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ABSTRACT

Coronaviruses (CoVs) emerge or remerge and can mutate into new and more dangerous
strains, such as SARS CoV-2, causing coronavirus disease 2019 (COVID-19) pandemic
and CCoV-HuPn-2018, a novel canine-feline recombinant alphacoronavirus isolated
from human patients.

Herpesviruses are another challenge both for humans and animals. Clinical symptoms
caused by lesions in the peripheral and central nervous system and upper respiratory tract
are provoked by primary infection by herpes simplex virus type 1 (HSV-1). Recurrent
ocular shedding leads to corneal scarring which can progress to vision loss. Similar
properties to HSV-1 are provoked by Bovine herpesvirus 1 (BoHV-1), which causes
health and economic losses to the cattle industry. Both these viruses established latency
in sensory neurons of trigeminal ganglia, but immunosuppression leads to a periodic
reactivation of the infection, provoking a spread of virus and recurrent disease. And
several case of drug resistance have been detected from monotherapy or combination
therapy of DNA polymerase inhibitors against HSV-1. In this context, the pharmaceutical
industry is constantly looking for new active drugs involving original mechanisms of
action.

Based on this evidence, this PhD research project focused on the study of both
coronaviruses and herpesviruses infections.

Thus, to explore the mechanism of action of two alphacoronaviruses, CCoV and Feline
Coronavirus (FCoV), the aryl hydrocarbon receptor (AhR), a ligand-activated
transcription factor involving in several functions, like chemical and microbial defence
was investigated. It has been observed that AhR was considerably activated by CCoV and
FCoV infections, and that the selective AhR antagonist CH223191 reduces in vitro
replication of these CoVs, responsible for both enteric and respiratory diseases in dogs
and cats, respectively. Interestingly, 3-O-methylfunicone (OMF), penisimplicissin (PS)
and vermistatin (VER), which are funicone-like compounds produced by the fungus
Talaromyces pinophilus, as well as 6-Pentyl-a-Pyrone (6PP), isolated from Trichoderma
atroviride, have shown antiviral activity against CCoV, potentially inhibiting AhR. In
addition, it has been observed the alkalinization of lysosomes in the presence of VER or
PS, which may be involved in the observed antiviral activities.

The AhR activation also modulates viral replication of BoHV-1. Hence, during BoHV-1

in vitro infection, the potential antiviral activity of some natural compounds, like OMF,



and Taurisolo®, a grape pomace polyphenolic extract obtained from the Aglianico
cultivar grape, was investigated. Both these natural substances have shown an excellent
defence reaction during BoHV-1 infection involving AhR.

Furthermore, experiments of combination therapy of DNA polymerase inhibitors, like
acyclovir (ACV) and foscarnet (PFA), and helicase-primase complex inhibitor, such as
amenamevir (AMV), have been carried out against HSV-1 to know if these combination
therapies may represent a valid alternative to well-known monotherapy of ACV or PFA,
that have shown cases of HSV-1 drug resistance.

Overall, these findings provide evidence on structural knowledge as well as on functional
mechanism of new potential antivirals. They may be considered useful starting points for

the development of drugs against coronaviruses as well as herpesviruses infections.
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THESIS OUTLINE

In Chapter 1, the state of the art addressing the main topics as well as the aims of the

work.

In Chapters 2, to explore the mechanism of action of two alphacoronaviruses, CCoV and
FCoV, the aryl hydrocarbon receptor (AhR) was investigated using a selective inhibitor
(CH223191) of AhR. All the results obtained are discussed.

This work, after identifying of novel target (AhR) involved in CCoV and FCoV infection,
is also focused on the identification of potential antivirals towards these animal
coronaviruses infection, using both natural and synthetic compounds. Antiviral activity
against CCoV by the fungal secondary metabolites 3-O-methylfunicone (OMF),
penisimplicissin (PS) and vermistatin (VER), and 6-pentyl-a-pyrone (6PP) have been
shown in Chapter 3.

Interestingly, in the presence of VER or PS, the alkalinization of lysosomes in CCoV-
infected cells was detected. We suppose that this action may be involved in the observed

antiviral activities.

About herpesviruses, during BoHV-1 in vitro infection, the potential antiviral properties
of natural compounds, such as OMF and Taurisolo®, a grape pomace polyphenolic
extract obtained from the Aglianico cultivar grape, were investigated. The promising

results of these investigations involving AhR were displayed in Chapter 4.

Finally, in Chapter 5, the synergistic effects of AMV + ACV or AMV + PFA have been
evaluated in order to determine if these combination therapies may represent a valid
alternative to well-known monotherapy of acyclovir or foscarnet, that have shown cases

of HSV-1 drug resistance.

It should be noticed that the achievement of this project, both in chemical and biological
points, was guaranteed by expertise of components of different research groups, and by
their equipment and facilities involved in the present work. This work was in

collaboration with:

Prof. Graciela Andrei, Prof. Robert Snoeck, Olga Mineeva-Sangwo, Hanna Schalkwijk,
Fien Horsten, Martyna Pociupany, Sarah Gillemot, Brecht Dirix, Wim Werckx, Hien Do,

Robbe Sinnesael — Rega Institute for Medical Research, Ku Leuven, Leuven, Belgium
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(For evaluating the effect of Amenamevir combination therapy on HSV-1 resistance

emergence, see chapter 5);

Prof. Anna Andolfi, Prof. Marina DellaGreca, Dr. Maria Michela Salvatore - Department
of Chemical Sciences, University of Naples Federico II, Naples, Italy (For providing
fungal secondary metabolites OMF, VER and PS, for scientific and technical

collaboration, see chapters 3 and 4);

Prof. Giuseppe lovane, Head of Infectious Disease Section, Prof. Luisa De Martino, Prof.
Francesco Vinale, Dr. Francesca Paola Nocera, Dr. Luca Del Sorbo, Mr. Gaetano
Vitagliano; Department of Veterinary Medicine and Animal Production, University of
Naples Federico II, Naples, Italy (For providing fungal secondary metabolite 6PP, for

scientific and technical collaboration, see chapters 1-4);

Prof. Rita Santamaria, Prof. Carlo Irace, Prof. Gian Carlo Tenore, Dr. Marialuisa Piccolo;
Dr. Maria Grazia Ferraro — Department of Pharmacy, University of Naples Federico I,
Naples, Italy (For providing Taurisolo, for scientific and technical collaboration, see

chapter 4);

Prof. Valentina lovane, Dr. Alessia Staropoli, Dr. Hiba Dakroub - Department of
Agricultural Sciences, University of Naples Federico II, Portici, Italy (For providing
fungal secondary metabolite 6PP, for scientific and technical collaboration, see chapter
3);

Prof. Ettore Novellino - Department of Medicine and Surgery, Catholic University of the

Sacred Heart, Rome, Italy (For providing Taurisolo, for scientific and technical

collaboration, see chapter 4);

Dr. Maria Grazia Amoroso, Dr. Francesco Serra, Dr. Alessia Pucciarelli - Istituto
Zooprofilattico Sperimentale del Mezzogiorno, Unit of Virology, Department of Animal
Health, Portici, Italy (For scientific and technical (real-time PCR) collaboration, see

chapters 1-4);

Dr. Rosario Nicoletti - Institute for Sustainable Plant Protection, National Research
Council, Portici, Italy; Council for Agricultural Research and Economics, Research
Centre for Olive, Fruit and Citrus Crops, Caserta, Italy (For providing fungal secondary
metabolites OMF, VER and PS, see chapters 3 and 4).
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CHAPTER 1 - STATE OF THE ART

Coronaviruses (CoVs) are enveloped RNA viruses which can infect several hosts like
mammals and birds. Following transmission from their natural reservoirs, such as
migratory birds or bats, CoVs accumulate some mutations in intermediate hosts,
including domestic birds or unknown intermediate host, facilitating crossing species
barriers and infect humans. The variant strains can transmit to other animal species
including pets and wild animals (Kenney et al., 2021; Timurkan et al., 2021; Pratelli et
al., 2021,2022; Kane et al., 2023). Therefore, novel strains emerge through molecular
processes that affect their adaptation, transmissibility, host/tissue tropism, and
pathogenicity. CoVs emerge or remerge and can mutate into new and more dangerous
strains, such as SARS CoV-2, causing coronavirus disease 2019 (COVID-19), one of the
most severe pandemics of the modern human history, as well as CCoV-HuPn-2018
(Vlasova et al., 2022) and HuCCoV-Z19Haiti (Lednicky et al.,2022), novel canine-feline
recombinant alphacoronaviruses isolated from human patients.

Herpesviruses are another challenge both for humans and animals. Clinical symptoms in
the peripheral and central nervous system and upper respiratory tract, and gastrointestinal
tract are provoked by primary infection by herpes simplex virus type 1 (HSV-1), the most
widely prevalent herpes virus worldwide (Jones, 2013, 2023; James et al., 2020).
Recurrent ocular shedding leads to corneal scarring which can progress to vision loss.
Similar properties to HSV-1 are provoked by Bovine herpesvirus 1 (BoHV-1), which
causes health and economic losses to the cattle industry (Jones, 2013; Ostler and Jones,
2023). Both these viruses established latency in sensory neurons of trigeminal ganglia,
but immunosuppression leads to a periodic reactivation of the infection, provoking a
spread of virus and recurrent disease.

In the current scenario, to relieve the impact of both coronaviruses and herpesviruses,
amazing research attempts focused on antiviral therapeutic development occur. The
advance of useful strategies is based on the knowledge of molecular and cellular
mechanisms of virus infections, which emphasizes the importance of investigating virus—
host interactions to identify potential targets for antiviral action. To date, anti-viral natural
compounds are scarce. Pharmaceutical research is strongly involved in the development
of novel therapeutic strategies against viral diseases in order to minimize antivirals
toxicity and fight antimicrobial-resistance phenomena, as well. In this context, natural
compounds have been explored as nontoxic natural remedies. Fungi constitute an

abundant resource of bioactive compounds with biological and antimicrobial activities
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(Salvatore et al., 2022). Among these 3-O-methylfunicone (OMF), vermistatin (VER)
and penisimplicissin (PEN) belonging to the funicones family, produced essentially by
Talaromyces species, isolated from Trichoderma atroviride, showed antifungal,
antiproliferative and antiviral activity (Salvatore et al., 2022). In addition, 6-Pentyl-a-
Pyrone (6PP), having an important role in the defence against plant pathogens (Vinale et
al. 2008; Comite et al., 2021), and in anti-biofilm-producing bacteria activity (Papaianni
et al., 2020; Kotb et al., 2022), suggesting its promising application in agriculture and
medicine. In this context, the pharmaceutical industry is constantly looking for new active
drugs involving original mechanisms of action. The aryl hydrocarbon receptor (AhR), a
ligand-activated transcription factor involving in several physiological functions, like
embryonic and adult tissue developing, energy metabolism, chemical and microbial
defence. It is activated by endogenous and exogenous substrates, including bilirubin,
biliverdin, tryptophan metabolites, environmental pollutants (dioxin), and microbial
metabolites (Yang et al., 2019; Torti et al., 2021). During infection, AhR regulates some
aspects of the immunity, by interfering with natural protective immune responses to
different microorganisms (Lawrence et al., 2013; Gutierrez-Vasquez et al., 2018;
Rothammer and Quintana, 2019; Hu et al., 2023). In addition, it is also involved in the
host response to different CoVs. AhR activation has been revealed during infection with
murine coronavirus (MCoV), Middle East respiratory syndrome coronavirus (MERS-
CoV), severe acute respiratory syndrome (SARS-CoV-1), SARS-CoV-2, and human
coronavirus (HCoV) 229E (Tang et al., 2005; Grunewald et al., 2020; Giovannoni et al.,
2021, Shi et al., 2023; Zhao et al., 2023; Yousefi et al., 2023). The AhR activation has
been shown to also promote viral replication of several herpesviruses, such as CMV,
HSV-2, and BoHV-1, affecting host resistance and survival (Veiga-Parga et al., 2011;
Fiorito et al., 2017a; Torti et al., 2021; Bock 2021). Hence, AhR may be an interesting
target to explore for developing new antivirals.

The viral DNA polymerase (DP) is the main target of antivirals that are currently
approved for the treatment of HSV-1. However, several cases of HSV-1 drug-resistance
have been found especially in immunocompromised subjects following therapy with
acyclovir, the most commonly used drug for HSV-1 infections (Andrei et al., 2013; Sato
et al., 2021, Schalkwijk et al., 2022). The increase of drug-resistant HSV-1 infections
highlights the necessity for innovative therapeutic approaches. In this context, helicase
primase complex has been investigated as target of new HSV-1 antivirals (Andrei et al.,

2013; Sato et al., 2021, Schalkwijk et al., 2022).
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Aims

Based on this evidence, within a One-Health approach to balance and optimize both
human and animal health in the environment, this PhD research project focused on the
study of both coronaviruses and herpesviruses infections in order to increase the
knowledge about their mechanisms of action.

Two of the most studied animals CoVs are the canine coronavirus (CCoV) as well as
feline infectious peritonitis virus (FIPV), a virulent pathotype of feline enteric
coronavirus (FCoV). They are considered potential models for the study of antivirals
against CoVs (Pratelli et al., 2021; Gao et al., 2023). Thus, to explore the mechanism of
action of two alphacoronaviruses, CCoV and FCoV, AhR was investigated using the
selective AhR antagonist CH223191, following in vitro replication of these CoVs,
responsible for both enteric and respiratory diseases in dogs and cats, respectively.

The emerging pathogenic coronaviruses have also increased research activity focused on
finding novel antivirals. Natural products offer a rich resource of potential substances for
the identification and development of novel antivirals. Certainly, several compounds from
various biological sources (i.e., medicinal plants, bacteria, fungi) are being studied with
the aim to find and develop new nontoxic medicinal drugs. Fungi produce numerous
bioactive secondary metabolites (SMs), some of which have been already used as
antibiotics, plant growth regulators, fungicides and hormones. Funicones and related
compounds are a homogeneous group of fungal polyketides possessing notable biological
activities which have promoted their consideration as drug possibilities (Salvatore et al.,
2022). Indeed, 3-O-methylfunicone (OMF), a benzo-y-pyrone produced by Talaromyces
pinophilus, has shown antifungal and antiproliferative activities (Salvatore et al., 2022),
and potential antiviral properties, against hepatitis C virus (HCV) (Nakajima et al., 2013).
In addition, the Trichoderma secondary metabolite 6-pentyl-a-pyrone (6PP) also plays an
important role in the defence towards plant pathogens (Vinale et al. 2008; Comite et al.,
2021), and in anti-biofilm-producing bacteria activity (Papaianni et al., 2020; Kotb et al.,
2022), but the antiviral activity of 6PP has never been investigated so far.

Therefore, fungal secondary metabolites, like OMF, VER and PS, as well as 6PP, were
investigated to explore their potential antiviral activity during in vitro CCoV infection.
BoHV-1 is a useful model for antiherpesvirus compounds testing (Akula et al., 2002;
Boubaker-Elandalousi et al., 2014; Zhu et al., 2018; Fiorito et al., 2017b; Chang and Zhu
2020; Yesilbag et al., 2021). Hence, this project also aims to study the potential antiviral

activity of some natural compounds, like OMF, and Taurisolo®, a grape pomace
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polyphenolic extract obtained from the Aglianico cultivar grape. For this purpose, their
action against BoHV-1 was investigated following in vitro infection in bovine cells
(MDBK).

Finally, in order to determine if combination therapies may represent a valid alternative
to well-known monotherapy of ACV or PFA, that have shown cases of HSV-1 drug
resistance, the synergistic effects of AMV plus ACV or AMV plus PFA have been

evaluated.
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CHAPTER 2 - Mechanism of action of AhR during CCoV and FCoV

infection

Brief summary

To explore the mechanism of action of two alphacoronaviruses, CCoV and FCoV, the

role of aryl hydrocarbon receptor was investigated during infection.

The results showed that AhR, expressed in canine (A72) and feline (CRFK) cells, was
considerably activated by CCoV (Cerracchio et al., 2022a) and FCoV infections, and that
the selective AhR antagonist CH223191 reduces in vitro replication of these CoVs,
coronaviruses responsible for both enteric and respiratory diseases in dogs and cats,

respectively.

The following paper was embedded here:

Cerracchio C, Serra F, Amoroso MG, Fiorito F. Canine Coronavirus Activates Aryl
Hydrocarbon Receptor during In Vitro Infection. Viruses 2022, 14, 2437.
https://doi.org/10.3390/v14112437 - Permission: https://www.mdpi.com/openaccess

Moreover, results of unpublished paper about the activation of AhR by FCoV following

in vitro infection in CRFK cells were also showed.
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1. Introduction

Coronaviruses (CoVs) are a large group of positive-stranded RNA viruses which can
infect several hosts such as mammals and birds. They are able to mutate into new and
more dangerous strains. Indeed, the propensity of CoV genomes to mutate and recombine
allows them to overcome natural barriers preventing cross-species transmission, to adapt
and proliferate in new species in a spillover phenomenon (Kenney et al., 2021; Timurkan
etal., 2021; Pratelli et al., 2021,2022). Therefore, novel strains emerge through molecular
processes that affect their adaptation, transmissibility, host/tissue tropism, and
pathogenicity. Genotype II of canine coronavirus (CCoV-II), an alphacoronavirus,
belongs to the subfamily of Orthocoronavirinae, family of Coronaviridae, order of
Nidovirales. CCoV-II is generally responsible for self-limiting enteric infections, causing
high morbidity and low mortality in dogs (Kenney et al., 2021; Timurkan et al., 2021;
Pratelli et al., 2021, 2022). However, an extremely virulent CCoV-Ila strain (CB/05) has
been detected from Italian outbreaks of fatal disease in puppies, due to multi-systemic
infections with severe lesions in different organs (Buonavoglia et al., 2006). Genetic
analysis highlighted a recombinant canine—feline—porcine origin of CB/05 due to a partial
S-gene exchange with transmissible gastroenteritis virus of swine (TGEV) (Pratelli et
al.,2021, 2022; Decaro et al., 2007, 2009, 2010). Recently, anew CCoV has been isolated
in Malaysia from a child hospitalized for pneumonia between 2017 and 2018 (Vlasova et
al., 2022). Genome sequencing has been identified it as a novel canine—feline recombinant
alphacoronavirus (genotype II), called CCoV-HuPn-2018 (Vlasova et al., 2022). In
addition, a novel CoV, named HuCCoV_Z19Haiti, has been isolated from the urine
samples of a medical team member presenting mild fever and malaise after a travel to
Haiti. The virus showed 99.4% similarity with the recombinant CCoV-HuPn-2018
identified in Malaysia (Lednicky et al., 2022).

Interestingly, as reviewed in the study by Vlasova et al. (2022), recombinant canine—
feline—porcine alphacoronaviruses have been also found in humans in Thailand
(Theamboonlers et al., 2007), as well as in USA (Silva et al., 2014), proposing that these
viruses emerged in multiple geographic locations independently (Vlasova et al., 2022).
Feline coronavirus (FCoV), another Alphacoronavirus, is transmitted faeco-orally,
generally causes infection in cat provoking moderate enteritis or chronic asymptomatic
infection, but a small rate of FCoV-infected domestic felines can develop feline infectious
peritonitis (FIP), a serious disease (Rottier et al., 2005; Kenney et al., 2021; Tasker et al.,

2023). FCoV is closely correlated to both animals and human CoVs, such as the canine
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coronavirus (CCoV) infecting dogs, the transmissible gastroenteritis virus (TGEV),
which infects pigs, and human coronavirus CCoV-HuPn-2018 affecting humans (Vlasova
et al., 2022). Based on serological responses, FCoV is divided into FCoV-I and FCoV-II,
the last one due to a double recombination between FCoV-1 and CCoV-II, developed by
mutations between the S and M genes (Herrewegh et al., 1998; Capozza et al., 2021;
Pratelli et al., 2021). Considering their pathobiology, FCoVs are classified into two
biotypes, named feline enteric coronavirus (FECV), that typically induce mild or
subclinical digestive symptoms, affects up to 90% of cats in multi-cat households (Addie
et al., 2009), and feline infectious peritonitis virus (FIPV), a spontaneous mutation of
FECV, responsible for FIP, a fatal viral disease, globally affecting wild and domestic
felines. Indeed, mutations which happen in an individual cat may induce a change of cell
tropism from enterocytes to monocytes subsequently developing high pathogenic FIP by
FCoV (Kenney et al., 2021; Tasker et al., 2023). FIPV affects pedigree cats and those
under two years old, especially animals from 4 to 16 months of age (Pedersen et al., 2009;
Tasker et al., 2023). Infection, by severe systemic pyogranulomatous inflammatory
damage, might target serosa membranes, may reach lungs, lymphoid tissues, hearth, eyes,
liver, and brain, also causing fever, anorexia, and weight loss (Kenney et al., 2021; Tasker
et al., 2023).

