain why PEDV, TGEV and ECoV maintain integrity and infectivity under low-pH conditions
where SARS-CoV-2 may not. Further structural and biochemical investigations under low pH will be
required to characterize pH-induced conformational changes in the coronaviral spike and envelope.
These further studies will provide the important insights of not only fundamental aspects of various
coronavirus characteristic in acid but also inform antiviral design strategies targeting structural

stability in gastrointestinal environments.
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5.5. Figure legends

Figure 1. Inactivation effects of 1M acetic acid (AA), citric acid (CA) and oxalic acid (OA) against
PEDV, TGEV, ECoV and SARS-CoV-2 at pH 2 for 1 and 30 min. Negative control (NC) was
incubated with sterile distilled water instead of weak acids. Error bars represent the standard error of

triplicate measurements. Asterisk represented P<0.05.

Figure 2. The acid resistance of TGEV, PEDV, ECoV, SARS-CoV-2, enveloped FulV and non-
enveloped CVB2 in FaSSGF (Fa) at pH 1.6 in 1, 30, 60 and 90min. Negative control (NC) was
incubated with sterile distilled water instead of weak acids. Error bars represent the standard error of

triplicate measurements. Asterisk represented P<0.05.

Figure 3. The acid resistance of coronaviruses in FaSSGF surfactant (FS) at pH 1.6 for 1, 30, 60 and
90 min. Negative control (NC) was incubated with sterile distilled water instead of weak acids. Error

bars represent the standard error of triplicate measurements. Asterisk represented P<0.05.

Figure 4. The acid resistance of coronaviruses in 0.1, 0.3, 0.4, 0.8 mg/ml of FaSSGF pepsin (FP) at
pH 1.6 for 1, 30, 60 and 90 min. Negative control (NC) was incubated with sterile distilled water
instead of weak acids. Error bars represent the standard error of triplicate measurements. Asterisk

represented P<0.05.
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5.6. Figures
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Fig.2

Log pfu/mL
w - W

o

+ W

Log TCIDs,/mL
w

3]

W

Log pfu/mL
3] [9%} N

—_

PEDV
- . . .
[ 1 (! /I
NCFa NCFa NCFa NCFa
1 30 60 90 min
ECoV
%
== l *
[l *
H_h ’_\
NCFa NCFa NCFa NCFa
1 30 60 90 min
FulV
r % * * *
ﬂ | |
NCFa NCFa NCFa NCFa
1 30 60 90 min

75

TGEV

S & * *

i 1 — ™

£

Q-<3-

on

=2t

l T 4 4 F & & & 3 F E X 1
NCFa NCFa NCFa NCFa
1 30 60 90 min
SARS-CoV-2

S ¢ % * ¥ &
[ — = L)

Ha L

£

3

en

32 F

!l Mttt
NCFa NCFa NCFa NCFa
1 30 60 90 min

CVB2

6._

20

84T

w3 |

o

S5 L

1 ————————1

NCFa NCFa NCFa

1 30 60

NC Fa
90 min



Fig.3
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Fig4
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5.7. Tables

Table 1. Required dilutions of reaction samples containing weak acids and FaSSGF for virus

titrations
Required dilutions
Cell lines used for virus
virus o FaSSGF,
titration . . . . .. .
Acetic acid Oxalic acid Citric acid
surfactant
SARS-CoV-2 VeroE6/TMPRSS2 10? 10? 10? 10°
PEDV Vero E6 102 10? 10? 10°
TGEV CPK 10? 10? 10? 10°
ECoV HRT-18G 10? 10? 10? 10!
FulVv MDCK - - - 10°
CVB2 Vero9013 - - - 10°
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5. General conclusion

In this dissertation, the virucidal efficacy of various common disinfectants was evaluated
against both enveloped and non-enveloped viruses. The enveloped viruses tested included SARS-
CoV-2, enteric coronaviruses, and feline calicivirus (FulV), while the non-enveloped viruses included

coxsackievirus B2 (CVB2), human adenovirus type 56 (HAdV-D56), and feline calicivirus (FCV).

In CHAPTER 1, the viral inactivation efficacy of weak acids was assessed under different pH
condition. The findings revealed that virucidal activity is determined not only by pH but also by the
specific acid component. Interestingly, SARS-CoV-2, despite being an enveloped coronavirus,
showed significant resistance to low pH conditions when exposed to oxalic acid. Furthermore, the
results suggest that vinegars with acetic acid as its primary component, may serve as practical

disinfectant against certain enveloped viruses, such as FulV in domestic environment.

These findings challenge the prevailing assumption that enveloped viruses are sensitive to
low pH environment due to its lipid membrane. Therefore, it is essential to evaluate the virucidal

spectrum of disinfectant across a broader range of both enveloped and non-enveloped viruses.

In CHAPTER 2, the authors explored the virucidal efficacy of 18 types of contact lens
disinfectants containing various detergent components against the pathogenic viruses causing
conjunctivitis, including of enveloped virus of SARS-CoV-2 and non-enveloped virus of HAdV-D56.
Sodium hypochlorite- and hydrogen peroxide-based contact lens (CL) disinfectants reduced both
viruses to below the detection limit. In contrast, salicylic acid and certain PHMB-based CL
disinfectants effectively inactivated enveloped SARS-CoV-2 but not non-enveloped HAdV-D56,
while other PHMB formulations, e-polylysine, PQ-1 and alexidine hydrochloride did not exhibit

efficient inactivation against either virus.

These results indicate that sodium hypochlorite- and hydrogen peroxide-based CL
disinfectants have broad-spectrum virucidal activity against both enveloped and non-enveloped
viruses. Given that HAdV-D56 is a major causative agent of conjunctivitis, CL disinfectants are

recommended for daily contact lens sanitization in accordance with the manufacturer’s protocol.
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In CHAPTER 3, given the result as mentioned in CHAPTER 1, the ability of enveloped
coronaviruses to survive in human gastric acid were examined. Despite of its lipid enveloped
membrane, enteric coronaviruses including PEDV, TGEV and ECoV showed significant ability to
withstand acidic conditions in the gastric environment. In contrast, SARS-CoV-2 was rapidly

inactivated to below the detection limit.

These finding challenge the paradigm that enveloped viruses are generally vulnerable to
acidic solutions due to its lipid membrane. These results revealed that gastrointestinal coronaviruses
possess specific structural features within their envelope that confer resistance to low gastric pH,
thereby enabling oral infection. The findings provide important clues for elucidating the mechanisms

underlying oral infection by enteric coronaviruses.

80



6. Acknowledgment

The present studies were carried at the Laboratory of Veterinary Microbiology, Joint Faculty

of Veterinary Medicine, Yamaguchi University, Japan, from 2022 to 2026.

I would like to express my deepest gratitude to my professors for their patience, guidance and
invaluable feedback throughout this journey. I could not have undertaken or completed without
Professor Daisuke Hayasaka, who generously accepted me into the program and continuously
provided support and opportunities to challenge myself and grow. His advice on experimental design,
manuscript writing, and revision strategies during the publication process has been essential to my

development as a researcher.

I am also profoundly grateful to Professor Hiroshi Shimoda, who taught me many
fundamental skills when I first joined the laboratory as an undergraduate third-year student, and who
has continued to support me generously throughout my entire time in graduate school. His
encouragement, thoughtful guidance, and constant willingness to help have been a great source of

strength and motivation.