As previously described (Herrewegh et al., 1998; Terada et al., 2014), recombination
between CCoV and FCoV occurs, but the development of a novel, highly pathogenic
FCoV-CCoV recombinant has been recently detected, for a fast-spreading outbreak of
FIP in cats of all ages from Cyprus (Attipa et al., 2023a; Warr et al., 2023). Interestingly,
during the preparation of this thesis, it has been hypothesized that the recombination, due
to a deletion together to amino acid changes in spike, may show a very high sequence
identity (97%) to the pantropic CCoV CB/05, as reported in a preprint paper (Attipa et
al., 2023b). These features mainly could modify the receptor binding domain, suggesting
changes to receptor binding and cell tropism, when it was compared to other FCoV-2s
(Attipa et al., 2023D).

AhR is a transcription factor activated by endogenous and exogenous substrates,
including bilirubin, biliverdin, tryptophan metabolites, environmental pollutants (such as
dioxin), and microbial metabolites (Yang et al., 2019; Bock, 2021; Torti et al., 2021). It
is differently expressed in almost all mammalian cells (Torti et al., 2021). In the canonical
pathway of AhR action, after ligand binding, the complex AhR-ligand is transferred

inside the nucleus, in which the nuclear translocator the heterodimer of ARNT and AhR
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is responsible for the interaction with specific sequences of DNA, for controlling the
expression of target genes, such as those encoding the cytochrome P450 enzymes (e.g.,
CYPIAL, CYPIBI1, and CYP2AT1). As result, the release of cytokines and the control of
immune response occur (Torti et al., 2021). During infection, AhR regulates some aspects
of the immunity, by interfering with natural protective immune responses to different
microorganisms (Lawrence et al., 2013; Gutierrez-Vasquez et al., 2018; Rothammer and
Quintana, 2019; Hu et al., 2023). Indeed, AhR inhibits the production of type I interferons
(IFN-I) (Yamada et al., 2016), specifically, during infection with Zika or dengue viruses
(Giovannoni et al., 2020). In addition, it has been shown the involvement of AhR in the
antiviral property of 3-O-methylfunicone, a secondary metabolite produced by fungus
Talaromyces pinophilus, during bovine herpesvirus 1 infection (Fiorito et al., 2022). AhR
is also involved in the host response to different CoVs. AhR activation has been revealed
during infection with murine coronavirus (MCoV), Middle East respiratory syndrome
coronavirus (MERS-CoV), severe acute respiratory syndrome (SARS-CoV-1), SARS-
CoV-2, and human coronavirus (HCoV) 229E (Tang et al., 2005; Grunewald et al., 2020;
Giovannoni et al., 2021). Specifically, during coronavirus-induced disease 2019
(COVID-19) SARS-CoV-2-induced, AhR modulates the expression of ACE-2 as well as
its stabilizing partner, the broad neutral amino acid transporter 1 (BOAT1) (Giovannoni
et al., 2021; Guarnieri et al., 2022), suggesting that AhR up-regulation is involved in
promoting viral replication (Giovannoni et al., 2021). Furthermore, an AhR antagonist
(CH223191) inhibits the replication in vitro of SARS-CoV-2 and HCoV-229E
(Giovannoni et al., 2021).

Based on these findings, herein, it has been demonstrated that AhR, expressed in canine
A72 cells as well as in feline CRFK cells, is activated by infection with CCoV and FCoV,
respectively. Moreover, pharmacologic inhibition of AhR inhibits both CCoV and FCoV
replication, recognizing AhR as a potential target for CCoV and FCoV antiviral therapy.

2. Materials and Methods

2.1. Cell Cultures and Virus Infection

A72 (canine fibrosarcoma cell line) cells were cultured in Dulbecco’s modified Eagle's
minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and incubated at 37 °C and 5% COz (De Martino et al., 2010; Marfeé et al., 2011). CCoV
type II (strain S/378), kindly provided by Prof. C. Buonavoglia (University of Bari Aldo
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Moro, Italy) was used throughout the study. A72 cells were used for virus stocks growth

as well as for virus titration (De Martino et al., 2010).

CRFK (Crandell-Rees Feline Kidney cell line) cells were cultured in Dulbecco’s
modified Eagle's minimal essential medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and incubated at 37 °C and 5% COz (Pratelli et al., 2008). FCoV
type I, biotype FECV (isolate “Miinchen”), kindly provided by the Friedrich-Loeffler-
Institut (FLI, Insel Riems, Germany; viral registration number RVB-1259) was used
throughout the study. CRFK cells were used for virus stocks growth as well as for virus

titration.

2-methyl-2H-pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazo-phenyl)-amide
(CH223191) (Sigma-Aldrich, St. Louis, MI, USA), a synthetic and specific AhR
competitive antagonist (Kim et al., 2006, Torti et al., 2021), was solubilized in DMSO
(Sigma-Aldrich, St. Louis, MI, USA) and used at a concentration of 2, 5, 10 and 20 uM.
Monolayers of both A72 and CRFK cells were pretreated for 1 h at 37 .C with DMEM
10% FBS containing different concentrations of CH223191 (2, 5, 10 and 20 uM). Then,
A72 cells were infected or not with CCoV, and CRFK cells were infected or not with
FCoV, at a multiplicity of infection (MOI) of 0.05 or 5) to obtain four groups/cell line:
untreated uninfected cells; untreated infected cells; CH223191-treated uninfected cells;
CH223191-treated infected cells. After 1 h of adsorption at 37 -C, cells were incubated
and processed at different times post infection (p.i.). CCoV as well as FCoV were in

culture medium throughout the course of the experiment.

2.2.Cell Viability

Cell viability was assessed by Trypan Blue (TB) (Sigma-Aldrich) exclusion test, as
previously reported (Fiorito et al., 2008, 2022). In brief, monolayers of A72 cells and
CRFK cells, pre-treated or not with CH223191 at different concentrations (2, 5, 10 and
20 uM), were infected or not infected with CCoV and FCoV respectively, at a MOI of
0.05. At different times p.i., cells were collected by trypsinization, mixed with TB, and
scored through the TC20 automated cell counter (Bio-Rad Laboratories S.r.l., Segrate,
Milan, Italy). Cell viability was calculated as the percentage of living cells over the total
cell number. The results are reported as the mean + S.D. of three independent experiments
performed twice. In addition, cell viability was evaluated by the TB in cells attached to

wells, as described (Chowanadisai et al., 2013, Fiorito et al., 2020).
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2.3.Examination of Cell Morphology

Monolayers of cells, pretreated or not with CH223191, were infected or not, and
incubated. After different times p.i., cells were washed twice with PBS, Giemsa staining
and acridine orange/propidium iodide (AO/PI) were utilized to study cell morphology
(Bank et al., 1987; Fiorito et al., 2010; Ruggieri et al., 2007). Cell death features were
detected by using the criteria described (Leite et al., 1999, Kroemer and Levine, 2008,
Zakeri and Lockshin, 2008).

For Giemsa staining, cells were fixed with 95% ethanol, drained, and dried. Afterward,
cells were stained with a 5% Giemsa solution (Merck, Darmstadt, Germany). After 30
min, cells were rinsed with tap water and H2O. Light microscopy examination was then
performed using a ZOE Cell Imager (Bio-Rad Laboratories, Hercules, CA, USA).

For AO/PI, after treating with acridine orange/propidium iodide (AO/PI), fluorochromes
used for the detection of both viable and dead cells, cells were observed by fluorescence
microscopy. AO, which is membrane-permeable, binds to nucleic acids, provoking a
green fluorescence. PI, impermeable to intact cell membrane, crosses the membrane of
dead and dying cells and intercalates with nucleic acids, forming a bright red fluorescent
complex. The combination of both fluorescent probes allows the simultaneous detection
of cells with intact or compromised cell membranes (Bank, 1987). Fluorescence
microscopy assessment was carried out by ZOE Cell Imager (Bio-Rad Laboratories,

Hercules, CA, USA).

2.4.Immunofluorescence Staining

A72 and CRFK cells, pretreated or not with CH223191, were infected or not with CCoV
and FCoV, respectively, at different MOI. At 24 h p.i., immunofluorescence staining was
assessed (Fiorito et al., 2022, Altamura et al., 2018), by using the following antibodies,
diluted in 5% bovine serum albumin-1x Tris-Buffered Saline, 0.1% Tween® 20
Detergent: rabbit polyclonal anti-AhR antibody (AhR) (Sigma-Aldrich, St. Louis, MI,
USA) (1:250), mouse anti-CoV N protein monoclonal, MAB 938 (The Native Antigen
Company) (1:250), mouse anti-FCoV N protein monoclonal (Bio-Rad, MCA2194)
(1:400); Alexa Fluor 488 goat anti-mouse (Thermo Fisher Scientific) (1:1000), Texas Red
goat anti-rabbit (Thermo Fisher Scientific, Waltham, MA, USA) (1:100). Microscopy and
photography were evaluated by ZOE Fluorescent Cell Imager (Bio-Rad Laboratories).
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Quantification of fluorescence signals from microscopy produced images, obtained by
samples which were all run in the same experiment, were carried out by ImageJ (National

Institutes of Health) software.

2.5.Virus Production

Monolayers of A72 and CRFK, pretreated or not with CH223191, were infected or not
with CCoV and FCoV, respectively, at MOI of 0.05 and 5, incubated at 37 °C, and
processed after 24 h of infection by real-time PCR for CCoV quantification. Furthermore,
viral cytopathic effect (CPE) was evaluated, by examining cells under a light microscope

at 24 h p.i. (De Martino et al., 2010, Fiorito et al., 2022).

2.6.CCoV Viral Nucleic Acids Extraction Procedures

Nucleic acid extraction was carried out from 200 pL of cell supernatant by using the King
Fisher Flex System (Thermo Fisher Scientific, Waltham, MA, USA) with the Mag Max
Viral Pathogen kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions. Nucleic acids were eluted in 60 pL of elution buffer. DMEM

was utilized as a negative process control.

2.7. CCoV Viral Load Quantification by Real-Time Reverse Transcription PCR (RT-
qPCR)

CCoV was quantified in all the samples by RT-qPCR. Detection was carried out on a
QuantStudio 5 Real-Time PCR thermal cycler (Thermo Fisher Scientific, Waltham, MA,
USA) in a total volume of 25 uL containing 5 pL of nucleic acid extract, 12.5 pL of
AGPATH reaction kit with 1 pL of reverse transcriptase enzyme (Thermo Fisher
Scientific, Waltham, MA, USA), 1 puL (10 uM) of primer forward CCoV-For (50 -
TTGATCGTTTTTATAACGGTTCTACAA-30 ), 1 uL (10 pM) of primer reverse
CCoV-Rev (50 -AATGGGCCATAATAGCCACATAAT-30) and 1 pL (6 pM) of probe
CCoV-P (FAM-50 -ACCTCAATTTAGCTGGTTCGTGTATGGCATT-30 - TAMRA);
for FCoV:

The thermal profile was the following: reverse transcription for 30 min. at 42 °C, initial
denaturation for 15 min at 95 C, 40 cycles of amplification for 15 s at 95 °C and for 60
s at 60 °C (Decaro et al., 2010). Quantification was carried out by a standard curve,

developed by amplifying serial dilutions of the quantified extracted virus (from 3.5 x 10°
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to 3.5 x 10* TCIDso/mL) and plotting the Log TCIDso/mL versus the Ct number (Fiorito
et al., 2022).

2.8. FCoV Viral Nucleic Acids Extraction Procedures

Nucleic acids eextraction was carried out on 200 pL of cell supernatant using
QIAsymphony automated extraction system (Qiagen GmbH, Hilden, Germany) with the
DSP Virus/Pathogen Mini kit (Qiagen GmbH, Hilden, Germany) according to the

manufacturer’s instructions. Nucleic acids were eluted in 60 pL of elution buffer.

2.9. FCoV Viral Load Quantification by RT-qPCR

Detection of FCoV was carried out by real-time RT-PCR. Reaction was performed on a
QuantStudio 5 Real-Time PCR thermal cycler (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) in a total volume of 25 pl containing 5 pl of nucleic acids extract,
12.5 ul of AGPATH reaction kit with 1 pl of reverse transcriptase enzyme (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), 1 ul (6,25 uM) of primer forward FCoV-For
(5'- AGCAACTACTGCCACRGGAT-3"), 1 ul (6,25 uM) of primer reverse FCoV-Rev
(5'- GGAAGGTTCATCTCCCCAGT-3") and 1 pl (5 uM) of probe FCoV-P (5'-FAM-
AATGGCCACACAGGGACAACGC-MGB-3"). The thermal profile was: reverse
transcription for 30 min. at 48 °C, initial denaturation for 15 min at 95 °C, 45 cycles of
amplification for 15 s at 95 °C and for 60 s at 60 °C (Dye et al., 2008). Quantification was
carried out by a standard curve, developed by amplifying serial dilutions of the quantified
extracted virus (from 1,0 x 10'? to 1,0 x 10® TCIDso/mL) and plotting the Log TCIDso/mL
versus the Ct number (Fiorito et al., 2022).

2.10. Statistical Analysis

Results are described as mean + S.D. One-way ANOVA with Tukey’s post-test and by
Student’s t test was calculated by GraphPad InStat Version 3.00 for Windows 95
(GraphPad Software, San Diego, CA, USA). p < 0.05 was considered statistically

significant.
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3. Results

3.1. CH223191 Increases Cell Viability during both CCoV and FCoV Infection

The effects of four different concentrations of CH223191 (2, 5, 10 and 20 uM) on A72
and CRFK uninfected cells were tested. After 24 h of treatment, the cytotoxic
concentration value required to reduce cell viability by 50% (CCso) of CH223191 was
identified and dose—response curve was developed in A72 cells (Figure 1a) and CRFK
cells (Figure 2a). After 24 h of treatment, cell viability (% control) was detected in A72
cells with a CCso of 9.6 uM CH223191, whereas, in CRFK with a CCso of 5.9 uM
CH223191 (Figures land 2). CH223191 at 2 uM in A72 (Figure 1a—c) and CRFK (Figure

la—c) cells produced no significant differences in cell viability (p > 0.5)
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Figure 1. Identifying CCso of CH223191 inhibitor at different doses and developing dose—response curve in A72 cells.
(a) Dose-response curve of A72 cells treated with CH223191 at different concentrations (2, 5, 10 and 20 uM). After
24 h of treatment, cell viability was determined by TB staining while cells were attached to wells and counted under a
light microscope. Significant differences between DMSO and CH223191-treated cells are indicated by probability p. *
p < 0.05 and ** p < 0.01. (b) At 24 h after treatment, cells were stained with Giemsa and observed under a light
microscope. (¢) A72 cells treated with DMSO or with CH223191 (2 uM). Scale bar 100 pm.
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Figure 2. Identifying CCso of CH223191 inhibitor at different doses and developing dose-response curve in CRFK
cells. (a) Dose-response curve of CRFK cells treated with CH223191 at different concentrations (2, 5, 10 and 20 uM).
After 24 h of treatment, cell viability was determined by TB staining while cells were attached to wells and counted
under a light microscope. Significant differences between DMSO and CH223191-treated cells are indicated by
probability p. * p < 0.05 and ** p < 0.01. (b) At 24 h after treatment, cells were stained with Giemsa and observed
under a light microscope. (c) CRFK cells treated with DMSO or with CH223191 (2 uM). Scale bar 100 pm.

Then, monolayers of A72 and CRFK cells were infected with CCoV and FCoV,
respectively, at MOI of 0.05 and were pretreated or not with CH223191 at different doses
(2,5, 10 and 20 uM). Following both CCoV and FCoV infection, a significant (p < 0.05)
increase in cell viability in the presence of CH223191 at 2 uM in A72 (Figure 3) and
CRFK cells (Figure 4) was observed.
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Figure 3. AhR inhibitor CH223191 increases cell viability during CCoV infection. (a) Dose-response curve of A72
cells treated with CH223191 at different concentrations (2, 5, 10 and 20 pM). After 24 h of treatment, cell viability was
determined by TB staining while cells were attached to wells and counted under a light microscope. Significant
differences between CCoV+DMSO and CCoV+CH223191-treated cells are indicated by probability p. * p < 0.05. (b)
A72 cells infected with CCoV and treated or untreated with CH223191 at different concentrations (2, 5, 10 and 20
uM). At 24 h after treatment, cells were stained with Giemsa and observed under a light microscope. Scale bar 100 pm.
(¢) A72 cells infected with CCoV and treated or untreated with CH223191 (2 uM). At 24 h after treatment, cells were
stained with Giemsa and observed under a light microscope. Scale bar 25 um.
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Figure 4. AhR inhibitor CH223191 increases cell viability during FCoV infection. (a) CRFK cells infected with FCoV
and treated or untreated with CH223191 at 2 uM. At 24 h after treatment, cells were (b) unstained or (c) stained with
TB and observed under a light microscope. Scale bar 100 pm. (b) Dose—response curve of CRFK cells treated with
CH223191 at 2uM). After 24 h of treatment, cell viability was determined by TB staining while cells were attached to
wells and counted under a light microscope. Significant differences between FCoV+DMSO and FCoV+CH223191-
treated cells are indicated by probability p. ** p <0.01.
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Thus, the concentration of CH223191 at 2 uM was selected to be used throughout the
study. These findings showed that in A72 and CRFK cells, at the non-toxic concentration
of 2 uM, CH223191 significantly decreased cell death after 24 h of both CCoV and FCoV

infection.

3.2. CH223191 Reduces Morphological Cell Death Features during CCoV and FCoV
Infection in A72 and CRFK Cells

As displayed in Figure 5b, the lowest concentration of AhR inhibitor (2 uM) did not cause
morphological changes on uninfected A72 cell groups compared to control, whereas in
unexposed infected cells, an increase in intercellular spaces due to detachment from
culture plate (Figure 5, arrow) was found. Changes in cell morphology suggesting signs
of apoptosis, such as cell shrinkage (Figure 5, arrowhead; Figure 6, arrow), pyknosis and
chromatin condensation (Figure 5, circle; Figure 6, arrowhead) were detected after
Giemsa staining. All those cell death marks were markedly diminished when CCoV and

FCoV-infected cells were treated with AhR inhibitor (Figures 5 and 6).

100 pm 50 pm

CCoV+
DMSO

CCoV+
CH223191

Figure 5. AhR inhibitor CH223191 reduces morphological cell death signs during CCoV infection in A72 cells. Cells
were infected with CCoV, in the presence or absence of CH223191. At 24 h p.i., cells stained by Giemsa were analysed
under a light microscope. Photomicrographs showing in unexposed infected groups, some cells with cell death features,
such as an increase in intercellular spaces due to detachment from culture plate (arrow). In addition, morphological
apoptotic marks, such as cell shrinkage (arrowhead), pyknosis and chromatin condensation (circle), were detected. In
the presence of AhR inhibitor, all those cell death features were markedly diminished in CCoV-infected cells.
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Figure 6. AhR inhibitor CH223191 reduces morphological cell death signs during FCoV infection in CRFK cells. Cells
were infected with FCoV, in the presence or absence of CH223191. At 24 h p.i., cells stained by Giemsa were analysed
under a light microscope. Signs of cell death, such as cellular shrinkage (A, arrowhead), pyknosis (A, arrow), were
noticeably lessened in CH213191-treated groups. In AO/PI panels, PI fluorescent cells, indicating dead and dying cells,
were mostly detected in FCoV-infected cells compared to cells treated with CH213191. Scale bar 100 pm.

After AO/PI staining, to detect both viable and dead cells, CRFK cells were observed by
fluorescence microscopy. In the presence of CH223191, a decrease in PI fluorescent cells
was observed in infected cells compared to CCoV untreated groups (Figure 6).

Overall, these findings demonstrated that CH223191 remarkably protected A72 and
CRFK cells during CCoV and FCoV infection, respectively.

3.3. AhR was expressed in A72 and in CRFK cells

To investigate the expression of AhR in A72 as well as in CRFK cells,
immunofluorescence staining was performed. As displayed in Figures 7 and 10, AhR was
expressed by the canine fibrosarcoma cell line A72, and in feline CRFK. Interestingly, in

A72 cells, AhR inhibitor CH223191 considerably decreased the expression of AhR
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(Figure 7a), as confirmed by the measurement of integrated density fluorescence (Figure
7b).
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Figure 7. A72 cells express AhR. (a) Canine fibrosarcoma cell line A72 expressed AhR. AhR inhibitor
CH223191 noticeably decreased the expression of AhR. Scale bar 100 pm. (b) Bars represent the mean
ratio generated from the integrated density (product of the area and mean intensity of fluorescence) of the
AhR expression evaluated by ImagelJ. Error bars represent standard deviation measurement. Significant
differences between CCoV-infected cells and AhR-inhibitor-treated infected cells are indicated by
probability p. * p <0.05.

3.4. CCoV and FCoV Infection Activate the Expression of AhR

In CCoV-infected cells, we detected a significant increase in AhR expression in A72 cells
(Figure 8a). This finding was confirmed by integrated density measurement, indicating
that up-regulation of AhR by CCoV was 1.7 times higher compared to uninfected cell
group (Figure 8b).
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Figure 8. CCoV infection activates the expression of AhR in A72 cells. A72 cells were infected with CCoV
at MOI of 0.05. At 24 h p.i., immunofluorescence staining for AhR was performed. (a) In CCoV-infected
cells a significant increase in AhR expression was found. Scale bar 100 um. (b) Bars represent the mean
ratio generated from the integrated density (product of the area and mean intensity of fluorescence) of the
AhR expression during CCoV infection evaluated by Imagel. Error bars represent standard deviation
measurement. Significant differences between CCoV-infected cells and AhR-inhibitor-treated infected
cells are indicated by probability p. * p <0.05.

3.5. Inhibitor CH223191 Inhibits both AhR and NP Expression during CCoV and
FCoV Infection

The expression of AhR and NP during CCoV and FCoV infection in A72 and CRFK
cells, respectively, were tested. NP was expressed during CCoV and FCoV infection, and
a co-expression of NP and AhR in some merged images of both A72 and CRFK cells was
found (Figures 9a and 10a - MERGE). Moreover, in both cell lines, using AhR inhibitor
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CH223191, a down-regulation in the expression of AhR and NP was detected (Figures 9a

and 10a). Those findings were confirmed by integrated density fluorescence measurement
(Figures 9b,c and 10b,c).
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Figure 9. AhR inhibitor inhibits both AhR and NP expression during CCoV infection in A72 cells. A72
cells were infected with CCoV at MOI of 5. At 24 h p.i., immunofluorescence staining for AhR and NP
was performed. (a) In CCoV-infected cells a significant up-regulation of AhR and NP expression was
detected. In some merged images of A72 cells, co-expression of NP and AhR expression was found
(MERGE). Following infection, in the presence of AhR inhibitor CH223191, both AhR and NP expression
was down-regulated. Scale bar 59 pum. (b) Bars represent the mean ratio generated from the integrated
density (product of the area and mean intensity of fluorescence) of the NP expression during CCoV
infection evaluated by Image]. Error bars represent standard deviation measurement. Significant
differences between CCoV-infected cells and AhR-inhibitor-treated infected cells are indicated by
probability p. ** p <0.01. (c) Bars represent the mean ratio generated from the integrated density (product
of the area and mean intensity of fluorescence) of the AhR expression during CCoV infection evaluated by
Image]. Error bars represent standard deviation measurement. Significant differences between CCoV-
infected cells and AhR-inhibitor-treated infected cells are indicated by probability p. *** p <0.001.
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Figure 10. AhR inhibitor inhibits both AhR and NP expression during FCoV infection in CRFK cells.
CRFK cells were infected with FCoV at MOI of 5. At 24 h p.i., immunofluorescence staining for AhR and
NP was performed. (a) In FCoV-infected cells a significant up-regulation of AhR and NP expression was
detected. Following infection, in the presence of AhR inhibitor CH223191, both AhR and NP expression
was down-regulated. Scale bar 100 um. (b) Bars represent the mean ratio generated from the integrated
density (product of the area and mean intensity of fluorescence) of the NP expression during FCoV infection
evaluated by Imagel. Error bars represent standard deviation measurement. Significant differences between
FCoV-infected cells and AhR-inhibitor-treated infected cells are indicated by probability p. *** p <0.001.
(¢) Bars represent the mean ratio generated from the integrated density (product of the area and mean
intensity of fluorescence) of the AhR expression during FCoV infection evaluated by ImageJ. Error bars
represent standard deviation measurement. Significant differences between FCoV-infected cells and AhR-
inhibitor-treated infected cells are indicated by probability p. *** p < 0.001.

Overall, these findings suggest that not only CCoV and FCoV infection activated AhR
expression, but in some cells, co-expression of NP and AhR was detected. Interestingly,

using AhR inhibitor, the down-regulation of both NP and AhR was found.
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3.6. AhR Inhibitor Decreases Virus Yield during CCoV and FCoV Infection

CPE Evaluation

Following CCoV and FCoV infections in A72 cells (Figure 3) and in CRFK (Figure 12),
respectively, at 24 h p.i. an increase in CPE was found. Indeed, morphological alterations,
such as development in syncytia of giant cells and detachment from culture plate in
CCoV-infected groups, were detected (Figures 3 and 12). These features were intensely
reduced by the presence of AhR inhibitor (Figures 3 and 12).

Standard Curve and Virus Quantification

AhR ability to decrease virus yield was evaluated also by Rt-qPCR. Quantification was
made by the mean of a standard curve. The standard curve was constructed based on the
average Ct values of three replicates against the Log of known amount of each virus
studied (expressed in TCIDso/mL). The standard curve was used in RT-qPCR assays
(Fiorito et al., 2022) to estimate samples’ virus titer starting from the Ct obtained in the
amplification reaction. Our results showed that CCoV as well as FCoV virus yield were

significantly reduced by AhR inhibitor in A72 and CRFK cells (Figures 11 and 12).

(b)
OCCoV+DMSO ®CCoV+CH223191
8
(a) :
20 7
* y=-3,256x + 45,72
30 Rt o 6
2 ‘E:.__
% 20 % 5
e
=]
10 - 4
5
0 3
o 1 2 3 4 5 6 7 & 9 10 11 12 24 h
LOG (TCIDso/mL) Time post infection (h)

Figure 11. AhR inhibitor decreases virus yield during CCoV infection in A72 cells. Cells were infected
with CCoV in the presence or absence of AhR inhibitor CH223191. At 24 h p.i., virus yield was evaluated
by RT-qPCR by the mean of a standard curve (a) created plotting Log TCIDs¢/mL against the Ct number
(b). Significant differences between CCoV-infected cells and AhR-inhibitor-treated infected cells are
indicated by probability p. * p <0.05.
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Figure 12. AhR inhibitor decreases virus yield during FCoV infection in CRFK cells. Cells were infected
with FCoV in the presence or absence of AhR inhibitor CH223191. At 24 h p.i., virus yield was evaluated
by RT-qPCR by the mean of a standard curve (a) created plotting Log TCIDso/mL against the Ct number
(b). Significant differences between FCoV-infected cells and AhR-inhibitor-treated infected cells are
indicated by probability p. * p < 0.01. (c) CPE was evaluated by ZOE Cell Imager.

Taken together, our results demonstrated that AhR inhibitor significantly reduced CCoV
and FCoV virus yield during infection in A72 cells and in CRFK cells, respectively.

4. Discussion

The ability of CoVs to mutate and recombine their genome has been extensively proved.
This feature allows them to cross interspecies barriers. Specifically, recent studies

highlight the aptitude of CCoV, an alphacoronavirus, to mutate into new and more
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dangerous variants (Kenney et al., 2021; Pratelli et al., 2021, 2022; Vlasova et al., 2022).
In different countries of the world, and not simultaneously, extremely virulent
recombinant canine—feline—porcine alphacoronaviruses have been identified in dogs as
well as in humans (Kenney et al., 2021; Pratelli et al., 2021, 2022; Vlasova et al., 2022).
These findings indicate the need for constant surveillance of CoVs, such as CCoV. To
date, indomethacin, an anti-inflammatory drug, has been demonstrated to have effective
antiviral properties against CCoV infection, acting on the virus replication cycle and
blocking viral RNA synthesis (Amici et al., 2006; Xu et al., 2020; Gomeni et al., 2020).

Although lethal FIP is very common in felines, therapeutic strategies are currently limited
as well as highly toxic. Based on different mechanisms of action involved in FCoV life
cycle, several attempts have been done (Delaplace et al., 2021; Tesker et al., 2023;
Schmied et al., 2024). Compounds which act inhibiting fusion to cell and endocytosis,
translation inhibition, translation inhibition, host protein inhibition and protease inhibitors
have been tested. For example, hydroxychloroquine, a drug approved to treat malaria and
immune-mediated diseases in humans, in association with interferon-m is effective for
FIPV in vitro (Takano et al., 2020). Itraconazole, an antifungal (Takano et al., 2019),
sinefungin, a nucleoside antibiotic (Kuroda et al., 2019), 5-amino levulinic acid (Takano
et al., 2021), doxycycline (Dunowska et Ghosh, 2021) inhibit FCoV infection. ERDRP-
0519, a non-nucleoside inhibitor, which targets viral RNA polymerase, is suitable a highly
effective against FIPV (Camero et al., 2022). In addition, natural products, like Thymus
vulgaris essential oil (Catella et al., 2021), and napier grass (Pennisetum purpureum),
which has high phenolic content (Chen et al., 2022), crude extracts of Talaromyces
Strains (B18) (Vocadlova et al., 2023), the two flavonoids, isoginkgetin and luteolin
(Triratapiban et al., 2023), rottlerin, a natural extract from Mallotus philippensis, loaded
by liposomes (Choi et al., 2023) have antiviral activity against FIPV. But a recent
alternative to euthanasia, making FIP often curable, is due to very effective result
antiviral treatments based on nucleoside analogues remdesivir (Bohm, 2022) and GS-
441524, a remdesivir derivate (Murphy et al., 2018; Dickinson et al., 2020; Izes et al.,
2020; Paltrinieri et al., 2021; Jones et al., 2021; krentz et al., 2021; Delaplace et al., 2021;
Cook et al., 2022; Doki et al., 2022; Meli et al., 2022; Addie et al., 2020a,b,2023; Taylor
etal., 2023; Tasker et al., 2023; Cosaro et al., 2023; Coggins et al., 2023; Yan et al, 2023).
Indeed, they are effective against FIP in both the short term as well as the long term
(Zwicklbauer et al., 2023), but toxic effects could be induced by their use, such as acute

progressive azotemia and multifocal urolithiasis (Allinder et al., 2024). Promising results
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were found a new therapy based on unlicensed molnupiravir (Roy et al., 2022; Sase,
2023).

Recent advances reveal the involvement of AhR during CoVs infection (Tang et al., 2005;
Grunewald et al., 2020; Giovannoni et al., 2021; Shi et al., 2023; Zhao et al., 2023;
Yousefi et al., 2023). In particular, AhR antagonist, like CH223191, decreases the
expression of the angiotensin-converting enzyme 2 (ACE2) receptor, via AhR activation,
resulting in the suppression of SARS-CoV-2 infection in mammalian cells (Giovannoni
et al., 2021). Herein, first, we found that AhR was expressed in canine A72 cells as well
as in CRFK cells. Moreover, it was significantly activated during both CCoV and FCoV
infection, as reported in other CoVs infections (Tang et al., 2005; Grunewald et al., 2020;
Giovannoni et al., 2021). In fact, the measurement of integrated density fluorescence
showed that the expression was significante higher in infected cell groups compared to
uninfected cells. Using a well-known AhR inhibitor, CH223191, at dose of 2 M did not
cause toxic effects both in A72 and in CRFK cells, and significantly reduced cell death
after 24 h of CCoV and FCoV infection. In addition, CH223191 markedly diminished
morphological cell death features, typical marks of CCoV infection in A72 cells (De
Martino et al., 2010; Ruggieri et al., 2007), and of FCoV infection in CRFK cells Those
findings were accompanied by a significant decline in both viruses yield, results
supposing that AhR up-regulation may represent a common approach used by CoVs to
stimulate viral replication (Tang et al., 2005; Grunewald et al., 2020; Giovannoni et al.,

2021, ) (see Table 1).

Following CCoV and FCoV infection, in the presence or in the absence of AhR inhibitor,
the expression of both NP and AhR were simultaneously tested. Surprisingly, in some
A72 and or in CRFK infected cells, a novel co-expression of NP and AhR expression was
found, and the possible explanations for that finding need further investigation.
Furthermore, the AhR inhibitor not only significantly down-regulated the expression of
AhR, but also of NP in both infection studied. Evidence on structural knowledge as well
as on the functional mechanism of viral nucleocapsid protein NP is considered a starting
point for the development of potential inhibitors against CoV diseases. Indeed, NP is
responsible of binding the viral RNA genome, packing viral genome RNA into
ribonucleoproteins, and compressing it into a compact virion core (McBride et al., 2014).
Moreover, it is generally more stable than the CoV spike protein, which has a higher

mutation rate (Zhu et al., 2005; Dutta et al., 2020; Tseng et al., 2021).

42



Overall, based on our results, emphasizing the possible role of AhR as a target for antiviral
therapy, we suppose that some AhR ligands may improve the host response to CoVs
infection. Additionally, we identified NP antagonists for targeting not only CCoV but
also FCoV. Future biochemical and structural studies may better delineate the current
research. However, these results highlight the importance of screening hypothetical
antivirals in in vitro animal models of CoVs to avoid the manipulation of extremely

dangerous human CoVs (SARS-CoVs and MERS-CoV).

Conclusions

Our preliminary findings indicate that AhR up-regulation might be a common stratagem
used by coronaviruses to stimulate viral replication. Pharmacologic inhibition of AhR by
CH223191 repressed both CCoV and FCoV replication, recognizing AhR as a new target
for identifying antiviral drugs to counteract CoVs. Importantly, animal coronaviruses,
such as CCoV and FCoV, represent a valid alternative for carrying out preliminary studies
on the efficacy of drugs, bypassing the risks of using a highly pathogenic and contagious

virus for the first step of screening.
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Brief summary

Herein, the potential antiviral properties of fungal secondary metabolites towards CCoV
infection have been evaluated. Particularly, following infection in a canine fibrosarcoma
(A72) cell line, OMF, PS and VER. obtained from Talaromyces pinophilus, were tested.
Furthermore, 6PP, isolated from 7richoderma atroviride, against CCoV was evaluated
on A72, and on Crandell-Rees Feline Kidney Cell (CRFK), a cell line derived from the
feline kidney. The results showed that the fungal metabolites reduce the infectivity of
CCoV. Moreover, all these compounds provoke a strong inhibition in the expression of
AhR, a ligand-activated transcription factor that is activated during CCoV infection. In
addition, in the presence of VER or PS, it has been found the alkalinization of lysosomes

which may be involved in the observed antiviral activities.

The following papers were embedded here:

Cerracchio C, Iovane V, Salvatore MM, Amoroso MG, Dakroub H, DellaGreca M,
Nicoletti R, Andolfi A, Fiorito F. Effectiveness of the Fungal Metabolite 3-O-
Methylfunicone towards Canine Coronavirus in a Canine Fibrosarcoma Cell Line
(A72). Antibiotics 2022, 11, 1594. https://doi.org/10.3390/antibiotics11111594 -
Permission: https://www.mdpi.com/openaccess

Cerracchio C, Salvatore MM, Del Sorbo L, Serra F, Amoroso MG, DellaGreca M,
Nicoletti R, Andolfi A, Fiorito F. In Vitro Evaluation of Antiviral Activities of
Funicone-like Compounds Vermistatin and Penisimplicissin against Canine
Coronavirus Infection. Antibiotics (Basel). Antibiotics 2023, 12, 1319.
https://doi.org/10.3390/antibiotics12081319 - Permission:
https://www.mdpi.com/openaccess

Moreover, the results of the following submitted manuscript have been included here:

Cerracchio C, Del Sorbo L, Serra F, Staropoli A, Amoroso MG, Vinale F, Fiorito F. Fungal
metabolite 6-pentyl-a-pyrone reduces canine coronavirus infection.
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1. Introduction

Fungal secondary metabolites

The recent pandemic of COVID-19 due to severe acute respiratory syndrome-
coronavirus-2 (SARS-CoV-2) has turned the spotlight on CoVs that are able to mutate
into new and more dangerous strains. Hence, in the current scenario of emerging
pathogenic coronaviruses with pandemic potential similar to SARS-CoV2, there is
intense investigational activity focused on finding novel antivirals. Natural products offer
a rich source of potential materials for the identification and development of novel drugs.
The potential of natural products in drug discovery should be investigated (Wright, 2019).
Indeed, several compounds from various biological sources (i.e., medicinal plants,
bacteria, fungi) are being studied with the aim to find and develop new nontoxic medicinal
compounds. Fungi produce numerous bioactive secondary metabolites (SMs), some of
which have been already used as antibiotics, fungicides, plant growth regulators and
hormones. Funicones, as well as related compounds, constitute a homogeneous group of
fungal polyketides possessing remarkable biological activities which have promoted their
consideration as drug possibilities (Nicoletti et al., 2009; Salvatore et al., 2022). Among
them, 3-O-methylfunicone (OMF), which is a benzo-y-pyrone produced by Talaromyces
pinophilus (Table 1), has shown significant antifungal, antiproliferative, and pro-
apoptotic activities (Nicoletti et al., 2014), as well as potential antiviral properties,
towards hepatitis C virus (HCV) (Nakajima et al., 2013) and bovine herpesvirus 1
(BoHV-1) (Fiorito et al., 2022).

The Trichoderma secondary metabolite 6-pentyl-o-pyrone (6PP) (Table 1) plays an
important role in the defence against plant pathogens (Vinale et al. 2008; Comite et al.,
2021), as well as in anti-biofilm-producing bacteria activity (Papaianni et al., 2020; Kotb
et al., 2022), but the antiviral activity of 6PP has never been investigated so far.

Based on these observations, the potential antiviral effect of OMF against CCoV infection
in canine fibrosarcoma cells (A72) was investigated after assessing the non-toxic in vitro
dose of this compound.

Moreover, further research on CCoV antiviral properties of two additional funicone-like
compounds named penisimplicissin (PS) and vermistatin (VER) was carried out. The
latter represents the most common funicone-like compound, having been reported as a
product of at least 15 fungal species (Nicoletti et al., 2023a,b; Salvatore et al., 2022). VER
and PS have a very similar molecular structure (Table 1) which is characterized by a 4,6-

dimethoxyphthalide moiety linked to a y-pyridone (Salvatore et al., 2022).
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In addition, the potential efficacy of 6PP. isolated from Trichoderma atroviride, against
CCoV was evaluated on A72, a canine fibrosarcoma cell line, and on Crandell-Rees
Feline Kidney Cell (CRFK), a cell line derived from the feline kidney, both are suitable
for studying CCoV (Cerracchio et al., 2022; Crandell et al., 1973; Binn et al., 1980).

2. Materials and Methods

2.1.Production and Isolation of OMF, VER, PS and 6PP

Cultures of T. pinophilus (strain LT6) were prepared as previously reported (Salvatore et
al., 2018). 6-Pentyl-a-pyrone was isolated from Trichoderma atroviride, strain P1

according to the method described by Vinale et al. (2008) (see Table 1).

Table 1. Fungal secondary metabolites assayed during CCoV infection.