I would like to extend my sincere thanks to all of my cohort members, especially my
colleagues, for their daily assistance, for keeping the workplace organized, for maintaining materials
and reagents to ensure smooth experimentation, and for their moral support through both successful
and difficult times. The friendly and collaborative atmosphere in the lab made this long journey much
more enjoyable and meaningful. Special thanks also go to Professor Shingo Inoue (Department of
Virology, Institute of Tropical Medicine, Nagasaki University), Dr. Hideki Tani and Dr. Yumiko Saga
(Department of Virology, Toyama Institute of Health) for generously sharing experimental expertise. I

am deeply thankful to the JST-SPRING program for its financial support.

Finally, I would like to thank my family and friends for their understanding, encouragement,
and unwavering belief in me. Their support has been an indispensable source of comfort and strength

throughout the course of my studies.

81



7. References

1. Doyle LP. 1951. Transmissible gastroenteritis of pigs. North Am Vet 32: 477-478.

2. Olech M, Antas M. 2025. Transmissible gastroenteritis virus (TGEV) and Porcine respiratory
coronavirus (PRCV): Epidemiology and molecular characteristics—An updated overview. Viruses 17:
493,

3. Oh Y-I, Yang D-K, Cho S-D, Kang H-K, Choi S-K, Kim Y-J, Hyun B-H, Song J-Y. 2011. Sero-
surveillance of Transmissible gastroenteritis virus (TGEV) and Porcine respiratory coronavirus
(PRCYV) in South Korea. J Bacteriol Virol 41: 189—193.

4, Miyazaki A, Fukuda M, Kuga K, Takagi M, Tsunemitsu H. 2010. Prevalence of antibodies against
Transmissible gastroenteritis virus and Porcine respiratory coronavirus among pigs in six regions in
Japan. J Vet Med Sci 72: 943.

5. Chen S, Zhang H, Chu M, Cheng W, Zhai J, Wang H, Chen X, Qi Y. 2023. Prevalence of
transmissible gastroenteritis among swine populations in China during 1983-2022: A systematic
review and meta-analysis. Microb Pathog 183: 106320.

6. Guo R, Fan B, Chang X, Zhou J, Zhao Y, Shi D, Yu Z, He K, Li B. 2020. Characterization and
evaluation of the pathogenicity of a natural recombinant transmissible gastroenteritis virus in China.
Virology 545: 24-32.

7. Yuan D, Yan Z, Li M, Wang Y, Su M, Sun D. 2021. Isolation and characterization of a Porcine
transmissible gastroenteritis coronavirus in Northeast China. Front Vet Sci 8: 611721.

8. Xul,DaiH, Luo Z, Zhu L, Zhao J, Lee F, Liu Z, Nie M, Wang X, Zhou Y, Xu Z. 2023.
Characterization and evaluation of the pathogenicity of a natural gene-deleted Transmissible
gastroenteritis virus in China. Transbound Emerg Dis 2023: 2652850.

9. Laude H, Rasschaert D, Delmas B, Godet M, Gelfi J, Charley B. 1990. Molecular biology of
transmissible gastroenteritis virus. Vet Microbiol 23: 147-154.

10. Cavanagh D, Britton P. 2008. Coronaviruses: General features. Encycl Virol 549-554.

11. Yang X, Kong N, Shan T. 2025. Veterinary virology of domestic and pet animals. Springer
Nature Switzerland. 1-14.

12. Pu J, Chen D, Tian G, He J, Zheng P, Huang Z, Mao X, YuJ, Luo Y, Luo J, Yan H, Wu A, YuB.
2024. All-trans retinoic acid alleviates transmissible gastroenteritis virus-induced intestinal
inflammation and barrier dysfunction in weaned piglets. J Anim Sci Biotechnol 15: 22.

13. Chen Y, Zhang Y, Wang X, Zhou J, Ma L, Li J, Yang L, Ouyang H, Yuan H, Pang D. 2023.
Transmissible gastroenteritis virus: An update review and perspective. Viruses 15: 359.

14. CHAPTER 3.9.10. TRANSMISSIBLE GASTROENTERITIS. WOAH Terrestrial Manual 2008.

https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.09.10_TRANSMISS GASTRO
.pdf. Accessed 09 March 2026.

82



15. Diego MD, Laviada MD, Enjuanes L, Escribano JM. 1992. Epitope specificity of protective
lactogenic immunity against swine transmissible gastroenteritis virus. J Virol 66: 6502—6508.

16. Lee C. 2015. Porcine epidemic diarrhea virus: An emerging and re-emerging epizootic swine
virus. Virol J12: 193.

17. Pensaert MB, Bouck P de. 1978. A new coronavirus-like particle associated with diarrhea in
swine. Arch Virol 58: 243-247.

18. Pensaert MB, Martelli P. 2016. Porcine epidemic diarrhea: A retrospect from Europe and matters
of debate. Virus Res 226: 1-6.

19. Kusanagi K, Kuwahara H, Katoh T, Nunoya T, Ishikawa Y, Samejima T, Tajima M. 2008.
Isolation and serial propagation of Porcine epidemic diarrhea virus in cell cultures and partial
characterization of the isolate. J Vet Méd Sci 54: 313.

20. Takahashi K, Okada K, Ohshima K. 2008. An outbreak of swine diarrhea of a new-type associated
with coronavirus-like particles in Japan. Jpn J Vet Sci 45: 829.

21. Sueyoshi M, Tsuda T, Yamazaki K, Yoshida K, Nakazawa M, Sato K, Minami T, Iwashita K,
Watanabe M, Suzuki Y, Mori M. 1995. An immunohistochemical investigation of porcine epidemic
diarrhoea. J Comp Pathol 113: 59-67.

22. Yamakawa M, Miyazaki A, Suzuki T, Ohashi S. 2015. Characteristics of the 2013-2014 strains of
Porcine epidemic diarrhea virus. J Vet Epidemiology 18: 114.

23. Sasaki Y, Sekiguchi S, Toyomaki H, Makita K, Sueyoshi M. 2019. Assessment of the economic
impact of Porcine epidemic diarrhea (PED) epidemic in the Southern Kyushu, Japan. .J Vet
Epidemiology 23: 53-62.

24. Sun R-Q, Cai R-J, Chen Y-Q, Liang P-S, Chen D-K, Song C-X. 2012. Outbreak of Porcine
epidemic diarrhea in suckling piglets, China. Emerg Infect Dis 18: 161-163.

25. Huang Y-W, Dickerman AW, Pifieyro P, Li L, Fang L, Kiehne R, Opriessnig T, Meng X-J. 2013.
Origin, evolution, and genotyping of emergent Porcine epidemic diarrhea virus strains in the United
States. mBio 4: e00737-13.

26. Kocherhans R, Bridgen A, Ackermann M, Tobler K. 2001. Completion of the Porcine epidemic
diarrhoea coronavirus (PEDV) genome sequence. Virus Genes 23: 137—-144.

27. Song D, Park B. 2012. Porcine epidemic diarrhoea virus: A comprehensive review of molecular
epidemiology, diagnosis, and vaccines. Virus Genes 44: 167—175.

28.Bi J, Zeng S, Xiao S, Chen H, Fang L. 2012. Complete genome sequence of Porcine epidemic
diarrhea virus strain AJ1102 isolated from a suckling piglet with acute diarrhea in China. J Virol 86:
10910-10911.

29. Zhang Y, Chen Y, Zhou J, Wang X, Ma L, Li J, Yang L, Yuan H, Pang D, Ouyang H. 2022.
Porcine epidemic diarrhea virus: An updated overview of virus epidemiology, virulence variation

patterns and virus—host interactions. Viruses 14: 2434.