Name Chemical structure Fungal species References
o__0O
~
3-O-Methylfunicone Y;c)zl{’cizzzzfzi)lzbc;s Salvatore et al.,
(OMF) ~0 o O >~ (strain LT6) 2018
|
C Talaromyces
Vermistatin pinophilus Salvatore et al.,
(VER) (strain LT6) 2018
Penisimplicissin YZEZZIOJZJZ/;ES Salvatore et al.,
(PEN) (strain LT6) 2018
6-Pentyl-a-Pyrone X Trzchoq’grma Vinale et al.,
(6PP) | atroviride 2008
O~ 0 (strain Pl)

2.2.Cell Cultures and Virus Infection
A72 and CRFK cells were cultured in Dulbecco’s modified Eagle’s minimal essential
medium (DMEM), 1% penicillin/streptomycin, plus 10% fetal bovine serum (FBS), and

incubated at 37 °C and 5% CO2 (Marfe et al., 2011; Drechsler et al., 2020). The following
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Alphacoronavirus reference strain CCoV-Ila S378 (GenBank accession number
KC175341) was used throughout the study. A72 cells were utilized for virus stocks
growth. A72 and CRFK were used for virus titration (De Martino et al., 2010; Tian et al.,
2021).

OMF was dissolved in DMSO, then added to the medium to obtain final concentrations
of 0.5, 1,2.5 and 5 uM.

VER and PS were dissolved in DMSO, then added to the medium to obtain final
concentrations of 0.1, 0.5, 1, 2.5, and 5 pM.

6PP was solubilized in the vehicle DMSO, at 0.1 g/mL concentration (stock solution).
The stock solution was then diluted in DMEM to obtain different concentrations. Vehicle
control is indicated as DMSO diluted in DMEM (0.1% v/v) and used throughout the
experiments.

AT72 cells, in monolayers, were infected with CCoV, at different MOI, exposed to OMF,
VER or PS, to produce four groups: CCoV uninfected or infected cells, OMF- VER- or
PS-treated infected and uninfected cells. After adsorption at 37 °C (one hour), A72 cells
were incubated, and processed at 24 and 48 h post infection. The virus remained in the
medium.

A72 and CRFK cells, in monolayers, were infected or not with CCoV, at different MOI,
and were treated or not with 6PP at different concentrations (0.001, 0.01, 0.1, 1 and 10
ng/mL) having four groups: CCoV uninfected or infected cells, 6PP treated infected and
uninfected cells. One hour after adsorption at 37 °C, both cell lines were incubated, and

processed at various times of infection. The virus remained in the medium.

2.3.Cell Viability

A72 cells were treated with OMF, infected with CCoV at MOI of 5 and incubated.

A72 cells were treated with VER or PS, infected with CCoV at MOI of 0.05 and
incubated.

A72 and CRFK cells were exposed to 6PP, infected with CCoV, at MOI of 5 for A72,
and at MOI of 1 for CRFK, and incubated.

After 48 h of treatment, cell viability was assessed by TB exclusion test, and it was
obtained as a percentage of viable cells vs. control (Chowanadisai et al., 2013; Fiorito et
al., 2020). Three independent experiments were performed in duplicate, and results are

exhibited as the mean + standard deviation (S.D.). The calculation of the ICsoin A72 as
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well as CRFK cells was assessed by ICso CalculatorAAT Bioquest

(https://www.aatbio.com/tools/ic50-calculator, accessed on August 14, 2023).

2.4.Cell proliferation

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was
carried out to check cell proliferation (Fiorito et al. 2008; 2011; Santamaria et al. 2011).
A72 cells cultured in 96-well plates were infected or not with CCoV at a MOI of 5, and
exposed or not to OMF (0.5, 1, 2.5, and 5 uM) to obtain four groups: uninfected or
infected cells, and OMF-exposed infected and uninfected cells, and then incubated. After
48 h of infection, MTT assays were performed. Briefly, cells cultured in 96-well plates
were infected or not, exposed or not exposed, and incubated. Then, MTT assay was added
to each well at different times, and then incubated for 3 h. At the end of the incubation,
the medium was removed, and the converted dye was solubilized with acidic isopropanol
(0.IN HCI in absolute isopropanol) and was measured at wavelength of 570 nm with
background subtraction at 630 - 690 nm (Mosmann, 1983).

In a preliminary test of cell viability, five concentrations of 6PP (0.001, 0.01, 0.1, 1 and
10 pg/mL) were tested at 48 h p.i., and then we have chosen 0.1 pg/mL 6PP for MTT test.
In brief, both A72 and CRFK cells were infected with CCoV (MOI 5 and MOI 1,
respectively), in the presence or not of 6PP (0.1 pg/mL) were checked by MTT test after
48 h p.i..

Results were the mean + S.D. of four independent experiments in duplicate.

2.5.Examination of Cell Morphology

Giemsa staining and acridine orange staining were performed to study cell morphology
(Fiorito et al., 2008).

A72 cells were infected or not with CCoV at a MOI of 5, exposed or not to OMF (5 uM).
A72 cells were infected with CCoV, at MOI of 1, and treated or not with VER or PS.
Monolayers of A72 and CRFK, treated with 6PP, were infected with CCoV at MOI of 5
and at MOI of 1, respectively. After 24 h and 48 h of infection, acridine orange staining
and Giemsa staining were carried out, then, light microscopy and fluorescence
microscopy analysis were assessed by ZOE Cell Imager (Bio-Rad Laboratories, Segrate,

Milan, Italy).
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2.6.Immunofluorescence Staining

A72 cells were infected or not with CCoV at a MOI of 5, and exposed or not to OMF,
VER or PS for 24 h.

A72 and CRFK cells, treated or not with 6PP were infected CCoV at MOI of 0.05 and 1,
respectively.

At different times times p.i., [F staining was assessed cells (Fiorito et al., 2022; Altamura
et al., 2018), using the following antibodies diluted in 5% bovine serum albumin-1x Tris-
Buffered Saline, 0.1% Tween® 20 Detergent:, anti-nucleocapsid protein (NP),
monoclonal mouse, MAB 938 (The Native Antigen Company, Kidlington, UK), anti-aryl
hydrocarbon receptor (AhR) (Sigma-Aldrich, St. Louis, MI, USA) (1:250), Alexa Fluor
488 goat anti-mouse (Thermo Fisher Scientific, Waltham, MA, USA) (1:1000), and
Texas Red goat anti-rabbit (Thermo Fisher Scientific, Waltham, MA, USA) (1:100).
Microscopy and photography were assessed by ZOE Fluorescent Cell Imager.
Fluorescence signals from micrographs were quantified by Imagel software (National

Institutes of Health, Bethesda, MD, USA).

2.7.LysoRed Staining

The cells were infected with CCoV, at MOI of 5, treated with VER or PS, and incubated
for 24 and 48 h. In accordance with the user manual, cells were stained with CytoPainter
LysoRed Indicator Reagent (Abcam) and incubated. The cells were then washed and

observed under a fluorescence microscope (Alkharashi et al., 2019).

2.8.Virus Production

A72 cells were infected or not with CCoV at a MOI of 5, exposed or not to OMF,
incubated at 37 °C, and processed after 0, 1, 12, 24, 48, and 72 h p.i. using RT-qPCR for
CCoV quantification.

A72 cells were infected with CCoV at MOI 5, treated with VER or PS and incubated for
24 and 48 h. RT-qPCR was then used to quantify CCoV.

Monolayers of A72 and CRFK cells, treated or not with 6PP, were infected or not with
CCoV, at MOI 5 for A72 and at MOI 10 for CRFK, and incubated at 37 °C. A72 cells
were then processed by real-time PCR for CCoV quantification (Cerracchio et al., 2022).
In CRFK cells, the virus titer was determined by 50% tissue culture infective dose
(TCIDso) titration (Kojima et al., 1986; Tian et al., 2021). Moreover, at 48 h p.i., viral
cytopathic effect (CPE) was assessed by light microscope.
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2.9.Viral Nucleic Acids Extraction Procedure

Nucleic acid extraction was carried out from 200 pL of cell supernatant by using the King
Fisher Flex System (Thermo Fisher Scientific, Waltham, MA, USA) with the Mag Max
Viral Pathogen kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions. Nucleic acids were eluted in 80 pL of elution buffer and
immediately analysed by Real-Time RT-PCR. DMEM was used as a negative process
control (NCP). PCR inhibitors likely present in the samples were monitored by adding an

external process control (EPC) as previously described (Amoroso et al. 2021).

2.10. CCoV Viral Load Quantification by Real-Time Reverse Transcription PCR (RT-
qPCR)

Quantification of CCoV during infection in A72 cells was performed by RT-qPCR on a
QuantStudio 1 Real-Time PCR thermal cycler (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) using AgPath-IDTM One-step RT-PCR kit (Applied biosystem by

Thermo Fisher Scientific). The reaction was carried as described in Chapter 1.

2.11. Statistical Analysis

Statistical analysis was performed by using GraphPad InStat software Version 3.00 for
Windows 95 (GraphPad Software, San Diego, CA, USA). One-way ANOVA with
Tukey’s post hoc test and Student’s t-test at p < 0.05 were used to evaluate significant

differences among samples.

3. Results

3.1.OMF, VER and PS Increased Cell Viability during CCoV Infection

To examine the effect of OMF in CCoV infection in A72 cells, cell proliferation by MTT
and cell viability using a TB exclusion test were assessed. First, half-maximal inhibitory
concentrations (ICso) of OMF were identified and dose—response curves were developed
after treatment of A72 cells with various concentrations of OMF (Figure 1a). Hence, A72
cells, in monolayer, were infected or not with CCoV at a multiplicity of infection (MOI)
of 5, and were exposed or not to OMF at various doses (0.5, 1, 2.5 and 5 uM), yielding
the following groups: uninfected or infected cells, and OMF-exposed infected and
uninfected cells. Cell growth inhibition was detected in A72 cells with an ICso of
approximately 2.5 uM OMF after 48 h of treatment (Figure 1b). OMF at 1 and 0.5 uM in
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A72 cells produced no significant differences in cell proliferation, as assessed using an
MTT test (p > 0.05) (Figure 1b). Similar results were observed by analyzing cell viability
using trypan blue (TB) staining (Figure 1c). Thus, these results demonstrated that OMF
at a concentration of 0.5 uM did not significantly alter A72 cell viability or cell
proliferation. Interestingly, the cell toxicity at 2.5 uM seemed to be high compared to 5
puM OMF in A72 cells (Figure 1a,b). This result was previously observed in bovine cells
(MDBK) treated with OMF (Fiorito et al., 2022). This nonmonotonic dose-response has
been observed for a variety of compounds, including micronutrients, endocrine disrupting
chemicals, and endogenous hormones, which typically bind nuclear receptors

(Vandenberg et al., 2012).
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Figure 1. Determination of ICso of OMF at various concentrations and development of dose—response curve
for A72 cells. (a) A72 cells exposed to dimethyl sulfoxide (DMSO) (0.5 uM) or OMF at various doses (0.5,
1, 2.5, and 5 uM) at 48 h of treatment. (b) Dose—response curve of A72 cells exposed to DMSO (0.5 uM)
or OMF at indicated doses (0.5, 1, 2.5, and 5 uM). At 48 h after treatment, A72 cells were tested using an
MTT assay. (c) Cell viability was determined using TB staining and counted using a light microscope.
Scale bar 100 um. Significant differences between control and OMF-exposed cells were indicated by
probability p. *** p <0.001.

During CCoV infection in A72 cells in the presence of OMF at 0.5 uM, cell proliferation
(p <0.01) (Figure 2a,b) and cell viability (p < 0.001) (Figure 2c) significantly increased.
Hence, the concentration of OMF at 0.5 uM was selected to be utilized throughout the
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study. Our findings showed that during CCoV infection in A72 cells at the non-toxic dose
of 0.5 uM, OMF significantly reduced cell death after 48 h of infection.
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(b) OCCoV+DMSO OCCoV+OMF 0.5 uyM mCCoV+OMF 1 pM (c) OCCoV+DMSO  OCCoV+OMF 0.5 uM

Figure 2. OMF reduced cell death during CCoV infection in A72 cells. (a) Cells infected with CCoV and
exposed to OMF at various doses (0.5 and 1 uM) at 24 h after infection. (b) Dose—response curve of cells
infected with CCoV, exposed to OMF (0.5 pM) for 48 h and tested using an MTT assay. (c) Dose-response
curve of cells infected with CCoV, stained using TB and scored using a light microscope. Scale bar 100
pum. Significant differences between infected and OMF-exposed infected cells were indicated by probability
p.- *¥* p<0.01 and *** p <0.001.

To investigate the effect of VER and PS in CCoV infection, cell viability was assessed
by TB exclusion test. We developed a dose-response curve after exposure of A72 cells to
different doses of VER and PS (Figure 3A-D). VER at 0.1, 0.5 and 1 uM, as well as PS
at 0.1, 0.5 and 2.5 uM, induced no differences in cell viability (p > 0.05) (Figure 3C,D).
This non-monotonic dose-response was previously observed in bovine (MBDK) cells
treated with OMF (Fiorito et al., 2022). In addition, in A72 cells, ICso was obtained with
4.2556 uM VER and 4.9562 PS uM, respectively.
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Figure 3. Identification of ICso of VER and PS at various doses and development of dose-response curve.
(A,B). Cells exposed to dimethyl sulfoxide (DMSO) or funicone-like compounds after 48 h of treatment.
(C,D) Dose-response curve of A72 cells exposed to DMSO or both funicone-like compounds after 48 h of
treatment. Scale bar 100 um. Significant differences among DMSO and VER or PS groups were indicated
by probability p. ** p <0.01 and *** p <0.001 for VER; * p < 0.05, ** p <0.01 and *** p <0.001 for PS.
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Cell growth inhibition in CCoV infected cells treated with VER and PS was subsequently
detected (Figure 4A-D). Following CCoV infection, both VER and PS significantly
increased cell viability (p <0.01 and p < 0.05) of A72 cells (Figure 4 B,C). Thus, VER at
1 uM and PS at 0.5 uM were chosen to be used throughout the study.

A)

DMSO CCoV+DMSO CCoV+VER 0.1 pM CCoV+VER 0.5 |M CCoV+VER 1 |M

B)
*k
200
175
= *
S 150 I
& :
= 125 p>0.05
s T
2 100 T
3
3 75
50
25
0
OCCoV+VER 0.1 utM OCCoV+VER 0.5 uM BCCoV+VER 1 tM
48 h post infection
@)

CCoV+DMSO CCoV+PS 0.1 uM CCoV+PS 0.5 uM CCoV+PS 2.5 uM

D)
150 b
'I‘ *
1
a 129 p>0.05
=
2. 100 JT_
zi
=
=
s 7
=
=
@
O s
25
0

OCCoV+PS 0.1 tM OCCoV+PS 0.5 uM BCCoV+PS 2.5 uM

48 h post infection

Figure 4. During CCoV infection VER and PS decrease cell death of A72 cells. (A, B) Cells infected with
CCoV and treated with VER or PS at 48 h after infection (C, D) Dose-response curve of CCoV-infected
cells treated with VER and PS for 48 h. Scale bar 100 pm. Significant differences among CCoV-infected
and VER or PS-infected cells are pointed by probability p. **p <0.01 and * p < 0.05.
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3.2.6PP Enhances Cell Viability and Cell Proliferation during CCoV Infection

To explore the effect of 6PP during CCoV infection in A72 and CRFK cells, cell viability
(% control) was assessed by TB. Hence, the effects of five different concentrations of
6PP (0.01, 0.1, 1 and 10 pg/mL) on A72 and CRFK uninfected cells were examined, and
a dose-response curve was developed (Figure 5a). In both cell lines, the 6PP response
curve did not show a dose-dependency. After 48 h of treatment, IC50 was found with
0.9970 pg/mL 6PP in A72 cells, and with 0.7887ug/mL 6PP in CRFK cells (Figure 5a).
No significant differences in A72 and CRFK cell viability (p > 0.05) were induced by
6PP at 0.001 and 0.1 pg/mL; whereas cell toxicity was observed using 6PP at 0.01, 1 and
10 pg/mL in both cell lines (Figure 5a,b). Interestingly, the cell toxicity at the lower
concentration (0.01 pg/mL) of 6PP induced some cytotoxicity while the higher (0.1
pg/mL) did not. A similar trend was detected in bovine cells (MDBK) exposed to
funicone-like compounds, other SMs (Fiorito et al., 2022). This kind of nonmonotonic
dose-response has been noticed for different compounds, such as endocrine disrupting
chemicals, endogenous hormones, and micronutrients, that generally bind nuclear
receptors (Vandenberg et al., 2012).

To further check that 6PP at the concentration of 0.1 pg/mL was biocompatible as well
as not cytotoxic, MTT assay was performed to examine the mitochondrial redox activity
of A72 and CRFK cells. At48 h of exposure, 6PP at 0.1 pg/mL did not induce significant
(p > 0.05) changes in the mitochondrial dehydrogenase’s activity compared to DMSO
control groups (Fig. 5¢).
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Figure 5. Identification of CCs of 6PP at different concentrations and elaboration of dose-response curve
in A72 and CRFK cells. (a) Dose-response curve of A72 and CRFK cells exposed to DMSO or 6PP at
different concentrations (0.01, 0.1, 1 and 10 pug/mL). After 48 h from treatment, cell viability (% control)
was assessed using TB staining. (b) A72 and CRFK cells treated with control (DMSO) or 6PP at different
concentrations and observed by light microscope. Scale bar 100 um. (c¢) Dose-response curve of A72 and
CRFK cells treated with 6PP (0.1 pg/mL) for 48 h and analysed by MTT assay. Significant differences
between control vehicle (DMSO) and 6PP-treated cells are indicated by probability p. ** p <0.01 and ***
p <0.001 in A72 cells; * p <0.05 and *** p <0.001 in CRFK cells.
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After that, A72 and CRFK cells were infected with CCoV at MOI of 5 and at MOI of 1,

respectively, and exposed to no cytotoxic doses of 6PP (0.001 and 0.1 pg/mL). During

infection, we found a significant reduction in both CCoV-infected cell lines, in the

presence of the non-toxic dose of 0.1 pg/mL 6PP (Figure 6), which was chosen to be

utilized for further experiments. At the concentration of 0.1 ug/mL, 6PP also enhanced

cell proliferation (p < 0.001) in A72 cells as well as (p < 0.01) in CRFK cells (Fig. 36).
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Figure 6. 6PP enhances cell viability during CCoV infection. (a) Dose-response curve of A72 and CRFK
cells infected with CCoV and treated with 6PP (0.1 ug/mL). At 48 h of exposure, TB staining was used to
determine cell viability, and cells were counted by light microscope. (b) Cells infected with CCoV, and
treated or untreated with 6PP (0.1 pg/mL). At 48 h p.i., cells were observed by light microscope. Scale bar
50 pm. (c) Dose-response curve of A72 and CRFK cells infected with CCoV, exposed to 6PP (0.1 pg /mL)
for 48 h and analyzed by MTT assay. Significant differences between CCoV and CCoV+6PP-treated cells
are pointed by probability p. *** p <0.001 and ** p <0.01.
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3.3. OMF, VER and PS Decrease Signs of Morphological Cell Death during CCoV
Infection in A72 Cells

As displayed in Figure 7, the comparison between OMF-exposed uninfected cells and the
control group showed no changes in morphology. An increase in intercellular spaces due
to detachment from the culture plate were observed in unexposed infected cells. These
features were accompanied by changes in morphology suggesting signs of apoptotic cell
death, such as cellular shrinkage, pyknosis, and chromatin condensation (Figure 7,
arrow). All cell death features were markedly diminished in CCoV-infected cells exposed
to OMF (Figure 7, arrow). Overall, our findings demonstrated that OMF remarkably
protected A72 cells during CCoV infection.

CTRL OMF 0.5 pM

" CCoV CCoV + OMF 0.5 pM

Figure 7. OMF diminished signs of morphological cell death during CCoV infection in A72 cells. Cells
were infected with CCoV, exposed or not to OMF. After 48 h of infection, cells were observed under a
light microscope after Giemsa staining. Comparing cells unexposed to OMF to control groups,
photomicrographs revealed no morphological changes. In CCoV-infected groups, several cells showed
signs attributable to apoptosis, such as pyknotic nuclei and nuclear fragmentation (arrow), whereas in OMF-
treated infected cells, few signs of apoptotic cell death were noticed (arrow).

Scale bar 100 um.

Analysis of cell morphology was carried out to assess the effect of both VER and PS

during CCoV infection. After Giemsa staining, light microscopy analysis was performed.
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In Figure 4A, the comparison between CCoV-infected cells treated or not with VER and
PS displayed changes in cell morphology. Features of cell death, such as cellular
shrinkage (Figure 8 A, arrowhead), pyknosis (Figure 8A, arrow), were noticeably lessened
by both funicone-like compounds (Figure 8A). Furthermore, an enhancement of
intercellular spaces provoked by the detachment of cells from the culture plate was mostly
detected in untreated CCoV-infected cells (Figure 8A, slim arrow). After treating with
acridine orange/propidium iodide (AO/PI), fluorochromes used for the detection of both
viable and dead cells, cells were observed by fluorescence microscopy. AO, which is
membrane-permeable, binds to nucleic acids, provoking a green fluorescence. PI,
impermeable to intact cell membrane, crosses the membrane of dead and dying cells and
intercalates with nucleic acids, forming a bright red fluorescent complex. The
combination of both fluorescent probes allows the simultaneous detection of cells with
intact or compromised cell membranes (Bank, 1987). In the presence of VER and PS a
decrease in PI fluorescent cells was observed in infected cells compared to CCoV
untreated groups (Figure 8B). Overall, our results demonstrated that in A72 cells
funicone-like compounds, like VER and PS, significantly reduced cell death, as well as

morphological cell death signs during CCoV infection.
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Figure 8. Funicone-like compounds reduce the typical morphological cell death features during CCoV
infection. (A) Signs of cell death, such as cellular shrinkage (A, arrowhead), pyknosis (A, arrow), were
noticeably lessened in VER- and PS-treated groups. Moreover, the enhancement of intercellular spaces
produced by the detachment of cells from culture plate was mainly observed in untreated CCoV-infected
cells (A, slim arrow). (B) In AO/PI panel, PI fluorescent cells, indicating dead and dying cells, were mostly
detected in CCoV-infected cells compared to funicone-like compounds-infected groups. Scale bar 25 pm
and 50 pm.

3.4. 6PP Decreases Signs of Morphological Cell Death during CCoV Infection in A72
and CRFK Cells

To investigate the effects of 6PP on cell morphology following CCoV infection, light
microscopy examination of A72 and CRFK cells was achieved by using Giemsa staining
and acridine orange staining, which are known methods to detect morphological features
of cell death (Leite et al., 1999; Banfalvi et al., 2017). Herein, after Giemsa staining at 48
h p.i., in CCoV-infected cells, 6PP decreases signs of morphological cell death, while in
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unexposed infected cells, an enhancement of intercellular spaces because of detachment
from culture plate was detected in both cell lines (Figures 9a and 9b), in which pyknosis,
chromatin condensation (Figure 9, circle), and cell shrinkage (Figure 9, arrowhead) were
found. All these features of morphological cell death were remarkably reduced by 6PP in
infected cells (Figure 9).

CCoV+DMSO

CCoV+6PP 0.1 ng/mL CCoV+DMSO CCoV+6PP 0.1 pg/mL

A7 IR

CRFK .

(a) ACRIDINE ORANGE STAINING (b) GIEMSA STAINING

Figure 9. 6PP decreases features of morphological cell death during CCoV infection. A72 cells, infected
with CCoV, in the presence or absence of 6PP, were stained by (a): acridine orange and observed by
fluorescence microscope after 24 h of infection; (b): or by Giemsa and observed by light microscope after
48 h of infection. In unexposed infected cells, photomicrographs indicate an enhancement of intercellular
spaces because of detachment from culture plate (arrow). Furthermore, morphological signs of cell death,
like pyknosis and chromatin condensation (circle), as well as cell shrinkage (arrowhead), were identified in
A72 as well as in CRFK cells. These signs of morphological cell death were noticeably reduced by the
presence of 6PP in infected cells. Scale bar 100 um and 25 um.

3.5. OMF, VER and PS reduce CCoV during infection in A72 cells

To study the influence of OMF during CCoV infection in A72 cells, virus titer and viral
cytopathic effects (CPE) were analysed for 72 h after infection. Remarkably, a
statistically significant (p < 0.001 and p < 0.05) decline in virus titer was detected by
Quantitative Real-time RT-PCR (RT-qPCR) after 48 h and 72 h of infection, respectively,
in A72 cells treated with OMF during CCoV II infection (Figure 10). In addition, at 48 h
after infection, CPE, featured by detachment from culture plate, was extensive in infected
cells, whereas it noticeably lessened in OMF-treated infected cells (Figure 7). Therefore,
our findings revealed that OMF noticeably decreases virus yield and CPE during CCoV

II infection.
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Figure 10. OMF reduces virus titer during CCoV II infection in A72 cells. For viral growth curves, A72
cells were infected with CCoV II at MOI of 5, in the presence or not of OMF. At indicated times post
infection, virus titer was assessed by RT-qPCR. Significant differences between CCoV II infected cells and
OMF treated infected cells were shown by probability p. ***p <0.001 and *p < 0.05.

To explore the antiviral effect of VER and PS against CCoV infection, virus yield was
evaluated after 48 h of infection in A72 cells. A significant (p < 0.01) decrease in virus
titer was revealed by Quantitative Real-time RT-PCR (RT-qPCR) in VER- and PS-treated
cells (Figure 11A). Additionally, a decreased cytopathic effect (CPE) was appreciable in
both VER and PS-treated groups compared to untreated infected cells (Figure 11B). All
those effects were accompanied by a significant decrease (p < 0.001 and p < 0.01) in the
expression of the viral nucleocapsid protein (NP), as detected in VER- and PS-treated

cells compared to CCoV-infected groups.
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Figure 10. Funicone-like compounds reduce virus yield during CCoV infection. (A) For viral titer, cells
were infected with CCoV and treated or not with VER and PS. After 48 h of infection, virus titer was
evaluated by RT-qPCR. (B) Cytopathic effect (CPE), observed by light microscope (50 and 100 pm). Virus
yield was evaluated by RT-qPCR using a standard curve created by amplifying serial known dilutions (three
replicas/dilution) of the virus and plotting Log TCIDso/mL against average Ct number. The comparison
between CCoV-infected cells treated with funicone-like compounds vs. untreated infected cells was
significant (* p < 0.05).

Our observations showed that both OMF, VER and PS induce antiviral effects during
CCoV infection.

3.6. 6PP Diminishes Virus Yield during CCoV infection

To investigate the effect of 6PP during CCoV infection, RT-qPCR as well as TCIDso
titration were performed, and CPE was examined.

To evaluate the effect of 6PP on CCoV yield during infection in A72 cells, RT-qPCR was
carried out. Virus titer (TCIDso/mL) in the presence or not of 6PP was analysed at various
times post infection (0, 1, 12, 24, 48, and 72 h) by running all the samples (in triplicate)
with the standard curve protocol. Virus titer in each sample was then calculated using the
standard curve equation starting from the Ct values obtained (Figure 11). In the presence
of 6PP, our results showed a significant decrease in virus titer at 48 h and 72 h p.i. (p <
0.001 and p < 0.05, respectively) (Figure 12).

CCoV titration during infection in CRFK cells. Following infection in CRFK cells, in the
presence of 6PP, a reduction of virus titer (TCIDso) was found at 24 h p.i. (Figure 12).
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Figure 12. 6PP diminishes virus titer during CCoV infection. For viral growth curves, following CCoV
infection in A72 cells, exposed or not to 6PP, virus titers were evaluated by RT-qPCR, at indicated times
post infection. During CCoV infection in CRFK, virus titer was assessed by TCIDso. Comparing CCoV-
infected cells to 6PP-treated infected cells, significant differences were indicated by probability p. ***p <
0.001 and *p < 0.05 in A72 cells. ***p < 0.001 in CRFK cells.
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Additionally, in A72 cells, at 48 h p.i., marks of CPE, detected through syncytia (Figure
4, arrowhead) and detachment of cells from culture plates (Figure 6 and Figure 9, arrow),
were wide in infected groups. In CRFK cells, CCoV developed a typical CPE (Woods
and Wesley, 1988), with granular (Figure 9, arrow) and small multinucleated cells (Figure
6 and Figure 9, arrowhead). In both cell lines, virus yield was markedly reduced by the
presence of 6PP (Figures 6 and 9).

Overall, our results showed that 6PP strongly decreased virus yield as well as CPE during

CCoV infection in both A72 and CRFK cells.

3.7. OMF Downregulated the Expression of AhR and NP during CCoV Infection

Based on findings in previous studies (Cerracchio et al., 2022; Fiorito et al., 2022), to
investigate the influence of OMF on AhR protein expression during CCoV infection in
AT72 cells, immunofluorescence (IF) staining was carried out. In the control group,
represented by uninfected cells, we found that AhR was expressed (Cerracchio et al.,
2022); and, in OMF- VER- and PS- exposed cells, a downregulation of AhR protein
expression was detected (Figures 13a-14a). These results were proven using integrated

density fluorescence measurement (Figures 13b-14b).
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Figure 13. OMF downregulates the expression of AhR. (a) A72 uninfected control group expressed AhR.
OMF at the concentration of 0.5 uM markedly reduced the expression of AhR. Scale bar 100 pm. (b) Bars
represent the mean ratio generated from the integrated density (product of the area and mean intensity of
fluorescence) of the AhR expression evaluated by ImagelJ. Error bars represent standard error measurement.
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Figure 14. Funicone-like compounds reduce the expression of AhR. (A) DMSO control cells expressed
AhR, which was significantly lessened by both VER and PS. Scale bar 50 um. (B) Bars designate the mean
ratio developed from the integrated density of AhR expression measured by ImagelJ. Error bars correspond
to standard deviation quantification and significant differences are indicated by probability p. *** p <0.001.

Moreover, during CCoV II infection, in the presence or absence of OMF, as well as of
both funicone-like compounds, VER and PS, the expression of AhR and NP was analysed
by immunofluorescence staining. After 24 h of infection, a noticeable reduction of both
AhR and NP was detected in the presence of OMF as well as of VER and PS (Figures 15
and 16).
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Figure 15. OMF decreases AhR and NP expression during CCoV II infection in A72 cells. Cells were
infected with CCoV 1II at MOI of 5, in the presence or absence of OMF; at 24 h after infection,
immunofluorescence staining for AhR (red fluorescence) and NP (green fluorescence) was performed. (a)
In OMF-exposed group, the expression of AhR and NP was extremely decreased during CCoV II infection.
Scale bar 100 um. (b) Bars represent the mean ratio produced from the integrated density (product of the
area and mean intensity of fluorescence) of the AhR expression calculated by ImagelJ. Error bars are
standard error measurement. (c) Bars represent the mean ratio produced from the integrated density (product
of the area and mean intensity of fluorescence) of the NP expression calculated by ImagelJ. Error bars are
standard error measurement.
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Figure 15. Funicone-like compounds reduce the expression of both AhR and viral nuclear protein (NP).
CCoV-infected A72 cells were treated with VER and PS. After 24 h of infection, IF staining to detect AhR
(red fluorescence) and NP (green fluorescence) was performed. (A) In both groups treated with funicone-
like compounds, we observed a high reduction in the expression of AhR and NP. Scale bar 50 um. Bars
identify the mean ratio resulting from the integrated density of (B) AhR and (C) NP expression, analyzed
by ImageJ. Error bars are the standard deviation quantification and significant differences are indicated by
probability p. ** p <0.01 and *** p <0.001.

Taken together, these results showed that the expression of NP and AhR were decreased

by OMF, VER and PS.
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3.8. 6PP Decreased the Expression of AhR and NP during CCoV infection

To investigate whether 6PP affects AhR and NP expression during CCoV infection,
immunofluorescence staining was made. Firstly, A72 and CRFK cells were treated with
6PP 0.1 pg/mL and, at 24 h post treatment a decrease of AhR expression, compared to
DMSO, was noted in both cell lines used (Figure 16a, b).
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Figure 16. 6PP reduces the expression of AhR in A72 and in CRFK cells. A72 and CRFK cells were
exposed to 6PP, and after 24 h of treatment, immunofluorescence staining for AhR was carried out. (a) In
6PP exposed cells a significant down-regulation of AhR expression was observed. Scale bar 50 pm. (b)
Bars represent the mean ratio obtained from the integration of density (product of the area and mean
intensity of fluorescence) of the expression of AhR in A72 and CRFK treated cells calculated by Imagel.
Error bars correspond to standard deviation measurement. Significant differences between 6PP-treated cells
and DMSO are indicated by probability p. *** p <0.001 in A72 cells; * p < 0.05 in CRFK cells.

Results shown in Figure 16 indicated that 6PP reduced the expression of NP and induced
a markable down-regulation in the expression of AhR in both cell lines utilized.

Both A72 and CRFK cells were then subjected to CCoV infection and exposure to 6PP
0.1 pg/mL. At 24 h p.i. for CRFK, and at 48 h p.i. for A72, results of immunofluorescence
staining showed a significant reduction of AhR in infected cells exposed to 6PP.

Moreover, in both cell lines, a significant reduction of the viral protein NP in 6PP infected
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groups was found (Figure 17a). Integrated measurement of density fluorescence

confirmed these results obtained (Figure 17b).
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Figure 17. 6PP down-regulates the expression of AhR and NP following CCoV infection in A72 and in
CRFK cells. A72 and CRFK cells, infected with CCoV, in the presence or not of 6PP, and at 48 h and 24 h
p.i., respectively, immunofluorescence staining for AhR (red fluorescence) and NP (green fluorescence)
was carried out. (a) 6PP induced a significant down-regulation of the expression of AhR and reduced the
expression of NP during CCoV infection in both cell lines. Scale bar 50 pm. (b) Bars correspond to the
mean ratio produced from the integrated density (product of the area and mean intensity of fluorescence)
calculated by ImageJ of the AhR expression, and (c) of the NP expression. Error bars are standard deviation
measurement. Significant differences between unexposed infected groups and 6PP-treated infected cells
are indicated by probability p. *** p <0.001 for AhR in both cell lines; and * p < 0.05 for NP in A72 and
CRFK cells.

3.9. Funicone-like compounds VER and PS deacidify lysosome in A72 cells during
CCoV infection

Lysosomes are cellular organelles, enclosing a variety of enzymes, which represent the
digestive system of the cell. An acidic environment, developed by a proton pump, typifies
lysosomes. The effect of VER and PS treatment on lysosomes was analyzed by LysoRed
staining, a method used to label lysosomes in live cells. DMSO control cells showed an
entirely acidified structure (Figure 8). In contrast, deacidification was observed in the
presence of both funicone-like compounds in a significant number of cells (Figure 18).
During CCoV infection in A72, we observed cellular deacidification (Figure 19), which
were further alkalinized by both funicone-like compounds (Figure 20).
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Figure 18. Funicone-like compounds deacidify lysosomes in A72 cells. (A) LysoRed staining of DMSO
control group compared to cells treated with VER and PS. Scale bar 50 um. (B) Bars designate the mean
ratio obtained by the integrated density of LysoTracker calculated by ImageJ. Error bars represent standard
deviation quantification and significant differences are indicated by probability p. * p < 0.05 and ** p <
0.01.
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significant differences are indicated by probability p. * p < 0.05.
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Figure 20. Funicone-like compounds deacidify lysosomes during CCoV infection (A) LysoRed staining of
CCoV-infected cells compared to CCoV-infected cells treated with VER and PS. Scale bar 50 um. (B) Bars
indicate the mean ratio obtained by the integrated density of LysoTracker measured by Imagel. Error bars
indicate standard deviation quantification and significant differences are indicated by probability p. * p <
0.05 and *** p < 0.001.
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4. Discussion

Coronaviruses, like CCoV, can rapidly mutate their genome, leading to the formation of
new variants with increased infectivity and transmissibility, sometimes able to cross
interspecies barriers. For example, recombinant canine—feline—porcine strains were
isolated from dogs and humans in various countries of the world (Pratelli et al., 2022;
Vlasova et al.,, 2022b). The emergence of remarkably virulent variants needs for
continuous monitoring of CCoV, and also suggests the necessity for discovering novel
antiviral agents. So far, it has been proved that the anti-inflammatory drug indomethacin
has effective antiviral features to fight against CCoV infection, through action both on
viral replication and block of viral RNA synthesis (Amici et al., 2006; Xu et al., 2020;
Gomeni et al., 2020). Recent advances show as a recombinant adenovirus, which
expresses canine interferon lambda 3, has an antiviral activity against CCoV (Kim et al.,
2022). Due to high toxicity of the conventional antiviral drugs, numerous natural
substances are being recently tested to conceive new therapeutics against viral infections.
On this regard, natural products, such as bufotenine, an alkaloid obtained by skin
secretions of amphibians and plant extracts, did not show potential antiviral activity
against CCoV infection (Barboza et al., 2021).

The search for potential chemotherapeutics is supported by insights regarding the
structural aspects of virus proteins (Takahashi et al., 2021). Indeed, computational
approaches have confirmed that many fungal products could be effectively employed in
therapy against SARS-CoV-2 by acting as protein inhibitors (Saied et al., 2021).
Pyranonigrin A, produced by Penicillium thymicola, was identified as a possible inhibitor
of the main protease (Mpro) of the virus using docking and molecular dynamics
simulation (Belachew et al., 2021). Moreover, fonsecin, a naphthopyrone produced by
Aspergillus fonsecaeus, displayed a high binding affinity for the papaine-like protease of
SARS-CoV-2 through interaction with the Tyr268 amino acid residue of the enzyme
cavity (Rao et al., 2020). Pyrrocidine A, a polyketide-amino acid-derivative from the
endophytic fungus Acremonium zeae, and 18-methoxy-cytochalasin J were characterized
as potent inhibitors of viral RNA-dependent RNA polymerase (Rao et al., 2022). Finally,
cyclosporine A, a renowned immunosuppressant also proposed for the treatment of
hepatitis C (Watashi et al., 2021) and MERS-CoV (Li et al., 2018), was shown to be able
to suppress replication of CoVs (de Wilde et al., 2011; Sanders et al., 2020). Because of
their attitude to live in extreme conditions for other organisms, fungi produce different

secondary metabolites belonged to several chemical classes such as alkaloids, peptides,
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quinones, terpenes, acyclic compounds, steroids, as well as pyrones. They have been
investigated for different uses, from antibiotics to fungicides, plant growth regulators and
hormones. In addition, previous studies on compounds derived from fungi have
highlighted potential antiviral properties (Linnakosky et al., 2018; Roy, 2017; Deshmukh
et al., 2022; Salvatore et al., 2022). In this respect, deoxyfunicone was reported to be
effective as an HIV-1-integrase inhibitor (Sanders et al., 2020; Singh et al., 2003), and
OMF was found to be able to reduce the infectivity of the hepatitis C virus (Nakajima et
al., 2013). Concerning the latter compound, in our previous studies, OMF induced a
significant reduction in virus yield, and deeply inhibited bICPO expression, the main
regulatory protein in the lytic cycle of BoHV-1 (Fiorito et al., 2022).