30. Lopez-Figueroa C, Cano E, Navarro N, Pérez-Maillo M, Pujols J, Nufiez JI, Vergara-Alert J,
Segalés J. 2023. Clinical, pathological and virological outcomes of tissue-homogenate-derived and

83



cell-adapted strains of Porcine epidemic diarrhea virus (PEDV) in a neonatal pig model. Viruses 16:
44,

31. Zhang M, Yin M, Liu P. 2025. Porcine epidemic diarrhea-virus-induced cell death: Mechanistic
insights and therapeutic strategies. Ver Sci 12: 1050.

32. Jung K, Saif LJ. 2015. Porcine epidemic diarrhea virus infection: Etiology, epidemiology,
pathogenesis and immunoprophylaxis. Vet J204: 134—143.

33. Biehl LG, Hoefling DC. 1986. Diagnosis, treatment, and prevention of diarrhea in 7- to 14-day-
old pigs. J Am Vet Méd Assoc 188: 1144—1146.

34. Drolet R, Morin M, Fontaine M. 1985. Fluid therapy trials in neonatal piglets infected with
transmissible gastroenteritis virus. Can J Comp Med : Rev Can Med Comp 49: 357-360.

35. Sun D, Wang X, Wei S, Chen J, Feng L. 2016. Epidemiology and vaccine of porcine epidemic
diarrhea virus in China: a mini-review. J Vet Med Sci 78: 355-363.

36. Oue Y, Ishihara R, Edamatsu H, Morita Y, Yoshida M, Yoshima M, Hatama S, Murakami K,
Kanno T. 2011. Isolation of an equine coronavirus from adult horses with pyrogenic and enteric
disease and its antigenic and genomic characterization in comparison with the NC99 strain. Vet
Microbiol 150: 41-48.

37. Narita M, Nobumoto K, Takeda H, Moriyama T, Morita Y, Nakaoka Y. 2011. Prevalence of
disease with inference of Equine coronavirus infection among horses stabled in a draft-horse
racecourse. J Jpn Vet Med Assoc 64: 535-539.

38. Oue Y, Morita Y, Kondo T, Nemoto M. 2013. Epidemic of Equine coronavirus at Obihiro
racecourse, Hokkaido, Japan in 2012. J Vet Med Sci 75: 1261.

39. Mattei DN, Kopper JJ, Sanz MG. 2020. Equine coronavirus-associated colitis in horses: A
retrospective study. J Equine Vet Sci 87: 102906—102906.

40. Zhang J, Guy JS, Snijder EJ, Denniston DA, Timoney PJ, Balasuriya UBR. 2007. Genomic
characterization of equine coronavirus. Virology 369: 92—104.

41. Zehr JD, Pond SLK, Shank SD, McQueary H, Grenier JK, Whittaker GR, Stanhope MJ, Goodman
LB. 2024. Positive selection, genetic recombination, and intra-host evolution in novel equine
coronavirus genomes and other members of the Embecovirus subgenus. Microbiol Spectr 12: e00867-
24,

42. Pusterla N. 2023. Equine coronaviruses. Vet Clin North Am: Equine Pr 39: 55-71.

43. Pusterla N, Vin R, Leutenegger CM, Mittel LD, Divers TJ. 2018. Enteric coronavirus infection in
adult horses. Vet J231: 13—18.

44. Sanz MG, Kwon S, Pusterla N, Gold JR, Bain F, Evermann J. 2019. Evaluation of equine
coronavirus fecal shedding among hospitalized horses. J Vet Intern Med 33: 918-922.

45. Haywood LMB, Sheahan BJ. 2024. A review of epithelial ion transporters and their roles in
equine infectious colitis. Ver Sci 11: 480.

84



46. Giannitti F, Diab S, Mete A, Stanton JB, Fielding L, Crossley B, Sverlow K, Fish S, Mapes S,
Scott L, Pusterla N. 2015. Necrotizing enteritis and hyperammonemic encephalopathy associated with
Equine coronavirus infection in equids. Vet Parthol 52: 1148-1156.

47. Fielding CL, Higgins JK, Higgins JC, McIntosh S, Scott E, Giannitti F, Mete A, Pusterla N. 2015.
Disease associated with Equine coronavirus infection and high case fatality rate. J Vet Intern Med 29:
307-310.

48. Roberts MC. 2014. Biosecurity and equine infectious diseases. Encycl Agric Food Syst 61-68.

49. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu R, Niu P, Zhan F,
Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W, Team CNCI and R. 2020. A novel coronavirus from
patients with pneumonia in China, 2019. N Engl J Med 382: 727-733.

50. Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J, Silva TI de, Peacock SJ, Barclay
WS, Silva TI de, Towers GJ, Robertson DL. 2023. SARS-CoV-2 variant biology: Immune escape,
transmission and fitness. Nat Rev Microbiol 21: 162—1717.

51. Lavine JS, Bjornstad ON, Antia R. 2021. Immunological characteristics govern the transition of
COVID-19 to endemicity. Sci (N York, Ny) 371: 741-745.

52. Moll MEC, Tijerina VLM, Ramirez BS, Urquides KP, Escalante LAG, Guajardo BLE, Luna JEC,
Pérez RC, Garcia SG, Ledn MB de. 2023. Sex, age, and comorbidities are associated with SARS-
CoV-2 infection, COVID-19 severity, and fatal outcome in a mexican population: A retrospective
multi-hospital study. J Clin Med 12: 2676.

53. Sharun K, Dhama K, Pawde AM, Gortazar C, Tiwari R, Bonilla-Aldana DK, Rodriguez-Morales
Al, Fuente J de la, Michalak I, Attia YA. 2021. SARS-CoV-2 in animals: potential for unknown
reservoir hosts and public health implications. Ver O 41: 181-201.

54. Olival KJ, Cryan PM, Amman BR, Baric RS, Blehert DS, Brook CE, Calisher CH, Castle KT,
Coleman JTH, Daszak P, Epstein JH, Field H, Frick WF, Gilbert AT, Hayman DTS, Tp HS, Karesh
WB, Johnson CK, Kading RC, Kingston T, Lorch JM, Mendenhall 1H, Peel AJ, Phelps KL, Plowright
RK, Reeder DM, Reichard JD, Sleeman JM, Streicker DG, Towner JS, Wang L-F. 2020. Possibility
for reverse zoonotic transmission of SARS-CoV-2 to free-ranging wildlife: A case study of bats. PLoS
Pathog 16: ¢1008758.

55. Troyano-Hernéez P, Reinosa R, Holguin A. 2021. Evolution of SARS-CoV-2 envelope,
membrane, nucleocapsid, and spike structural proteins from the beginning of the pandemic to
September 2020: A global and regional approach by epidemiological week. Viruses 13: 243.

56. Baj I, Karakuta-Juchnowicz H, Teresinski G, Buszewicz G, Ciesielka M, Sitarz E, Forma A,
Karakuta K, Flieger W, Portincasa P, Maciejewski R. 2020. COVID-19: Specific and non-specific
clinical manifestations and symptoms: The current state of knowledge. J Clin Med 9: 1753.

57. Vetter P, Vu DL, L’Huillier AG, Schibler M, Kaiser L, Jacquerioz F. 2020. Clinical features of
covid-19. BAMJ 369: m1470.