In this study, OMF, at the non-toxic concentration of 0.5 uM, did not significantly
increase cell death during CCoV infection, and weakened morphological cell death
marks, which typically developed during CCoV infection in A72 cells (Ruggeri et al.,
2007; De Martino et al., 2010). Indeed, following in vitro infection, it has been shown
that virus-induced apoptosis occurs in the presence of modulation in the levels of the
sirtuin and FOXO family, which are proteins involved in cell damage due to apoptosis or
oxidative stress (Marfe et al., 2011). Moreover, the funicone-like compounds vermistatin
and penisimplicissin have shown antiviral properties against CCoV, and PS turned out to
be more active than VER. In fact, our data show an increase in cell viability, with an
improvement of morphological features in CCoV-infected cells, at the non-toxic doses of
1 uM for VER and at 0.5 uM for PS. In addition, a substantial decrease in virus yield was
observed, accompanied by a reduction in the expression of viral protein NP. Herein,
during CCoV infection, the non-toxic concentration of 0.1 pg/mL 6PP significantly
increased cell viability, cell proliferation and reduced the typical signs of morphological
cell death, both in A72 and in CRFK (Woods and Wesley,1988; Leite et al., 1999;
Kroemer et al., 2008; Banfalvi et al., 2017). Furthermore, 6PP produced a considerable
decline in virus yield, accompanied by a diminishment of NP expression and a strong
reduction of AhR expression. Understanding the potential mechanism of action of
funicones represents a fascinating challenge because of the involvement of a deeply
mysterious actor, AhR. This receptor shows a regulatory activity of immune functions in
response to endogenous metabolites (i.e., bilirubin, biliverdin and tryptophan) as well as
exogenous ligands (i.e., dietary flavonoids, environmental contaminants, and microbial

metabolites) (Fiorito et al., 2017; Torti et al., 2021; Yang et al., 2019).
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Several studies highlighted the important role of AhR in the inflammatory response and
in the modulation of immunity, emphasizing its involvement as a host factor for Zika and
Dengue viruses, as well as for alpha and beta-CoVs. For example, the pharmacological
block of AhR by chemicals (CH223191, FICZ) as well as by natural products (fungal
SMs, bioflavonoids) that causes anti-CoVs activity in vitro, not only confirm the
implication of AhR in CoVs infection, but also suggest targeting AhR for developing new
antivirals (Tang et al., 2005; Lawrence et al., 2013; Yamada et al., 2016; Yang et al.,
2019; Cerracchio et al., 2022; Giovannoni et al., 2020; 2021; Guarnieri, 2022; Grunewald
et al., 2020; Shi et al., 2023; Zhao et al., 2023). Increasing evidence underlines the role
of AhR in CoVs infection (Guarnieri, 2022). Indeed, both alphacoronavirus (H-CoV-
229E and CCoV) and betacoronavirus (MCoV, MERS-CoV, SARS CoV-1 and
SARSCoV- 2) up-regulate AhR during infection in vitro (Tang et al., 2005; Grunewald
et al., 2020; Giovannoni et al., 2021; Cerracchio et al., 2022; Zhao et al., 2023; Shi et al.,
2023), indicating AhR as a feasible target for antiviral therapy. Interestingly, the blocking
of AhR, pharmacologically induced by CH223191, reduces the replication of CCoV in
vitro (Cerracchio et al., 2022).

Herein, following in vitro CCoV infection, an antiviral activity, accompanied by a
reduction in morphological apoptotic features, was likely due to SMs, as their aromatic
nature (see, Table 1) probably inhibits AhR. Conversely, during BoHV-1 infection, OMF
provokes an increase in the expression of AhR (Fiorito et al., 2022). This conflicting
phenomenon emphasizes the timing of AhR induction for regulating the balance between
immunopathology and antiviral defensive immunity (Torti et al., 2021). Indeed, it has
been described that AhR activation promotes the replication of herpesviruses, including
cytomegalovirus, herpes simplex I (HSV-1), HSV-II, and BoHV-1 (Fiorito et al., 2017;
Veiga-Parga et al., 2011). In particular, several mice died due to herpes encephalitis
following HSV-1 infection when AhR was up-regulated before infection, whereas, when
stimulation of AhR occurred subsequent to HSV-1 infection, herpetic pathology was
reduced.

An acidic environment characterizes lysosomes, due to a proton pump V-ATPase
complex pumping H" from the cytoplasm into the endo-lysosome. The V-ATPase
complex represents a key factor for viral entry into the host cell (Zhao et al., 2021; Pereira
et al., 2021). In fact, the acidic lysosomal environment is required for lysosomal enzyme
stability and activity, and even a small increase in pH is sufficient to inhibit these

enzymes. Therefore, the pharmacological modulation of lysosomal pH can interfere with
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the endosomal pathway and intracellular membrane trafficking crucial for viral infection.
Hence, lysosomotropic agents (e.g., chloroquine, hydroxychloroquine or azithromycin)
are able to prevent CoVs infection representing new therapeutic strategies. In fact, the
basic amine property of chloroquine and similar molecules leads to their accumulation in
cellular acidic compartments and raises their pH (Ghosh et al., 2020; Aslam and Ladilov,
2020; Gorsghkov et al., 2021; Liang et al., 2022). However, a significant deacidification
of lysosomes during CoV infection was reported, along with a reduction in lysosomal
enzyme activity. This deacidification mechanism is currently under investigation, but it
was hypothesized that lysosomes become deacidified indirectly due to an excessive cargo
(i.e., viruses) and/or perturbations in the proton pump or ion channel trafficking (Ghosh
et al., 2020). In this work we observed that the acidic environment of A72 cells was
deacidified by CCoV infection and this is in agreement with what is described above
regarding CoV infection. In addition, at non-toxic doses both funicone-like compounds
tested were active on cells, either CCoV-infected or not, inducing alkalinization of
lysosomes. However, VER or PS could be not directly responsible for the observed
increase in lysosome pH because, unlike the above-mentioned lysomotropic agents, these
compounds do not have basic properties. For this reason, it can be deduced that the
alkalinization of the acidic lysosomes is the result of a more complex interaction between
funicone-like compounds and lysosomes. In fact, several molecular mechanisms could be
implicated in the alteration.

Overall, the CCoV-induced activation of AhR was noticeably reduced by OMF, VER, PS
and 6PP during infection. These findings highlight the importance to investigate the
modulation of AhR signaling pathway to fight CoVs off infection. Herein, we identified
valid in vitro models to select new potential therapeutics against CoVs, employing animal

CoV, such as a reference strain of CCoV, not pathogen for humans.

Conclusions

In conclusion, due to the diversity of their chemical structures and biological properties,
fungal SMs are able to inhibit the replication of CoVs, representing a large source for
developing new potential antivirals. Thus. this study findings align with an important goal

indicated in the 2030 Agenda of United Nations about good health and well-being.
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Brief summary

Hence, the potential antiviral activity of some natural compounds, like OMF, and
Taurisolo®, a grape pomace polyphenolic extract obtained from the Aglianico cultivar
grape, was assessed against BoHV-1 infection. Both these natural substances have shown

an excellent defence reaction during BoHV-1 infection involving AhR.
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Antiviral Property of the Fungal Metabolite 3-O-Methylfunicone in Bovine
Herpesvirus 1 Infection

1. Introduction

Bovine herpesvirus 1 (BoHV-1), a pathogen belonging to the alphaherpesvirus subfamily,
is responsible for considerable economic losses to the cattle industry as well as trade
restrictions (Muylkens et al., 2007, Jones et al., 2019). Because of its immunosuppressive
features, it may cause infectious bovine rhinotracheitis, vulvovaginitis, abortions, or
polymicrobial infections. Indeed, BoHV-1 is an important cofactor for the bovine
respiratory disease complex, the most important inflammatory disease in cattle, causing
pneumonia and sometimes death (Muylkens et al., 2007; Jones et al., 2019). BoHV-1
establishes latency in sensory neurons of the infected host, and reactivation from latency
is induced by corticosteroids, developing virus shedding, and spread to susceptible hosts
(Muylkens et al., 2007, Jones et al, 2019). Similar to other members of the
alphaherpesvirus subfamily, gene expression of BoHV-1 occurs in three temporally
different phases known as immediate-early, early, and late; tissuespecific elements are
involved in pathogenesis and/or in latency by affecting viral gene expression (Muylkens
etal., 2007; Jones et al., 2019). bICPO, the bovine homologue of the herpes simplex virus
type 1 (HSV-1) ICPO, controls these three phases through a strong activation or repression
of certain viral promoters. bICPO is the major regulatory protein that stimulates
productive infection; it is expressed during infection in permissive cells and inhibits
interferon-dependent transcription (Jones et al., 2019; Fraefel et al., 1994, Inman et al.,
2001, Fiorito et al., 2011). To date, non-toxic active drugs against BoHV-1 are not
available, but plant and fungal extracts are of great interest for the development of new
antiviral drugs (Moghadamtousi et al., 2015, Linnakoski et al., 2018, Manganyi et al.,
2020, Salvatore et al., 2019; Nicoletti et al., 2018 a,b). More specifically, some of these
products, such as peptides derived from a strain of Scytalidium sp. (Rowley et al., 2003),
macrolides derived from an unidentified fungus belonging to the Pleosporales (Shushni
et al., 2009), and lactones derived from a strain of Aspergillus terreus (Nong et al., 2014),
have shown inhibitory activity against herpesviruses. In relation to their great adaptability
to the most varied habitats and lifestyles, fungi in the genus Talaromyces (Eurotiales:
Trichocomaceae) are characterized by high biosynthetic versatility and have been
reported as a source of many bioactive products of pharmaceutical interest, including

antiviral drugs (Nicoletti et al., 2009, 2018; Zhai et al., 2016, Lan et al., 2020). The

99



emphasis in current literature is, in particular, on Talaromyces pinophilus, previously
known as Penicillium pinophilum. In fact, its antagonistic behavior has been reported in
relation to the production of 3-O-methylfunicone (OMF), a benzo-g-pyrone compound
first characterized for its in vitro inhibitory effects on some plant pathogenic fungi (Figure
1) (De Stefano et al., 1999; Nicoletti et al., 2008). Subsequently, several studies reported
the antiproliferative and proapoptotic proprieties of this compound on tumor cells
(Nicoletti et al., 2014; Buommino et al., 2011; Baroni et al., 2009), which shed light on
its potential use as a cancer therapeutic. In a screening conducted on some analogues of
the funicone series, it was observed that OMF reduced infectivity of hepatitis C virus
(HCV) (Nakajima et al., 2013). Despite the relevance of its biological properties,
pathways underlying the biosynthesis of OMF have not been explored in depth. However,
the recent genome sequencing of T. pinophilus has paved the way for the elucidation of
the biochemical processes leading to the production of this secondary metabolite (Li et

al., 2017).

Figure 1. Chemical structure of 3-O-methylfunicone (OMF)

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor. It acts
together with many endogenous and exogenous substances, involving bilirubin,
biliverdin, tryptophan metabolites, environmental pollutants (dioxin), and microbial
metabolites (Yang et al., 2019). After the activation, AhR translocases into the nucleus,
where it controls the expression of target genes, such as the AhR repressor, detoxifying
monooxygenases (CYP1A1 and CYP1BI1), and cytokines. AhR is also involved in
cellular mechanisms, such as proliferation and apoptosis, immune modulation, and other
processes, which further affect cell growth, survival, migration, and invasion. In addition,
recent evidence indicates that some agonists of AhR might improve the host response to
a herpesvirus infection (Torti et al., 2021). Until now, no circumstantial study has been
performed to assess the antiviral properties of OMF, and BoHV-1 represents a good
model for anti-herpesvirus molecule screening, as previously described (Fiorito et al.,
2017; Chang et al., 2020, Yesilbag et al., 2021). Based on these premises, this study

aimed to evaluate the antiviral activity of OMF on BoHV-1.
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2. Materials and Methods
2.1. Production of OMF

The OMF used in this study was extracted from an isolated LT6 of 7. pinophilus, as
previously reported (Salvatore et al., 2018).

2.2. Cell Cultures and Virus Infection

Madin Darby Bovine Kidney (MDBK), a bovine cell line (American Type Culture
Collection, CCL22), was cultured in Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) and incubated at 37 C and 5% CO2, as previously described (Fiorito
et al., 2011). BoHV-1 (Cooper strain) was utilized throughout the study. MDBK cells
were used for virus stock growth and virus titration (Fiorito et al., 2008, 2020, 2021).
OMF was dissolved in dimethyl sulfoxide (DMSO) and added to the medium at a final
concentration of 1, 5, 10, 25, and 50 M. Monolayers of MDBK cells were either infected
or not infected with BoHV-1, at a multiplicity of infection (MOI) of 0.1, 1, or 5, in the
presence or absence of OMF, to obtain four groups: untreated uninfected cells; untreated
infected cells; OMF-treated uninfected cells; OMF-treated infected cells. After 1 h of
adsorption at 37 C, cells were incubated and processed at 1, 3, 6, 12, and 24 h post-

infection (p.i.). The virus was in a culture medium through the course of the experiment.
2.3. Cell Viability

To assess cell viability, the trypan blue (TB) (Sigma-Aldrich, Milan, Italy) exclusion test
was used, as previously described (Fiorito et al., 2008). Briefly, monolayers of MDBK
cells were either infected or not infected with BoHV-1, at an MOI of 5, in the presence
or absence of OMF at different concentrations (1, 5, 10, 25, and 50 uM) to obtain four
groups: untreated uninfected cells; untreated infected cells; OMF-treated uninfected cells;
OMF-treated infected cells. After 24 h of treatment, cells were collected by trypsinization,
mixed with TB, and scored through the TC20 automated cell counter (Bio-Rad
Laboratories S.r.l., Segrate, Milan, Italy). Cell viability was calculated as the percentage
of living cells over the total cell number. The results are reported as the mean S.D. of
three independent experiments performed twice. Furthermore, cell viability was
evaluated by the TB in cells attached to wells, as described (Fiorito et al., 2008, 2020,
2021, Chowanadisai et al., 2013).
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2.4. Cell Proliferation

To evaluate cell proliferation, a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay was used, as previously described (Fiorito et al., 2008,
2011; Santamaria et al., 2011). Briefly, MDBK cultured in 96-well plates were infected
with BoHV-1, at an MOI of 1, exposed or not exposed to OMF (5 uM), and incubated.
At 24 h p.i.,, an MTT assay was carried out. The results were the mean S.D. of four

independent experiments performed twice.
2.5. Examination of Cell Morphology

To examine cell morphology, light microscopy following Giemsa staining was used
(Fiorito et al., 2020). Briefly, the monolayers of MDBK cells were either infected or not
infected with BoHV-1, at an MOI of 1, in the presence or absence of OMF (5 uM), and
incubated at 37 C. After 24 h p.i., Giemsa staining was performed, and a light microscopy
examination was carried out under the ZOE Cell Imager (Bio-Rad Laboratories). The cell
death features were identified by using the criteria previously described (Leite et al.,

1999; Kroemer et al., 2008, Zakeri et al., 2008).
2.6. Immunofluorescence Staining

MDBK cells were either infected or not infected with BoHV-1, at an MOI of 0.1, and
treated with OMF (5 uM). After 24 h p.i., immunofluorescence staining was performed
as previously reported (Altamura et al., 2018), by using the following antibodies
dissolved in 5% bovine serum albumin-TBST: anti-AhR (Sigma-Aldrich) (1:250); anti-
bICPO polyclonal rabbit (a.a. 663—676) serum (1:800), kindly provided by Prof. M.
Schwyzer and Prof. Cornel Fraefel (University of Zurich, Zurich, Switzerland); and Texas
Red goat anti-rabbit (Thermo Fisher Scientific, Waltham, MA, USA) (1:100). Nuclear
counter-staining was evaluated by DAPI (1:1000). Microscopy and photography were
assessed by the ZOE Fluorescent Cell Imager (Bio-Rad Laboratories, Hercules, CA,
USA). Quantification of fluorescence signals from microscopy-generated images were

performed using ImagelJ (National Institutes of Health, Bethesda, MD, USA) software.
2.7. Virus Production

MDBK cells were infected with BoHV-1, at an MOI of 1, in the presence or absence of
OMF, incubated at 37 C, and processed at 0, 1, 3, 6, 12, and 24 h p.i. by real-time PCR
for BOHV-1 quantification. Furthermore, the virus titer was evaluated in MDBK cells by
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the TCIDso method, as previously described (Fiorito et al., 2020, 2021). In addition, viral
cytopathic effects (CPE) were evaluated. To this purpose, cells were examined under a

light microscope at indicated times of infection, as previously described (Fiorito et al.,

2021).
2.8. Viral Nucleic Acids Extraction Procedures

Nucleic acids extraction was carried out from 200 pL of cell supernatant using the King
Fisher Flex System (Thermo Fisher Scientific, Waltham, MA, USA) with the Mag Max
Viral Pathogen kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the
instructions of the manufacturer. Nucleic acids were dissolved in 80 L of elution buffer.

DMEM was used as negative process control.
2.9. Real-Time PCR for Quantification of BoHV-1

BoHV-1 was quantified in all the samples by quantitative real-time PCR. Detection was
carried out on a Quant Studio 5 Real-Time PCR thermal cycler (Thermo Fisher Scientific,
Waltham, MA, USA) in a total volume of 25 pL containing 5 uLL of nucleic acids extract,
12.5 L of TagMan Universal PCR Master Mix 2X (Thermo Fisher Scientific, Waltham,
MA, USA), 1 pb (45 M) of primer forward gBF @ (50-
TGTGGACCTAAACCTCACGGT-30), 1 pL (4.5 uM) of primer reverse gBR (50-
GTAGTCGAGCAGACCCGTGTC-30), and 1 pL (3 uM) of probe gB-P (FAM-50-
AGGACCGCGAGTTCTTGCCGC-30-TAMRA). The thermal profile was initial
denaturation for 15 min at 95 C and 45 cycles of amplification for 15 s at 95 °C and for
45 s at 60 °C (OIE Manual of Terrestrial Animals Cap. 3.4.11. par B.1.3.1 2017).
Quantification was carried out by a standard curve, analyzing serial dilutions of the
quantified extracted virus (from 1 x 107 to 1 x 10' TCIDso¢/mL) and plotting the
TCIDso/mL versus the threshold cycle (Ct).

2.10. Statistical Analysis

Data are presented as mean S.D. One-way ANOV A with Tukey’s post-test was performed
by GraphPad InStat Version 3.00 for Windows 95 (GraphPad Software, San Diego, CA,
USA). p < 0.05 was considered statistically significant.

103



3. Results
3.1. OMF Decreases Cell Death during BoHV-1 Infection

To investigate the biological influence of OMF during BoHV-1 infection in MDBK cells,
we first evaluated cell viability by TB exclusion test, and then we tested cell proliferation
by MTT. As described above, identifying IC50 of OMF and developing a dose—response
curve was carried out by treating MDBK cells with different doses of OMF. Thus,
monolayers of MDBK cells were either infected or not infected with BoHV-1, at an MOI
of 5, in the presence or absence of OMF at different concentrations (1, 5, 10, 25, and 50
uM) to obtain four groups: untreated uninfected cells; untreated infected cells; OMF-
treated uninfected cells; OMF-treated infected cells. Dose-dependent inhibition of cell
growth was detected in MDBK cells with an IC50 of about 10 pM OMF at 24 h (Figure
2a). OMF at 5 uM produced no significant differences in cell viability (p > 0.05) in
MDBK cells (Figure 2a). Similar results were found on cell viability, analyzed using TB
staining while cells were attached to wells and scored under a light microscope (Figure

2b).
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Figure 2. Identifying IC50 of OMF at different doses and developing dose—response curve in MDBK cells. (a) Dose—
response curve of MDBK cells treated with OMF at different concentrations (1, 5, 10, 25, and 50 uM). At 24 h after
treatment, cells were stained with TB and scored by automated cell counter, or (b) cell viability was determined by TB
staining while cells were attached to wells and counted under a light microscope. (c) Dose-response curve of MDBK
cells treated with OMF (5 uM) for 24 h and assessed by MTT assay. Significant differences between control and OMF-
treated cells are indicated by probability p. ** p <0.01 and *** p < 0.001. Scale bar 100 um.

To explore the effect of OMF on MDBK cells’ proliferation, the mitochondrial redox
ability by MTT assay was analyzed. At 24 h p.i., OMF at 5 uM did not provoke significant
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(p > 0.05) time-dependent alteration in the amount of mitochondrial dehydrogenases
activity compared to control cells (Figure 2c). In brief, these experiments showed that
OMF at the concentration of 5 uM did not significantly modify MDBK cell viability and
cell proliferation as compared to untreated cells.