58. Tsai P-H, Lai W-Y, Lin Y-Y, Luo Y-H, Lin Y-T, Chen H-K, Chen Y-M, Lai Y-C, Kuo L-C, Chen

S-D, Chang K-J, Liu C-H, Chang S-C, Wang F-D, Yang Y-P. 2020. Clinical manifestation and
disease progression in COVID-19 infection. J Chin Med Assoc 84: 3-8.

85



59. Chavda VP, Vuppu S, Mishra T, Kamaraj S, Patel AB, Sharma N, Chen Z-S. 2022. Recent review
of COVID-19 management: diagnosis, treatment and vaccination. Pharmacol Rep 74: 1120—1148.

60. Taubenberger JK, Morens DM. 2019. The 1918 influenza pandemic and its legacy. Cold Spring
Harb Perspect Med 10: a038695.

61. Worobey M, Han G-Z, Rambaut A. 2014. Genesis and pathogenesis of the 1918 pandemic HIN1
influenza A virus. Proc Natl Acad Sci 111: 8107-8112.

62. Shen J, Ma J, Wang Q. 2009. Evolutionary trends of A(HIN1) Influenza virus hemagglutinin
since 1918. PLoS ONE 4: e7789.

63. Feldblyum TV, Segal DM. 2015. Seasonal and pandemic influenza surveillance and disease
severity. Glob Virol - Identifying Investig Viral Dis 761-789.

64. Taubenberger JK. 2019. Scientific insights into the 1918 influenza pandemic and their
implications for the future. Proc Am Philos Soc 163: 312-324.

65. McHardy AC, Adams B. 2009. The role of genomics in tracking the evolution of Influenza A
virus. PLoS Pathog 5: €1000566.

66. Jain R, Goldman RD. 2009. Novel influenza A(HIN1): clinical presentation, diagnosis, and
management. Pediatr Emerg care 25: 791-6.

67. Hayden FG, deJong MD. 2013. Textbhook of Influenza. 371-391.

68. Rothberg MB, Haessler SD. 2010. Complications of seasonal and pandemic influenza. Crit Care
Med 38: e91—97.

69. Grohskopf LA, Sokolow LZ, Broder KR, Olsen SJ, Karron RA, Jernigan DB, Bresee JS. 2016.
Prevention and control of seasonal influenza with vaccines. MMWR Recomm Rep 65: 1-54.

70. Rewar S, Mirdha D, Rewar P. 2015. Treatment and prevention of pandemic HIN1 influenza. Ann
Glob Heal 81: 645—653.

71. Otto WR, Lamson DM, Gonzalez G, Weinberg GA, Pecora ND, Fisher BT, George KSt, Kajon
AE. 2021. Fatal neonatal sepsis associated with Human adenovirus type 56 infection: Genomic
analysis of three recent cases detected in the United States. Viruses 13: 1105.

72. Robinson CM, Singh G, Henquell C, Walsh MP, Peigue-Lafeuille H, Seto D, Jones MS, Dyer
DW, Chodosh J. 2011. Computational analysis and identification of an emergent human adenovirus
pathogen implicated in a respiratory fatality. Virology 409: 141-147.

73. Hiroi S, Furubayashi K, Kawahata T, Morikawa S, Kase T. 2012. A case of urethritis caused by
Human adenovirus type 56. Jpn J Infect Dis 65: 273.

74. Huang G, Yao W, Yu W, Mao L, Sun H, Yao W, Tian J, Wang L, Bo Z, Zhu Z, Zhang Y, Zhao Z,
Xu W. 2014. Outbreak of epidemic keratoconjunctivitis caused by Human adenovirus type 56, China,
2012. PLoS ONE 9: e110781.

75. Ushijima H, Hoque SA, Hanaoka N, Yan H, Kobayashi M, Nishimura S, Sugita K, Onda-Shimizu

Y, Pham NTK, Quang TD, Kumthip K, Akari Y, Okitsu S, Hayakawa S, Hayashi K, Komoto S,
Komine-Aizawa S, Maneekarn N, Khamrin P. 2025. Molecular epidemiology of adenoviruses and

86



emergence of HAdV-D356 in pediatric patients with gastroenteritis in Japan from 2018 to 2023. J Med
Virol 97: €70700.

76. Ganime AC, Carvalho-Costa FA, Santos M, Filho RC, Leite JPG, Miagostovich MP. 2014.
Viability of human adenovirus from hospital fomites: Viability of human adenovirus from Fomites. J
Med Virol 86: 2065-2069.

77. Jernigan JA, Lowry BS, Hayden FG, Kyger SA, Conway BP, Groschel DHM, Farr BM. 1993.
Adenovirus type 8 epidemic keratoconjunctivitis in an eye clinic: Risk factors and control. .J Infect
Dis 167: 1307-1313.

78. Gordon YJ, Gordon RY, Romanowski E, Araullo-Cruz TP. 1993. Prolonged recovery of
desiccated adenoviral serotypes 5, 8, and 19 from plastic and metal surfaces in vitro. Ophthalmology
100: 1835-1840.

79. Tsui E, Sella R, Tham V, Kong AW, McClean E, Goren L, Bahar I, Cherian N, Ramirez J,
Hughes RE, Privratsky JK, Onclinx T, Feit-Leichman R, Cheng A, Molina I, Kim P, Yu C, Ruder K,
Tan A, Chen C, Liu Y, Abraham T, Hinterwirth A, Zhong L, Porco TC, Lietman TM, Seitzman GD,
Doan T, Group SS, Prajna L, Prajna NV, Gunasekaran R, Sharma SS, Teja V, Chaudhary M, Sitaula
S, Sié A, Coulibaly B, Bountogo M, Somkijrungroj T, Satitpitakul V, Tran H, Mai LH, Xuan TH,
Tran Y, Urzua CA, Vega F, Salgado F, Cuitino L, Pérez FP, Martinez JM, Lansingh VC, Thanapaisal
S, Laovirojjanakul W, McKie G, Chavez K, Redd T, Chamberlain W, Sansanayudh W, Yakoura
AKH, Amza A, Souley ASY, Diori AN, Nassirou B, Kadri B, Mariama B, Tbrahim CM, Roufaye LA,
Boulhassane R, Ali S, Abdou Z, Kelliher C, Green L, Ong HS, Mehta J, Liu Y-C, Hwang D-K, Fan
N-W, Chiong HS, Lacorzana J, Cabrera-Aguas M, Watson S, Lebas E, Colby E, McLeod S, Kanai K,
Whiteside M, Yeh S, Fashina T, Chodosh J, Tarkap B, Garap JN, Mangot M, Amel E, Taleo F, Kasso
J, Willie K, Nanu M, Rymill P, Solomon AW. 2023. Pathogen surveillance for acute infectious
conjunctivitis. JAMA Ophthalmol 141: 1140-1144.

80. Danskog K, Petersen F, Frangsmyr L, Gonzalez G, Becker M, Lenman A, Arnberg N. 2025.
CD46 is a cellular receptor for species D human adenovirus. mBio 16: e01587-25.

81. Persson BD, John L, Rafie K, Strebl M, Friangsmyr L, Ballmann MZ, Mindler K, Havenga M,
Lemckert A, Stehle T, Carlson L-A, Arnberg N. 2021. Human species D adenovirus hexon capsid
protein mediates cell entry through a direct interaction with CD46. Proc Natl Acad Sci 118:
€2020732118.

82. Duffy MR, Alonso-Padilla J, John L, Chandra N, Khan S, Ballmann MZ, Lipiec A, Heemskerk E,
Custers J, Arnberg N, Havenga M, Baker AH, Lemckert A. 2017. Generation and characterization of
a novel candidate gene therapy and vaccination vector based on human species D adenovirus type 56.
J Gen Virol 99: 135-147.

83. MacNeil KM, Dodge MJ, Evans AM, Tessier TM, Weinberg JB, Mymryk JS. 2023. Adenoviruses
in medicine: Innocuous pathogen, predator, or partner. Trends Mol Med 29: 4—19.

84. Clinical Overview of Adenovirus | Adenovirus | CDC.
https://www.cdc.gov/adenovirus/hcp/clinical-overview/index.html. Accessed 09 March 2026.

85. Profio FD, Carnevale M, Marsilio F, Pellegrini F, Martella V, Martino BD, Sarchese V. 2025.

Feline calicivirus infection: Current understanding and implications for control strategies. Animal :
Open Access J MDPI 15: 2009.

87



86. Feline Calicivirus | Cornell University College of Veterinary Medicine.
https://www.vet.cornell.edu/departments-centers-and-institutes/baker-institute-animal-health/research-
baker-institute/feline-calicivirus. Accessed 09 March 2026.

87. Afonso MM, Pinchbeck GL, Smith SL, Daly JM, Gaskell RM, Dawson S, Radford AD. 2017. A
multi-national European cross-sectional study of feline calicivirus epidemiology, diversity and
vaccine cross-reactivity. Vaccine 35: 2753-2760.

88. Spiri AM, Meli ML, Riond B, Herbert I, Hosie MJ, Hofmann-Lehmann R. 2019. Environmental
contamination and hygienic measures after Feline calicivirus field strain infections of cats in a
research facility. Viruses 11: 958.

89. Urban C, Luttermann C. 2020. Major capsid protein aynthesis from the genomic RNA of Feline
calicivirus. J Virol 94: 10.1128/jvi.00280-20.

90. Zonta W, Mauroy A, Farnir F, Thiry E. 2016. Comparative virucidal efficacy of seven
disinfectants against Murine norovirus and Feline calicivirus, surrogates of Human norovirus. Food
Environ Virol 8: 1-12.

91. Foley I, Hurley K, Pesavento PA, Poland A, Pedersen NC. 2005. Virulent systemic feline
calicivirus infection: Local cytokine modulation and contribution of viral mutants. J Feline Med Surg
8: 55-61.

92. Wei Y, Zeng Q, Gou H, Bao S. 2024. Update on feline calicivirus: viral evolution, pathogenesis,
epidemiology, prevention and control. Front Microbiol 15: 1388420.

93. Hofmann-Lehmann R, Hosie MJ, Hartmann K, Egberink H, Truyen U, Tasker S, Beldk S,
Boucraut-Baralon C, Frymus T, Lloret A, Marsilio F, Pennisi MG, Addie DD, Lutz H, Thiry E,
Radford AD, Mostl K. 2022. Calicivirus infection in cats. Viruses 14: 937.

94. Pozzetto B, Gaudin OG. 1999. Coxsackieviruse (Picornaviridae). Encycl Virol 305-311.

95. Alexander JP, Chapman LE, Pallansch MA, Stephenson WT, Torok TJ, Anderson LJ. 1993.
Coxsackievirus B2 infection and aseptic meningitis: A focal outbreak among members of a high
school football team. J Infect Dis 167: 1201-1205.

96. Kriger O, Abramovich A, Fratty IS, Leshem E, Amit S, Stein M, Ben-Zeev B, Via-Dorembus S,
Hoffmann C, Rabinowicz S, Weil M. 2023. An outbreak of Coxsackievirus B type 2 acute
meningoencephalitis in children, Israel, July—September 2022. Pediatr Infect Dis J 42: e177—e179.

97. Mone K, Lasrado N, Sur M, Reddy J. 2023. Vaccines against group B Coxsackieviruses and their
importance. Vaccines 11: 274.

98. Berger IR, Chumley W, Pittman T, Given C, Nuovo G. 2006. Persistent Coxsackie B encephalitis:
Report of a case and review of the literature. J NeuroVirology 12: 511-516.

99. Pevear DC, Tull TM, Seipel ME, Groarke JM. 1999. Activity of pleconaril against enteroviruses.
Antimicrob Agents Chemother 43: 2109-2115.

100. Rajendran DS, Devi EG, Subikshaa VS, Sethi P, Patil A, Chakraborty A, Venkataraman S,

Kumar VV. 2025. Recent advances in various cleaning strategies to control membrane fouling: a
comprehensive review. Clean Technol Environ Polic 27: 649—664.

88



101. SuH, Chai J, Li X, Kong Y, Zhang Y, Kang J, Dong A. 2024. Development and trend of dairy
cleaning agents. .J Surfactants Deterg 27: 465—-481.

102. Whittaker C, Ridgway H, Olson BH. 1984. Evaluation of cleaning strategies for removal of
biofilms from reverse-osmosis membranes. App! Environ Microbiol 48: 395-403.

103. Raval YS, Flurin L, Mohamed A, Greenwood-Quaintance KE, Beyenal H, Patel R. 2021. In vitro
antibacterial activity of hydrogen peroxide and hypochlorous acid, including that generated by
electrochemical scaffolds. Antimicrob Agents Chemother 65: 10.1128/aac.01966-20.

104. Singh DP, Moore CA, Gilliland A, Carr JP. 2004. Activation of multiple antiviral defence
mechanisms by salicylic acid. Mol Plant Pathol 5: 57-63.

105. Sowlati-Hashjin S, Carbone P, Karttunen M. 2020. Insights into the polyhexamethylene
biguanide (PHMB) mechanism of action on bacterial membrane and DNA: A molecular dynamics

study. hioRxiv 2020.03.25.007732.

106. Hyldgaard M, Mygind T, Vad BS, Stenvang M, Otzen DE, Meyer RL. 2014. The antimicrobial
mechanism of action of epsilon-poly-1-lysine. App! Environ Microbiol 80: 7758-7770.

107. Codling CE, Maillard J-Y, Russell AD. 2003. Aspects of the antimicrobial mechanisms of action
of a polyquaternium and an amidoamine. J Antimicrob Chemother 51: 1153—1158.

108. Giannella RA, Broitman SA, Zamcheck N. 1972. Gastric acid barrier to ingested microorganisms
in man: Studies in vivo and in vitro. Gur 13: 251.

109. Martinsen TC, Bergh K, Waldum HL. 2005. Gastric juice: A barrier against infectious diseases.
Basic Clin Pharmacol Toxicol 96: 94—102.

110. Dressman JB, Berardi RR, Dermentzoglou LC, Russell TL, Schmaltz SP, Barnett JL, Jarvenpaa
KM. 1990. Upper gastrointestinal (GI) pH in young, healthy men and women. Pharm Res 7: 756-761.

111. Statement on the fourteenth meeting of the International Health Regulations (2005) Emergency
Committee regarding the coronavirus disease (COVID-19) pandemic.

112. Adam D. 2023. When will COVID stop being a global emergency? Nature 614: 201-202.

113. WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard With
Vaccination Data. https://covid19.who.int/. Accessed 18 Sep 2023.

114. Influenza A (H1N1) variant virus - the Netherlands. https://www.who.int/emergencies/disease-
outbreak-news/item/2023-DON486. Accessed 18 Sep 2023.