Following BoHV-1 infection, in the presence of OMF at 5 uM, there was significantly
(p < 0.001) decreased cytotoxicity (Figure 3 a,b) and increased cell proliferation (p <
0.01) during infection in MDBK cells (Figure 3c). Thus, the concentration of OMF at 5
uM for use throughout the study was selected. Overall, at the non-toxic concentration of
5 uM, OMF significantly decreased the MDBK cell death at 24 h p.i. during BoHV-1

infection.
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Figure 3. OMF decreases cell death during BoHV-1 infection. (a) Dose-response curve of MDBK cells infected with
BoHV-1 and treated with OMF at different concentrations (1, 5, 10, 25, and 50 uM). At 24 h after treatment, cells were
stained with TB and scored by an automated counter, or (b) cell viability was assayed by using TB staining while cells
were attached to wells and counted under a light microscope. (¢) Dose—response curve of MDBK cells infected with
BoHV-1, treated with OMF (5 uM) for 24 h and analyzed by MTT assay. Significant differences between control and
OMF-treated cells are indicated by probability p. * p < 0.05, ** p <0.01, and *** p < 0.001. Scale bar 100 um.
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3.2. OMF decreases cell membrane damage and morphological cell death features

during BoHV-1 infection in MDBK cells

To detect cell morphology, the effects of OMF in BoHV-1-infected cells were examined
by light microscopy after Giemsa staining. After 24 h of infection, no morphological
alterations were found in the OMF unexposed groups compared to the control, as shown
in Figure 4. In unexposed infected cells, we observed a growth of intercellular spaces and
alteration in morphology, indicating marks of apoptotic cell death due to cell shrinkage,
pyknosis, chromatin condensation, and fragmentation of nuclei (Figure 4, arrow). These
features were accompanied by necrosis because of nuclear and cytoplasmic swelling due
to a break of the plasma membrane, provoking a decreased definition of cell shapes
(Figure 4, arrowhead). While only a few signs of necrosis were observed in BoHV-1-
infected cells treated with OMF (Figure 4, arrowhead), these results showed that MDBK
cells infected with BoHV-1, in the presence of OMF, did not undergo either apoptotic or

necrotic.

CTRL OMF 5 uM

BoHV-1+OMF

Figure 4. OMF decreases cell membrane damage and morphological cell death features during BoHV-1 infection in
MDBK cells. Cells were infected with BoHV-1, in the presence or absence of OMF. At 24 h p.i., cells after Giemsa
staining were examined under a light microscope. Photomicrographs showed no morphological alterations in OMF
unexposed groups compared to control. By comparing BoHV-1-infected cells to the control, some cells displayed
apoptotic features, attributable to pyknotic nuclei and nuclear fragmentation (arrow), or necrosis marks, such as nuclear
and cytoplasmic swelling (arrowhead). In OMF-treated infected cells, only a few signs of necrosis were found

(arrowhead). Scale bar 50 um.
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3.3. OMF Decreases Virus Yield and Reduces the Expression of bICP0 during BoHV -
1 Infection

Following BoHV-1 infection for 24 h in MDBK cells, we analyzed virus titer and viral
CPE to explore the effect of OMF on virus production. Thus, MDBK cells were infected
with BoHV-1, at an MOI of 1, in the presence or absence of OMF at the non-toxic
concentration of 5 uM and processed. Interestingly, a statistically significant (p < 0.05)
decrease in the virus titer was seen at 24 h p.i. in cells treated with OMF during BoHV-1
infection (Figure 5). Similar results were found carrying out the virus titer by TCIDso
(data not shown). Moreover, at 24 h p.i., CPE, due to syncytia development as well as

damaged cellular sheet, was considerable in Figure 4.

10 -
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Figure 5. OMF decreases virus yield during BoHV-1 infection in MDBK cells. Cells were infected with BoHV-1 in
the presence or absence of OMF. For viral growth curves, MDBK cells were infected with BoHV-1 in the presence or
absence of OMF. At indicated times, p.i., virus titer was evaluated by real-time PCR. Significant differences between
BoHV-1-infected cells and OMF-treated infected cells are indicated by probability p. * p < 0.05.

To further clarify the effects of OMF during BoHV-1 infection, we analyzed bICPO
protein expression, the main protein involved in the transcription of BoHV-1 (Muylkens
etal., 2007; Jones et al., 2019). Indeed, bICPO is expressed during infection in permissive
cells, in which it promotes productive infection (Fraefel et al., 1994, Inman et al., 2001;
Wirth et al., 1992; Fiorito et al., 2014, 2017). At 24 h p.i., bICP0O was found in BoHV-1-
infected cells (Figure 6), whereas the protein was considerably decreased in the presence

of OMF (5 M) (Figure 6). These results demonstrate that the bICPO viral protein is
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generally expressed in BoHV-1-infected cells, and its expression was reduced in infected

cells treated with OMF.
3.4. OMF Induces the Expression of AhR during BoHV-1 Infection in MDBK Cells

To explore the potential involvement of OMF in the regulation of AhR, we carried out an
immunofluorescence assay for AhR, a receptor expressed in MDBK cells (Fiorito et al.,
2014). Herein, OMF induced the activation of AhR in MDBK cells, and, following
infection with BoHV-1, a noteworthy activation of AhR in OMF-treated cells was
detected (Figure 7). Our results showed that the AhR cellular receptor, generally
expressed in MDBK cells, was activated in the presence of OMF. In addition, the
expression of AhR strongly increased in infected cells treated with OMF.

(A)

DAPI bICPO MERGE

BoHV-1MOI 0.1

BoHV-1 MOI 0.1
+ OMF 5 uM

(B)

BE R B

Integrated density
©
&

o oM oBEom @

BolV-1 BoHW-1+OMF

Figure 6. OMF reduces the expression of bICP0O during BoHV-1 infection in MDBK cells. (A) Cells were infected
with BoHV-1, at an MOI of 0.1, in the presence or absence of OMF, and after 24 h p.i., immunofluorescence staining
for bICPO (red fluorescence) was performed as described in the Methods section. Nuclei were counterstained with
DAPI. During infection, bICPO was localized in both the nucleus and cytoplasm. In the presence of OMF, the
expression of bICP0 was noticeably reduced during BoHV-1 infection. Scale bar 100 pm. (B) Bars represent the mean
ratio generated from the integrated density (product of the area and mean intensity of fluorescence) of the bICPO

expression evaluated by ImagelJ. Error bars represent standard error measurement.
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Figure 7. OMF induces the expression of AhR during BoHV-1 infection in MDBK cells. (A) Representative
microphotographs of uninfected (control) or infected cells (BoHV-1), OMF-treated infected (BoHV-1+OMF), and
uninfected cells (OMF), after 24 h of infection, stained with immunofluorescence for AhR (red fluorescence), as
described in the Methods section. Nuclei were counterstained with DAPI. AhR was expressed in MDBK cells and
localized in both the nucleus and cytoplasm. The expression of AhR was induced in the presence of OMF. During
infection, the expression of AhR was drastically reduced. In the presence of OMF, the expression of AhR was
remarkably enhanced during BoHV-1 infection. Scale bar 100 um (B) Bars represent the mean ratio generated from
the total integrated density (product of the area and mean intensity of fluorescence) of the AhR expression evaluated

by ImagelJ. Error bars represent standard error measurement.
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4. Discussions

Many fungal metabolites have caught the attention of researchers involved in the
development of novel therapeutic strategies against viral diseases. In fact, they might
represent an attractive tool to be exploited with reference to their diverse structures and
mechanisms of action. The available data concerning bioactivity of fungal products or
extracts against herpes viruses are limited, but it is worth noting that some compounds,
including butyrolactone derivatives, macrolides, naphthalenones, resorcylic acid
lactones, sterols, and peptides, may act as anti-HSV agents (Moghadamtousi et al., 2015;
Linnakoski et al., 2018, Roy et al., 2017). The structural variability of fungal metabolites
with anti-HSV activity might be related to different mechanisms of action, but there is a
lack of information on this aspect. It was hypothesized that the lipophilic linear peptides,
halovirs, could destabilize the virus membrane (Rowley et al., 2003). Herein, we explored
the effect of OMF during a BoHV-1 infection. In MDBK cells, OMF offered good
protection against virus action by inducing a significant increase in cell viability as well
as in cell proliferation. Typically, BoHV-1 stimulates cell death in a cell-type-dependent
trend (Fiorito et al., 2020; Geiser et al., 2008), and the morphological evaluation of
MDBK during infection revealed a decrease in cell membrane damage and cell death
features, which are considerably reduced by OMF. Similar signs of MDBK cell protection
during BoHV-1 infection were previously detected in the presence of the proteasome
inhibitor MG-132 (Fiorito et al., 2017). Similarly, a decrease in virus replication in OMF-
treated infected cells was found. Indeed, a reduction in CPE and a significant decrease in
virus yield were detected. Interestingly, these results were accompanied by a marked
reduction in bICPO expression, indicating that the virus discharge was considerably

reduced by OMF.

Concerning the BoHV-1, there are some reports of new potential agents with inhibitory
effects against this virus, but they are often classical synthetic agents (acyclovir,
famciclovir, fenbendazole, and ivermectin) used alone or in combination with natural
products (Chang et al., 2020; Yesilbag et al., 2021). Inference of bioactivity of fungal
products against this virus was derived from the evaluation of extracts of the mushrooms
Agaricus blazei (Bruggeman et al., 2006) and Lentinula edodes (Rincao et al., 2012).
Hence, the OMF inhibitory activity against BOHV-1 observed in the present investigation
represents the first evidence concerning a purified metabolite. So far, anti-HCV properties

of this compound were reported in a comparative study where the examination of two
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funicone derivatives suggested that the 1,3-dihydroxy-5-methylbenzene moiety is
important for antiviral activity (Nakajima et al., 2013). It is possible that the arylic nature
of this part of the molecule interacts with AhR, a ligand-activated transcription factor that
interacts with aromatic compounds, but this hypothetical interaction should be further
investigated. AhR has been described as a multifunctional sensor, integrator system, and
ligandactivated transcription factor of the bHLH/PAS family. In the complexity of

signaling,

AhR regulates elements of the innate and adaptive immune response to various
microorganisms. Moreover, AhR is involved in the modulation of the host response to
viral infection. Furthermore, the well-known activation of AhR by 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD or dioxin) may induce a generalized suppression of
immune response and increase susceptibility to infectious agents, such as viruses, both in
vivo and in vitro (Fiorito et al., 2017, Bock et al., 2021). Specifically, the AhR activation
has been shown to promote viral replication of several herpesviruses, such as
cytomegalovirus (CMV), herpes simplex II, and BoHV-1. In addition, dioxin may
stimulate a worsening of latent infection caused by CMV or Epstein-Barr virus (Fiorito
et al., 2017). Similar responses were detected during HSV-1 infection in mice (Veiga-
Parga et al., 2011). In fact, dioxin-treated mice had higher virus titers, and many of them
died due to herpes encephalitis if AhR was stimulated before to infection. Interestingly,
if AhR activation occurred after HSV-1 infection, the pathogenic signs, such as herpes
encephalitis, diminished, and eye tissue pathology improved (Veiga-Parga et al., 2011),
highlighting the importance of timing in AhR stimulation to regulate the balance between
reducing immunopathology and removing antiviral defensive immunity (7orti et al.,
2021). Taken together, our results showed a potential antiviral role of OMF during BoHV-
1 infection in MDBK cells by involving AhR. Consequently, AhR targeted therapy may

become a new method for antiviral treatment.
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Antiviral activity of Taurisolo® during bovine alphaherpesvirus 1 infection

1. Introduction

Bovine alphaherpesvirus 1 (BoAHV-1), belonging to the Alphaherpesvirinae subfamily,
causes an infection of the upper respiratory tract known as infectious bovine
rhinotracheitis (IBR), conjunctivitis and genital disorders, which are often accompanied
by lowered fertility, abortions, and reduced milk production. The virus, together with
other pathogens, causes the bovine respiratory disease complex, leading to pneumonia
and occasionally death in cattle (Muylkens et al., 2007; Jones 2019). BoAHV-1
establishes long-term latent infection in sensory neurons of the infected animals, and the
reactivation from latency may prompt virus shedding and spread to susceptible animals
(Muylkens et al., 2007; Jones 2019). Eradication programs are followed by several
European countries, but IBR is still endemic in many regions, increasing the risk of virus
transmission to free herds (Iscaro et al., 2021). IBR is currently listed in the Regulation
2016/429/EU and its Annexes (Animal Health Law), and outbreaks of IBR in IBR-free
member states or in IBR-free zones of European countries should be subject to
notification. Thus, IBR is responsible for large economic losses and trade restrictions
(Iscaro et al., al.,2021). Vaccination is still the most efficient way to prevent the disease
(Righi et al., 2023). To date, a potential antiviral effect against BOAHV-1 is due to
conventional synthetic drugs (acyclovir, fenbendazole, famciclovir, ivermectin)
administered alone or in combination with natural agents (Yuan et al., 2016, Chang and
Zhu 2020, Yesilbag et al., 2021). Indeed, very few nontoxic medicinal compounds to fight
BoAHV-1 infection are described, although plant extracts have been studied as potential
new antiviral drugs. Polyphenols, for example, have been demonstrated to have
noticeable anti-herpesvirus activity (Vilhelmova-llieva et al., 2014, Boubaker-
Elandalousi et al., 2014, Annunziata et al., 2018a, 2018b). Furthermore, flavonoid
derivatives have been shown to have antiviral activity against BOAHV-1 (4kula et al.,
2002; Boubaker-Elandalousi et al., 2014; Zhu et al., 2018). Specifically, polyphenols and
flavonoids derivatives have been shown to have antiviral activity in vitro in MDBK cells.
For instance, genistein, a soy isoflavone, inhibits BOAHV-1 replication (4kula et al.,
2002); Thymus capitata, reach in polyphenols and flavonoids, inhibits the viral replication
by interfering with the early stages of viral adsorption and replication (Boubaker-
Elandalousi et al., 2014); curcumin, a constituent of the spice turmeric inhibits BOAHV-

1 entry into MDBK cells (Zhu et al., 2015); and kaempferol exhibits a robust antiviral
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activity against virus replication (Zhu et al., 2018). Taurisolo®, a grape pomace
polyphenolic extract obtained from the Aglianico cultivar grape, is a nutraceutical
containing several substances such as catechin, resveratrol, procyanidins, epicatechin,
flavonoids, and organic acids (gallic, syringic, caffeic, p-coumaric, ferulic) (4Annunziata
et al., 2019a). It has been shown that Taurisolo® reduces oxidative stress and oxidative
damage in aged rats (Annunziata et al., 2020, 2021a,b; Badolati et al., 2020). Moreover,
it decreases the levels of trimethylamine-N-oxide, a cardiovascular risk factor
(Annunziata et al., 2019a,b) and preserves the vascular function against ox-inflamm-
aging process and the consequent cardiovascular accidents (Martelli et al., 2021). In
addition to antioxidant properties, it has recently demonstrated that Taurisolo® possesses
antiviral activity against herpes simplex virus (HSV) type 1 and 2 (Zannella et al., 2023).
Moreover, during a clinical trial, in patients affected by SARS-CoV-2 pneumonia, the
administration of a Taurisolo® aerosol formulation reduced both the duration and the
severity of symptoms (Sanduzzi Zamparelli et al., 2022). As previously reported,
BoAHV-1 is a useful model for antiherpesvirus compounds testing (Akula et al., 2002;
Boubaker-Elandalousi et al., 2014, Zhu et al., 2018, Fiorito et al., 2017a, 2022; Chang
and Zhu 2020; Yesilbag et al., 2021). Thus, this study aimed to assess the potential
antiviral activity of Taurisolo® against BOoAHV-1.

2. Materials and methods
2.1. Production of Taurisolo®

Taurisolo® is a nutraceutical supplement containing a polyphenol extract from Vitis
Vinifera cv ‘Aglianico’ grapes, collected in Montemarano (Avellino, Italy, Coordinates:
40-54058" N 14259054 optimized at the NutraPharmalabs of the Department of
Pharmacy, University of Naples Federico II (Naples, Italy). Then, the MB-Med Company
(Turin, Italy) performed large-scale production (Badolati et al., 2020; Annunziata et al.,
2021a, b). Taurisolo® consists of various molecules, such as organic acids (gallic,
syringic, caffeic, p-coumaric, ferulic), catechin, procyanidins, quercetin, resveratrol and,

rutin (Badolati et al., 2020; Annunziata et al., 2021a,b).
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2.2. Cell cultures and virus infection

The bovine cell line Madin Darby Bovine Kidney (MDBK) (American Type Culture
Collection, CCL22) was cultivated in Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) and incubated at 37 °C and 5% CO2 (Longo et al., 2009; Fiorito et al.,
2011). BoAHV-1 (Cooper strain, accession number: KU198480) was used. Both for virus
stocks growth and virus titration MDBK cells were utilized (Fiorito et al., 2008a,b; 2020;
2021). Taurisolo® was dissolved in DMEM to a final concentration of 0.1, 0.5, 1, 1.5 and
3 mg/mL. Monolayers of MDBK cells were infected or not with BoAHV-1, at a
multiplicity of infection (MOI) of 0.1, 1, 5 or 10, in the presence or not of Taurisolo®, to
obtain four groups: uninfected or infected cells, Taurisolo® treated infected and
uninfected cells. After 1 hour of adsorption at 37 <C, cells were incubated and processed
at1,3,6,12, 24,48, 72 and 120 h post infection (p.i.). BOAHV-1 was in culture medium

throughout the course of the experiment.
2.3. Cell viability

Trypan blue (TB) (Sigma-Aldrich) exclusion test was used to assess cell viability (Fiorito
et al., 2008b). At 48 h post treatment, trypsin was added to the cells that were mixed with
TB and counted by TC20 automated cell counter (Bio-Rad). Cell viability was obtained
as the percentage of living cells over the total cell number. Results were reported as the

mean + S.D. of three independent experiments in duplicate.
2.4. Cell proliferation

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was
performed to examine cell proliferation (Fiorito et al., 2008a; 2011; Santamaria et al.,
2011). Several concentrations of Taurisolo ® (0.1, 0.5, 1, 1.5 and 3 mg/mL) were
evaluated after 48 h p.i. in a preliminary assay of cell viability and then we selected 0.5
mg/mL Taurisolo® for MTT experiments. Briefly, BOAHV-1 infected (MOI 0.1) cells,
incubated or not with Taurisolo® (0.5 mg/mL) were tested by MTT assay after 48 h p.i..

Results were the mean + S.D. of four independent experiments in duplicate.
2.5. Examination of cell morphology

Cell morphology was evaluated using Giemsa staining (Fiorito et al., 2020, 2022).
Monolayers of MDBK were infected or not with BoAHV-1, at MOI of 5, in the presence

or absence of Taurisolo® (0.5 mg/mL), and after 24 h of incubation, Giemsa staining and
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light microscopy (ZOE Cell Imager, Bio-Rad Laboratories) were performed. The criteria
described to explore cell death features were used (Leite et al., 1999, Banfalvi et al. 2017).

2.6. Immunofluorescence staining

In order to study the influence of Taurisolo® on both bICPO and AhR expression in
BoAHV-1-infected cells, immunofluorescence staining was carried out at 24 h p.i.
(Altamura et al., 2018, Fiorito et al., 2022). The antibodies, dissolved in 5% bovine
serum albumin-TBST, were: anti-AhR (Sigma-Aldrich) (1:250), anti-bICPO polyclonal
rabbit (a.a. 663—676) serum (1:800), kindly supplied by Prof. M. Schwyzer and Prof.
Cornel Fraefel (University of Zurich, Switzerland), Texas Red goat anti-rabbit (Thermo
Fisher Scientific) (1:100). DAPI (1:1000) was used as nuclear counter-staining.
Microscopy and photography were valued by ZOE Fluorescent Cell Imager (Bio-Rad
Laboratories). Fluorescence signals from microscopy-generated images were quantified

by ImageJ (National Institutes of Health, Bethesda, MD, USA) software.
2.7. BoAHV-1 infection

Cells were infected with BoAHV-1 at MOI 1, in the presence or not of Taurisolo®, and
processed at 0, 1, 3, 6, 12, 24, 48, and 72 h p.i. by realtime PCR for BoAHV-1
quantification. Furthermore, viral cytopathic effects (CPE) were evaluated at light

microscope until 120 h p.i. (De Martino et al. 2010; Fiorito et al., 2021).
2.8. Viral nucleic acids extraction

Nucleic acids extraction was carried out from 200 pL of cell supernatant by using the
King Fisher Flex System (Thermo Fisher Scientific, Waltham, Massachusetts, USA) with
the Mag Max Viral Pathogen kit (Thermo Fisher Scientific, Waltham, Massachusetts,
USA), according to the instructions of the manufacturer. Nucleic acids were dissolved in

80 pL of elution buffer. DMEM was utilized as a negative process control.
2.9. Real-Time PCR for quantification of BoAHV-1

BoAHV-1 was quantified in all the samples (cells infected with BoAHV-1 at MOI 1, in
the presence or not of Taurisolo®, at 0, 1, 3, 6, 12, 24, 48, and 72 h p.i.) by quantitative
real-time PCR, as described (Fiorito et al., 2022). Briefly, the detection was carried out
on a Quant Studio 5 Real-Time PCR thermal cycler (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) in a total volume of 25 pL containing: 5 uL of nucleic acids extract,

12.5 pLL of TagMan Universal PCR Master Mix 2X (Thermo Fisher Scientific, Waltham,
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Massachusetts, USA), 1 pL (4.5 uM) of primer forward gBF (5- TGTGGAC-
CTAAACCTCACGGT-3), 1 puL (45 pM) of primer reverse gBR (5'-
GTAGTCGAGCAGACCCGTGTC-3") and 1 pL (3 pM) of probe gB-P (FAM-5'-
AGGACCGCGAGTTCTTGCCGC-3'-TAMRA). The thermal profile consisted of initial
denaturation for 15 min at 95 <C, 45 cycles of amplification for 15 s at 95 -C and, 45 s at
60 °C (OIE Manual of Terrestrial Animals Cap. 3.4.11. par B.1.3.1 2017). Then,
quantification was performed by a standard curve, analysing serial dilutions of the
quantified extracted virus (from 1 x 107 to 1 x 10' TCIDso¢/mL) and plotting the
TCIDso/mL versus the threshold cycle (Ct) (Fiorito et al., 2022; Cerracchio et al.,
2022a,b, 2023).