115. Gilbertson B, Subbarao K. 2023. Mammalian infections with highly pathogenic avian influenza
viruses renew concerns of pandemic potential. J Exp Med 220: €20230447.

116. Public health resource pack for countries experiencing outbreaks of influenza in animals: revised
guidance. https://www.who.int/publications/i/item/9789240076884. Accessed 18 Sep 2023.

117. INFOSAN Quarterly Summary, 2023 #2. https://www.who.int/news/item/14-09-2023-infosan-
quarterly-summary-2023-2. Accessed 18 Sep 2023.

89



118. Suita A, Ohfuji S, Fukushima W, Ito K, Kase T, Kondo K, Ishibashi M, Kumashiro H, Kawai S,
Deguchi A, Nakata H, Iba K, Kita T, Kinugawa K, Hamada K, Fujimoto M, Furukawa Y, Sowa E,
Nakazawa H, Hirota Y. 2023. Incidence and risk factors for norovirus-related diarrhea in Japanese
geriatric intermediate care facilities: A prospective cohort study. Geriatr Gerontol Int 23: 179—187.

119. Nomura T, Nazmul T, Yoshimoto R, Higashiura A, Oda K, Sakaguchi T. 2021. Ethanol
susceptibility of SARS-CoV-2 and other enveloped viruses. Biocontrol Sci 26: 177—-180.

120. Moorer W. 2003. Antiviral activity of alcohol for surface disinfection. /nt J Dent Hyg 1: 138—
142.

121. Shirai J, Kanno T, Tsuchiya Y, Mitsubayashi S, Seki R. 2000. Effects of chlorine, iodine, and
quaternary ammonium compound disinfectants on several exotic disease viruses. J Vet Med Sci 62:
85-92.

122. Gallina L, Scagliarini A. 2010. Virucidal efficacy of common disinfectants against orf virus. Vet
Rec 166: 725.

123. Juszkiewicz M, Walczak M, Mazur-Panasiuk N, Wozniakowski G. 2020. Effectiveness of
chemical compounds used against African swine fever virus in commercial available disinfectants.
Pathogens 9: 878.

124. Alphin RL, Johnson KJ, Ladman BS, Benson ER. 2009. Inactivation of avian influenza virus
using four common chemicals and one detergent. Poult Sci 88: 1181-1185.

125. Amruta N, Maness NJ, Gressett TE, Tsuchiya Y, Kishi M, Bix G. 2023. Effect of acetic acid
inactivation of SARS-CoV-2. PLOS ONE 18: ¢0276578.

126. Zinn M-K, Bockmiihl D. 2020. Did granny know best? Evaluating the antibacterial, antifungal
and antiviral efficacy of acetic acid for home care procedures. BMC Microbiol 20: 265.

127. Rabenau HF, Cinatl J, Morgenstern B, Bauer G, Preiser W, Doerr HW. 2005. Stability and
inactivation of SARS coronavirus. Méd Microbiol Immunol 194: 1-6.

128. Yoshimoto J, Ono C, Tsuchiya Y, Kabuto S, Kishi M, Matsuura Y. 2021. Virucidal effect of
acetic acid and vinegar on severe acute respiratory syndrome coronavirus 2. Food Sci Technol Res 27:
681-684.

129. Pagani I, Ghezzi S, Clementi M, Poli G, Bussi M, Pianta L, Trimarchi M, Vicenzi E. 2020.
Vinegar and its active component acetic acid inhibit SARS-CoV-2 infection in vitro and ex vivo.

bioRxiv 2020.07.08.193193.

130. Budak NH, Aykin E, Seydim AC, Greene AK, Guzel-Seydim ZB. 2014. Functional properties of
vinegar. J Food Sci 79: R757-R764.

131. Chen H, Chen T, Giudici P, Chen F. 2016. Vinegar Functions on Health: Constituents, Sources,
and Formation Mechanisms. Compr Rev Food Sci Food Saf 15: 1124—1138.

132. Petsiou EI, Mitrou PI, Raptis SA, Dimitriadis GD. 2014. Effect and mechanisms of action of
vinegar on glucose metabolism, lipid profile, and body weight. Nutr Rev 72: 651-661.

90



133. Pires CW, Fraga S, Beck ACO, Braun KO, Peres PEC. 2017. Chemical methods for cleaning
conventional dentures: What is the best antimicrobial option? An in vitro study. Oral Heal Prev Dent
15: 73-77.

134. Greatorex JS, Page RF, Curran MD, Digard P, Enstone JE, Wreghitt T, Powell PP, Sexton DW,
Vivancos R, Nguyen-Van-Tam JS. 2010. Effectiveness of common household cleaning agents in
reducing the viability of human influenza A/HINI1. PLoS ONE 5: e8987.

135. Johnston CS. 2009. Complementary and Alternative Therapies and the Aging Population. 433—
443.

136. Ishii S, Misaka T, Kishi M, Kaga T, Ishimaru Y, Abe K. 2009. Acetic acid activates PKD1L3—
PKD2L1 channel—A candidate sour taste receptor. Biochem Biophys Res Commun 385: 346-350.

137. Chin AWH, Chu JTS, Perera MRA, Hui KPY, Yen H-L, Chan MCW, Peiris M, Poon LLM.
2020. Stability of SARS-CoV-2 in different environmental conditions. Lancet Microbe 1: e10.

138. Wang M, Yan H, Chen L, Wang Y, Li L, Zhang H, Miao L. 2023. Oxalic acid blocked the
binding of spike protein from SARS-CoV-2 Delta (B.1.617.2) and Omicron (B.1.1.529) variants to
human angiotensin-converting enzymes 2. PLOS ONE 18: ¢0285722.

139. Lee KM, Moro M, Baker JA. 1954. Transmissible gastroenteritis in pigs. A4m J Vet Res 15: 364—
72.

140. Pijpers A, Nieuwstadt A van, Terpstra C, Verheijden J. 1993. Porcine epidemic diarrhoea virus
as a cause of persistent diarrhoea in a herd of breeding and finishing pigs. Vet Rec 132: 129.

141. Azari AA, Barney NP. 2013. Conjunctivitis: A systematic review of diagnosis and treatment.
JAMA 310: 1721-1730.

142. Maier P, Betancor PK, Reinhard T. 2022. Contact-lens-associated keratitis—an often
underestimated risk. Dtsch Arzteblatt Int 119; 669—674.

143. Stapleton F, Naduvilath T, Keay L, Radford C, Dart J, Edwards K, Carnt N, Minassian D,
Holden B. 2017. Risk factors and causative organisms in microbial keratitis in daily disposable
contact lens wear. PLoS ONE 12: e0181343.

144. Cope JR, Collier SA, Rao MM, Chalmers R, Mitchell GL, Richdale K, Wagner H, Kinoshita BT,
Lam DY, Sorbara L, Zimmerman A, Yoder JS, Beach MJ. 2015. Contact lens wearer demographics
and risk behaviors for contact lens-related eye infections — United States, 2014. Morb Mortal Wkly
Rep 64: 865-870.

145. O’Brien TP, Jeng BH, McDonald M, Raizman MB. 2009. Acute conjunctivitis: truth and
misconceptions. Curr Méd Res Opin 25: 1953—-1961.

146. Henquell C, Beeuf B, Mirand A, Bacher C, Traore O, Déchelotte P, Labbé A, Bailly J-L, Peigue-
Lafeuille H. 2009. Fatal adenovirus infection in a neonate and transmission to health-care workers. J

Clin Virol 45: 345-348.

147. Zhang X, Chen X, Chen L, Deng C, Zou X, Liu W, Yu H, Chen B, Sun X. 2020. The evidence of
SARS-CoV-2 infection on ocular surface. Ocul Surf 18: 360—362.

91



148. Barnett BP, Wahlin K, Krawczyk M, Spencer D, Welsbie D, Afshari N, Chao D. 2020. Potential
of ocular transmission of SARS-CoV-2: A review. Vision 4: 40.

149. Hu W, Shimoda H, Tsuchiya Y, Kishi M, Hayasaka D. 2024. pH-dependent virucidal effects of
weak acids against pathogenic viruses. Trop Med Heal 52: 9.

150. Kal A, Toker M1, Kaya S. 2017. The comparison of antimicrobial effectiveness of contact lens
solutions. Int Ophthalmol 37: 1103-1114.

151. Ijaz MK, Nims RW, Zhou SS, Whitehead K, Srinivasan V, Kapes T, Fanuel S, Epstein JH,
Daszak P, Rubino JR, McKinney J. 2021. Microbicidal actives with virucidal efficacy against SARS-
CoV-2 and other beta- and alpha-coronaviruses and implications for future emerging coronaviruses
and other enveloped viruses. Sci Rep 11: 5626.

152. Nogueira CL, Boegel SJ, Shukla M, Ngo W, Hui A, Jones LW, Aucoin MG. 2025. Antiviral
activity of contact lens care solutions and rub-and-rinse regimen against adenovirus. Optom Vis Sci
102: 156-166.

153. Fukuzaki S. 2011. Mechanisms of actions of sodium hypochlorite in cleaning and disinfection
processes. Biocontrol Sci 11: 147.

154. Gerba CP, Kennedy D. 2007. Enteric virus survival during household laundering and impact of
disinfection with sodium hypochlorite. Appl Environ Microbiol 73: 4425—-4428.

155. Lee G-H, Park S-H, Song B-M, Kim D-M, Han H-J, Park J-Y, Jo Y-W, Hwang M-Y, Sim K-T,
Kang S-M, Tark D. 2023. Comparative efficacy evaluation of disinfectants against severe acute
respiratory syndrome coronavirus-2. J Hosp Infect 131: 12-22.

156. Pinto F, Maillard J -Y., Denyer SP, McGeechan P. 2010. Polyhexamethylene biguanide exposure
leads to viral aggregation. J Appl Microbiol 108: 1880—1888.

157. Yasir M, Vijay AK, Willcox M. 2022. Antiviral effect of multipurpose contact lens disinfecting
solutions against coronavirus. Contact Lens Anterior Eye 45: 101513-101513.

158. Veugen JMJ, Nuijts RMMA, Biggelaar FJHM van den, Gijs M, Savelkoul PHM, Wolffs PFG,
Dickman MM. 2022. Effectiveness of commonly used contact lens disinfectants against SARS-CoV-
2. Eye Contact Lens: Sci Clin Pr 48: 362-368.

159. Usami Y, Yamaguchi O, Kumanomido K, Matsumura Y. 2011. Serological survey of porcine
epidemic diarrhea virus infection in Tochigi prefecture. J Jpn Vet Med Assoc 51: 656.

160. Taniguchi T, Taniguchi R, Takahashi A, Hayashidani H, Hanaki K, Shirai J, Honda E. 2004.
Sequence comparison of the ORF 7 region of transmissible gastroenteritis viruses isolated in Japan. J
Vet Méd Sci 66: 717.

161. Britton P. 2019. Coronaviruses: General Features (Coronaviridae). Encycl Virol 193—-197.

162. Woo PCY, Lau SKP, Lam CSF, Lau CCY, Tsang AKL, Lau JHN, Bai R, Teng JLL, Tsang
CCC, Wang M, Zheng B-J, Chan K-H, Yuen K-Y. 2012. Discovery of seven novel mammalian and
avian coronaviruses in the genus Deltacoronavirus supports bat coronaviruses as the gene source of
Alphacoronavirus and Betacoronavirus and Avian Coronaviruses as the gene source of
Gammacoronavirus and Deltacoronavirus. .J Virol 86: 3995—4008.

92



163. Schneider F, Grimm M, Koziolek M, Modell C, Dokter A, Roustom T, Siegmund W, Weitschies
W. 2016. Resolving the physiological conditions in bioavailability and bioequivalence studies:
Comparison of fasted and fed state. Eur J Pharm Biopharm 108: 214-219.

164. Martinsen TC, Fossmark R, Waldum HL. 2019. The phylogeny and biological function of gastric
juice—Microbiological consequences of removing gastric acid. Int J Mol Sci 20: 6031.

165. Julio-Pieper M, Lopez-Aguilera A, Eyzaguirre-Veldsquez J, Olavarria-Ramirez L, Ibacache-
Quiroga C, Bravo JA, Cruz G. 2021. Gut susceptibility to viral invasion: contributing roles of diet,
microbiota and enteric nervous system to mucosal batrier preservation. Int J Mol Sci 22: 4734.

166. Lloyd G, Atkinson T, Sutton PM. 1988. Effect of bile salts and of fusidic acid on HIV-1
infection of cultured cells. Lancet 331: 1418-1421.

167. Kong F, Saif LJ, Wang Q. 2021. Roles of bile acids in enteric virus replication. Anim Dis 1: 2.

168. O’Shea H, Blacklaws BA, Collins PJ, McKillen J, Fitzgerald R. 2019. Viruses associated with
foodborne infections. Ref Modul Life Sci B978-0-12-809633-8.90273-5.

169. Oteiza JM, Prez VE, Pereyra D, Jaureguiberry MV, Sanchez G, Sant’Ana AS, Barril PA. 2022.
Occurrence of norovirus, rotavirus, hepatitis a virus, and enterovirus in berries in Argentina. Food
Environ Virol 14: 170-177.

170. Walthall K, Cappon GD, Hurtt ME, Zoetis T. 2005. Postnatal development of the gastrointestinal
system: A species comparison. Birth Defects Res Part B: Dev Reprod Toxicol 74: 132—156.

171. Cranwell PD. 1985. The development of acid and pepsin (EC 3. 4. 23. 1) secretory capacity in
the pig; the effects of age and weaning. Br J Nutr 54: 305-320.

172. Ruckebusch Y, Dardillat C, Guilloteau P. 1983. Development of digestive functions in the
newborn ruminant. 4nn Rech veterinaires Ann Vet Res 14: 360-74.

173. Jimenez L, Codo AC, Sampaio V de S, Oliveira AER, Ferreira LKK, Davanzo GG, Monteiro L
de B, Virgilio-da-Silva JV, Borba MGS, Souza GF de, Zini N, Gandolfi F de A, Muraro SP, Proenca-
Modena JL, Val FA, Melo GC, Monteiro WM, Nogueira ML, Lacerda MVG, Moraes-Vieira PM,
Nakaya HI. 2021. Acid pH increases SARS-CoV-2 infection and the risk of death by COVID-19.
Front Med 8: 637885.

174. Kreutzberger AJB, Sanyal A, Saminathan A, Bloyet L-M, Stumpf S, Liu Z, Ojha R, Patjas MT,
Geneid A, Scanavachi G, Doyle CA, Somerville E, Correia RBDC, Caprio GD, Toppila-Salmi S,
Mikitie A, Kiessling V, Vapalahti O, Whelan SPJ, Balistreri G, Kirchhausen T. 2022. SARS-CoV-2
requires acidic pH to infect cells. Proc Natl Acad Sci 119: €2209514119.

175. Lobo VR, Warwicker J. 2021. Predicted pH-dependent stability of SARS-CoV-2 spike protein
trimer from interfacial acidic groups. Comput Struct Biotechnol J19: 5140-5148.

176. Warwicker J. 2022. The physical basis for pH sensitivity in biomolecular structure and function,
with application to the spike protein of SARS-CoV-2. Front Mol Biosci 9: 834011.

177.ShiY, Shil, Sun L, Tan Y, Wang G, Guo F, Hu G, Fu Y, Fu ZF, Xiao S, Peng G. 2021. Insight

into vaccine development for alphacoronaviruses based on structural and immunological analyses of
spike proteins. J Virol 95: 10.1128/jvi.02284-20.

93



178. Glas I, Zimmermann L, Luo B, Pohl MO, Wrobel AG, Schaub A, Klein LK, David SC, Gaggioli
E, Bluvshtein N, Huber M, Nenes A, Krieger UK, Peter T, Kohn T, Chlanda P, Stertz S. 2025.
Inactivation of SARS-CoV-2 at acidic pH is driven by partial unfolding of spike. Commun Biol 8:
1082.

179. Pezeshkian W, Griinewald F, Narykov O, Lu S, Arkhipova V, Solodovnikov A, Wassenaar TA,
Marrink SJ, Korkin D. 2023. Molecular architecture and dynamics of SARS-CoV-2 envelope by
integrative modeling. Structure 31: 492-503.e7.

180. Campbell S, Gaus K, Bittman R, Jessup W, Crowe S, Mak J. 2004. The raft-promoting property
of virion-associated cholesterol, but not the presence of virion-associated Brij 98 rafts, is a
determinant of Human immunodeficiency virus type 1 infectivity. J Virol 78: 10556—10565.

181. McBride CE, Li J, Machamer CE. 2006. The cytoplasmic tail of the severe acute respiratory
syndrome coronavirus spike protein contains a novel endoplasmic reticulum retrieval signal that binds
COPI and promotes interaction with membrane protein. J Virol 81: 2418-2428.

182. Robinson CM, Singh G, Henquell C, Walsh MP, Peigue-Lafeuille H, Seto D, Jones MS, Dyer

DW, Chodosh J. 2011. Computational analysis and identification of an emergent human adenovirus
pathogen implicated in a respiratory fatality. Virology 409: 141-147.

94



8. Abstract (English)

Common disinfectants are typically categorized by their antimicrobial spectrum for
public sanitization. A prevailing assumption is that envelope viruses are more sensitive to
acids and disinfectants due to lipid membrane, whereas non-enveloped viruses are more
resistant because of proteinaceous capsid structure. However, this paradigm is based on
limited experimental evidence. This study systematically evaluated enveloped viruses and
non-enveloped pathogenic viruses under different acid types, disinfectant formulations,

pH level, concentrations, and contact times.
These results are described in three chapters:
Chapter 1: pH-dependent virucidal effects of weak acids against pathogenic viruses.

Weak acid such as acetic, citric, oxalic acids are often considered to show virucidal
effects through low pH condition. We assessed virucidal activity of these weak acids

under varying pH conditions and common vinegars.

Weak acids were adjusted to pH 2, 4 and 6 and serially diluted from 1 M to 0.001 M.
Enveloped viruses of Influenza A virus (FulV) and SARS-CoV-2, and non-enveloped
virus of feline calicivirus (FCV) were exposed for up to 30 minutes. White distilled
vinegar (WDV) and grain-flavored vinegar (GV) were also tested. Viral titers were

quantified and compared in plaque-forming units (PFU/mL).

Acetic acid inactivated FulV at pH 4, whereas citric and oxalic acids did not. Both
acetic and citric acids inactivated SARS-CoV-2 at pH 2, while oxalic acid was ineffective.
All weak acids inactivated FCV at pH 2 but not at pH 4. Vinegar solutions reduced FulV
titers within one minute and reduced SARS-CoV-2 titers within 30 minutes, with limited

effect on FCV. Virucidal activity relied on pH and acid components for different viruses.
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These results indicate that virucidal efficacy is influenced not only by pH but also by
chemical properties. Acetic acid, particularly in vinegar form, shows promise as an a
household sanitizer against enveloped viruses such as FulV. It highlighted the necessity

for further evaluation on antiviral spectrum in disinfectants.

Chapter 2: Virucidal effects of contact lens disinfectants against enveloped and

nonenveloped pathogenic viruses causing conjunctivitis.

Non-enveloped virus of Human Adenovirus D serotype 56 (HAdV-D56) and
enveloped virus of SARS-CoV-2 are both reported as causative antigen for conjunctivitis.
Contact Lens (CL) contamination could facilitate transmission for viral
keratoconjunctivitis among CL users. This chapter evaluated the antiviral efficacy of

commercial CL disinfectants.

Cytotoxicity was first assessed in A549 and Vero E6/TMPRSS2 cells to establish
detection limits. Viruses were reacted to disinfectants according to manufacturer

protocols. Viral titers were compared to untreated controls.

Sodium hypochlorite and hydrogen peroxide-based CL disinfectants reduced both
SARS-CoV-2 and HAdV-D56 titers below detection limits. Salicylic acid and some
polyhexamethylene biguanide (PHMB)-based solutions were effective only against
SARS-CoV-2. Disinfectants with e-polylysine, PQ-1, or alexidine hydrochloride showed
minimal activity against either virus. Given the prevalence of adenoviruses causing viral
conjunctivitis, daily disinfection using effective formulations is strongly recommended
for CL users. These findings emphasize the need for targeted testing of ophthalmic

disinfectants against viral pathogens beyond bacteria.

Chapter 3: Virucidal effects of contact lens disinfectants against enveloped and

nonenveloped pathogenic viruses causing conjunctivitis
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Despite of enveloped membrane, coronavirus such as PEDV, TGEV and EcoV cause
severe enteric disease in swine and equine. This chapter investigated PEDV, TGEV, EcoV

stability in low pH in simulated gastric conditions.

PEDV, TGEYV, ECoV, SARS-CoV-2, CVB2 and FulV were exposed to weak acids
(IM, pH 2) and simulated gastric fasted-state simulated gastric fluid (FaSSGF) (pH 1.6)

for up to 90 mins.

Citric and acetic acids (1 M, pH 2) significantly inactivated PEDV, TGEYV, and EcoV.
Oxalic acid showed limited efficacy, similar to SARS-CoV-2. Interestingly, SARS-CoV-2
was rapidly inactivated in FaSSGF (pH 1.6), while PEDV, TGEYV, and ECoV remained
their infectivity for up to 90 mins. Surfactants in FaSSGF did not affect their stability, but

pepsin in FaSSGF (pH 1.6) exhibited moderate virucidal activity.

These findings indicate that animal enteric coronaviruses possess unique structural or
biochemical adaptations enabling survival in acidic conditions. For neonates with
underdeveloped gastric lumen including of low pepsin, high pH level after meal., leading

to oral transmission.

Above all, this study demonstrated that virucidal effect depends on the chemical
composition, pH, and virus characteristics rather than virus enveloped membrane.
Enveloped coronaviruses may possess acid-tolerance membrane structure. These insights
highlight the need for further morphological and mechanistic studies to inform effective

disinfection strategies in clinical and domestic settings.
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