2.10. Statistical analysis

Data are presented as mean + S.D. GraphPad InStat Version 3.00 for Windows 95
(GraphPad Software, San Diego, CA) was used to analyze one-way ANOVA with
Tukey’s post-test). p < 0.05 was judged statistically significant.

3. Results
3.1. Taurisolo® reduces MDBK cell death during BoAHV-1 infection

To examine the effect of Taurisolo® during BOAHV-1 infection, cell viability by TB was
first assessed, then cell proliferation by MTT assay was analyzed. The assessment of IC50
values of Taurisolo® and the doseresponse curve were performed by treating cells with
different doses of Taurisolo®, as above described. Inhibition of cell growth was detected
in MDBK cell treated with Taurisolo® IC50 values ranging between 1.5 and 3 mg/mL,
at 48 h, while there were no significant alterations after treatment with lower
concentrations of this nutraceutical (Fig. 1a,b). So, we choose to select the concentrations
0f 0.1 and 0.5 mg/mL to continue the experimental design. To confirm that the 0.5 mg/mL
concentration is biocompatible and not cytotoxic, the mitochondrial redox activity of
MDBK cells was analysed by MTT assay. After 48 h of exposure, Taurisolo ® at 0.5
mg/mL did not produce significant (p > 0.05) timedependent changes in the mitochondrial
dehydrogenase’s activity compared to control cells (Fig. 1c). Finally, to evaluate the
effect of Taurisolo® during BoAHV-1 infection, MDBK cells were infected with
BoAHV-1 at MOI of 0.1 or 10 and treated or not with 0.1 mg/mL and 0.5 mg/mL of

nutraceutical. After 48 h of treatment, cell viability and proliferation were evaluated. As
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shown in Figs, 2a,b, Taurisolo® was able to increase — in a significant way (p < 0.01) -
the cell viability during BoOAHV-1 infection already at 0.1 mg/mL, and its effect resulted
stronger at the concentration of 0.5 mg/mL. At this last concentration, the nutraceutical
also increased cell proliferation (p < 0.05) in MDBK cells (Fig. 2c). Therefore, the
concentration of Taurisolo® at 0.5 mg/mL was confirmed to be used throughout the
study. Altogether, at the end of BOAHV-1 infection, in the presence of a nontoxic dose
of 0.5 mg/mL, Taurisolo® significantly reduced the cytotoxicity induced by BoAHV-1
infection of MDBK cells.
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Fig. 1. Identification of Taurisolo® IC50 at different doses and doses-response curve in MDBK cells. (a) Microscope
cells were stained with TB and scored by automated cell counter. (b) Dose-response curve of MDBK cells treated with
Taurisolo® at different concentrations (0.1, 0.5, 1, 1.5, 3 mg/mL). At 48 h after treatment, cell viability was determined
by TB staining while cells were attached to wells and counted under a light. (c) Dose-response curve of MDBK cells
treated with Taurisolo® (0.5 mg/mL) for 48 h and assessed by MTT assay. Significant differences between control and
Taurisolo®-treated cells are indicated by probability p. *** p <0.001 and * p < 0.05. Scale bar 100 um.
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3.2. Taurisolo® reduces distinctive features of morphological cell death during

BoAHV-1 infection in MDBK cells

To explore the effects of Taurisolo® in BoAHV-1-infected cells, we performed Giemsa
staining, which allows to check the main differences between apoptosis and necrosis in
cell morphology and evaluated it by light microscopy (Banfalvi et al., 2017). Taurisolo®
exposed MDBK cells showed no cytomorphological changes when compared to controls
(Fig. 3). Indeed, untreated infected cells, showed increased intercellular spaces and
changes in cellular morphology such as chromatin condensation, fragmentation of nuclei,
pyknosis and cell shrinkage, suggesting apoptosis activation) (Leite et al., 1999, Banfalvi
et al., 2017) (Fig. 3, arrow). Furthermore, in infected cells, we observed typical signs of
necrosis, due to nuclear and cytoplasmic swelling with chromatin appearing uniformly
dense because of plasma membrane break (Fig. 3, arrowhead) (Leite et al., 1999, Banfalvi
et al., 2017). On the other hand, only a few necrotic cell death features were detected in

BoAHV-1 infected cells exposed to Taurisolo® (Fig. 3, arrowhead).
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Fig. 2. Taurisolo® reduces cell death during BoAHV-1 infection. (a) Taurisolo® decreases cell death during BoAHV-
1 infection in MDBK cells. Cells were infected with BoAHV-1, in the presence or absence of Taurisolo®. At 48 h p.i.,

cells were examined under a light microscope. In Taurisolo®-treated infected cells, only a few signs of cell death were
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found. Scale bar 100 um. (b) Dose—response curve of MDBK cells infected with BoAHV-1 and treated with Taurisolo®
at different concentrations (0.1, 0.5 mg/mL). At 48 h after treatment, cell viability was assayed by using TB staining
while cells were attached to wells and counted under a light microscope. (¢) Dose-response curve of MDBK cells
infected with BoAHV-1, treated with Taurisolo® (0.5 mg/mL) for 48 h and analyzed by MTT assay. Significant
differences between analysed groups are indicated by probability p. *** p <0.001, ** p <0.01 and * p <0.05.

CTRL TAURISOLO® 0.5 mg/mL

BoAHV-1 MOI § BoAHV-1+TAURISOLO® 0.5 mg/mL

Fig. 3. Taurisolo® decreases morphological cell death features during BoAHV-1 infection. Taurisolo® reduces
morphological cell death features during BoAHV-1 infection in MDBK cells. Cells were infected with BoAHV-1, in
the presence or absence of Taurisolo®. At 24 h p.i., cells after Giemsa staining were examined under a light microscope.
Photomicrographs showed no morphological alterations in Taurisolo® uninfected groups compared to control. By
comparing BoAHV-1- infected cells to the control, some cells displayed apoptotic features, attributable to pyknotic
nuclei and nuclear fragmentation (arrow), or necrosis marks, such as nuclear and cytoplasmic swelling (arrowhead). In

Taurisolo®-treated infected cells, only a few signs of necrosis were found (arrowhead). Scale bar 100 and 25 pm.

Overall, these findings revealed that MDBK cells infected with BoAHV-1 and exposed

to Taurisolo® were less subjected to apoptotic or necrotic cell death.

3.3. Taurisolo® reduces virus yield and downregulates the expression of bICP0 during

BoAHV-1 infection in MDBK cells

To investigate Taurisolo® effects on virus production in MDBK BoAHV-I1-infected
cells, virus titer and viral CPE were analysed. Hence, MDBK cells were infected with
BoAHV-1 at MOI of 1, in the presence or not of Taurisolo® at the nontoxic concentration
of 0.5 mg/mL and processed. Following BoAHV-1 infection, a statistically significant (p
< 0.001) decline in virus titer was found from 12 to 72 h post infection in cells treated

with Taurisolo® (Fig. 4a). Furthermore, at 24 h p.i,, a marked CPE was detected in
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infected groups, caused by the development of syncytia and by destruction of cellular
sheet, whereas these features were noticeably reduced in Taurisolo®-treated infected cells
(Fig. 3). Interestingly, these characteristics were confirmed also in treated cells infected
with BoAHV-1 at MOI 1 after 120 h p.i. (Fig. 4b). These results suggested that the
nutraceutical significantly reduces virus yield and CPE during BoAHV-1 infection in
MDBK cells. In addition, to further investigate Taurisolo® influence in BoAHV-1
infection, we explored the expression of bICP0, the key protein concerning the
transcription of BOAHV-1 (Wirth et al., 1992; Muylkens et al., 2007; Fiorito et al., 2013;
Jones, 2019). After 24 h p.i., the expression of bICP0O in BoOAHV-1 infected cells (MOI
10) was considerably downregulated in the presence of Taurisolo® (Fig. 5a). This result
was confirmed by integrated measurement of density fluorescence (Fig. 5b). These
findings show that bICPO viral protein, expressed in BoAHV-1- infected cells, was

reduced in infected cells exposed to Taurisolo®.
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Fig. 4. Taurisolo® decreases virus yield during BoOAHV-1 infection in MDBK cells. Cells were infected with BoAHV-
1 in the presence or absence of Taurisolo®. (a) For viral growth curves, MDBK cells were infected with BoAHV-1 in
the presence or absence of Taurisolo®. At indicated times, virus titer was evaluated by real-time PCR. Significant
differences between BoAHV-1-infected cells and Taurisolo®-treated infected cells are indicated by probability p. ***

p < 0.001. (b) For CPE evaluation, cells were infected with BoOAHV-1 in the presence or absence of Taurisolo®. At
120 h p.i., CPE was observed. Scale bar 100 and 25 pm.
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Fig. 5. Taurisolo® decreases the expression of bICP0 during BoAHV-1 infection in MDBK cells. Cells were infected
with BoAHV-1, in the presence or absence of Taurisolo®, and after 24 h p.i, immunofluorescence staining for bICP0
(red fluorescence) was performed as described in the Method section. Nuclei were counterstained with DAPI. (a)
During infection, bICPO was localized both in nucleus and cytoplasm. In the presence of Taurisolo®, the expression of
bICPO was markedly reduced during BoAHV-1 infection. Scale bar 100 pm. (b) Bars correspond to the mean ratio
produced from the integrated density (product of the area and mean intensity of fluorescence) calculated by ImagelJ of
the bICPO expression. Error bars are standard deviation measurement. Significant differences between unexposed

infected groups and Taurisolo®-treated infected cells are indicated by probability p. ** p <0.01.

3.4. Taurisolo® upregulates the expression of AhR during BoAHV-1 infection in
MDBK cells

To investigate the possible action of Taurisolo® in the regulation of AhR, we performed
immunofluorescence analysis. Taurisolo® strongly stimulated AhR activation in MDBK
cells until 120 h of treatment (Fig. 6a), and a remarkable stimulation of AhR in
Taurisolo®-treated cells was detected during infection with BOAHV-1 after 24 h p.i. (Fig.
6b). These results were confirmed by integrated measurement of density fluorescence
(Fig. 6¢, d). These results showed the Taurisolo® capability to stimulate AhR cellular
receptor in both BoAHV-1 infected and uninfected MDBK cells.
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Fig. 6. Taurisolo® induces the expression of AhR during BoAHV-1 infection in MDBK cells. Representative
microphotographs of uninfected (control) or infected cells (BoAHV-1), Taurisolo® -treated infected (BoAHV-
1+Taurisolo®), and uninfected cells (Taurisolo®), stained with immunofluorescence for AhR (red fluorescence), as
described in the Methods section. Nuclei were counterstained with DAPI. (a) AhR was expressed in MDBK cells and
localized in both the nucleus and cytoplasm. The expression of AhR until 120 h after treatment was induced in the
presence of Taurisolo®. (b) During infection, the expression of AhR was drastically reduced. In the presence of
Taurisolo®, at 24 h p.i., the expression of AhR was remarkably enhanced during BoAHV-1 infection. Scale bar 100
pm. (c-d) Bars are the mean ratio produced from the integrated density (product of the area and mean intensity of
fluorescence) calculated by ImagelJ of the AhR expression. Error bars are standard deviation measurement. Significant
differences between control cells and Taurisolo® exposed groups, as well as between unexposed infected groups and

Taurisolo®- treated infected cells are indicated by probability p. *** p <0.001 and ** p < 0.05.

4. Discussion

Pharmaceutical research is strongly involved in the development of novel therapeutic
strategies against viral diseases in order to minimizeantiviral agents’ toxicity and fight
antibiotic-resistance phenomena, as well. In this context, plant extracts have been
extensively explored as nontoxic natural remedies. To date, anti-herpesvirus natural
compounds are scarce; for instance, anti-herpesvirus activity was detected in polyphenols
(Vilhelmova-Ilieva et al., 2014; Boubaker-Elandalousi et al., 2014, Annunziata et al.,
2018a), as well as in flavonoid derivatives (4kula et al., 2002, Boubaker-Elandalousi et
al., 2014; Zhu et al., 2015, 2018). Taurisolo® is an extract which mainly contains

polyphenols and flavonoids, and, in this study, we showed its capability to induce an
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excellent defense reaction against BoAHV-1 activity, in infected MDBK cells, by
stimulating a significant improvement in cell viability and proliferation. Generally,
BoAHV-1 promotes cell death in a cell-type dependent manner (Geiser et al., 2008;
Fiorito et al., 2020). Herein, during BoAHV-1 infection, morphological analysis of
MDBK showed cell death hallmarks that were remarkably decreased by treatment with
Taurisolo ®. Interestingly, BOAHV-1 infected MDBK cells treated with the proteasome
inhibitor MG-132 (Fiorito et al, 2017a,2021) and the fungal metabolite 3-O-
methylfunicone (OMF) (Fiorito et al., 2022) showed comparable morphological features
of cell defense. Furthermore, a significant decrease in BOAHV-1 replication was detected
in Taurisolo® treated infected cells, which showed a relevant decrease both in CPE and
in virus yield. These findings suggest that polyphenols and flavonoids extract could act
as anti-herpesvirus agents by influencing the early phases of infection (Chattopadhyay et
al., 2009; Boubaker-Elandalousi et al., 2014). Indeed, Taurisolo® blocks HSV-1 and
HSV-2 infection, in co-treatment as well as in pre-treatment, showing an inhibitory action
in the early phases of both herpesviruses (Zannella et al., 2023). Indeed, gene expression
of herpesviruses occurs in three phases named immediate-early, early, and late. The
bovine homologue of HSV-1 ICPO, bICPO, regulates all three stages and promotes
productive infection (Fraefel et al., 1994, Inman et al., 2001, Fiorito et al., 2010; Jones
2019). In our study, Taurisolo® remarkably reduced the expression of bICPO, in bovine
cells and similar anti-BoAHV-1 activities were previously reported in the presence of
chemical (MG-132) or natural (OMF) compounds (Fiorito et al., 2017a,2021,2022).
Furthermore, Taurisolo® stimulated the activation of AhR in MDBK cells, also during
BoAHV-1 infection. AhR can be activated by both endogenous and exogenous organic
substrates, like tryptophan metabolites, bilirubin, biliverdin, environmental pollutants
(dioxin), and microbial metabolites (Bock, 2021). After activation and translocation into
the nucleus, AhR may stimulate target genes like AhR repressor, detoxifying
monooxygenases (CYP1A1 and CYP1B1) and cytokines. Recent evidence suggests that
diet products can activate and/or inhibit the AhR signaling pathway. Noteworthy, dietary
flavonoids are the greatest class of natural AhR ligands, and some agonists/antagonists of
AhR are used in clinical practice for cancer treatment (Yang et al., 2019). AhR is also
implicated in the host response to viruses, such as coronaviruses (Tang et al., 2005;
Grunewald et al., 2020; Giovannoni et al., 2021; Cerracchio et al., 2022a,b).
Furthermore, targeting AhR may enhance the host response to herpesvirus infections

(Chen et al., 2021, Torti et al., 2021). The first evidence of the involvement of AhR in
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inhibitory activity against BOAHV-1 due to OMF, a secondary metabolite produced by
Talaromyces pinophilus, was recently observed in MDBK (Fiorito et al., 2022), a cell
line which expresses the AhR (Fiorito et al., 2014, 2022). Numerous AhR ligands with
different properties have been identified: endobiotic, phytochemical, microbiota-
generated ligands as well as xenobiotics/drugs (Bock 2020). Moreover, AhR signaling
influences the immune response to different microorganisms (7orti et al., 2021). The
replication of herpesviruses (cytomegalovirus, HSV-1, HSV-2, BoAHV-1) was
stimulated by the activation of AhR. Dioxin (TCDD), a toxic environmental contaminant,
through AhR, might provoke immune-suppression and enhances responsiveness to
infectious agents (Fiorito et al. 2017b, ¢, Bock 2021). Veiga-Parga et al., showed that
during HSV-1 infection in mice, dioxin-treated mice had the highest virus titers (2011).
Particularly, if AhR was induced before infection, an increased number of mice died
because of herpes encephalitis. Whereas, if AhR stimulation happened after HSV-1
infection, the disease features were ameliorated (Veiga-Parga et al, 2011). These
findings also highlight the influence of timing in AhR activation in balancing pathology
and antiviral defensive immunity (7orti et al., 2021). Taurisolo® is primarily composed
of polyphenols and flavonoids, arylic nature molecules, which may interact with AhR.
Flavonoids such as quercetin might be indirect AhR agonists (Bock 2020). The well-
known polyphenol resveratrol has been recently recognized as a non-selective antagonist
of AhR (Coelho et al., 2022). However, the hypothetical interaction between Taurisolo®
and AhR in MDBK cells requests further investigations. Overall, our findings revealed a
promising antiviral activity of Taurisolo® during BOAHV-1 infection in MDBK cells, by

affecting AhR. Hence, AhR may be a new target to develop potential antiviral treatments.
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Chapter 5 - Evaluating the effect of Amenamevir combination therapy on HSV-1

resistance emergence

Brief summary

In this project the antiviral effects of the combination therapy of amenamevir (AMV) and

acyclovir (ACV) or Foscarnet (PFA) against HSV-1 KOS strain on HEL fibroblast cell line

were evaluated. In particular, the study focused on the detection of new mutations that could

have given drug resistance to HSV-1.

The results showed that known and unknown mutations have been detected on AMV+ACV

combination, while for AMV+PFA combination any new mutation has been found.

1. Introduction

Herpes simplex virus 1 (HSV-1) is an ubiquitous alphaherpesvirus that infects humans
and it has been estimated to be one of the most common pathogens (James et al., 2020).
It is generally associated with oral herpes, due to close contact transmission, but it can
also cause genital herpes, through oral—genital contact, as well as keratitis, encephalitis,
and neonatal herpes when the virus is passed to a baby through close contact with a person
suffering from an active HISV-1 infection (James et al., 2020, Sudomova M, Hassan STS,
2023). The infection is initiated by surface viral glycoproteins that interact with host cell
receptors, resulting in viral entry. Once infected the host cells, HSV-1 replicates easily in
the tissues of the epithelial mucosa. Specifically, the double-stranded DNA is released
into the nucleus where transcription and replication take place and new viral particles are
produced (Sudomova M, Hassan STS, 2023). The cellular RNA polymerase II (RNA pol
II) is responsible for the transcription of the viral genome with temporal expression of the
immediate early (IE or a), early (E or B), and late (L or y) viral genes. The replication
process is facilitated by several viral proteins, including the origin binding protein (UL9),
single-stranded DNA binding protein (ICP8), helicase—primase complex (UL5, ULS, and
UL52), DNA polymerase (UL30), and its processivity factor (UL42) (Packard et al.,
2021). Then, the assembly and egress of the viral particles occurs, following a complex
multistage process involving different cellular compartments and the activity of various

viral and cellular proteins. (S’udomovd M, Hassan STS, 2023). HSV-1, as well as other
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Herpesviruses, is responsible for two types of infection: lytic infection, characterized by
active replication resulting in the production and release of virions, and latent infection,
in which the virus remains latent in sensory neurons and does not actively replicate. From
its latent state, HSV-1 can reactivate periodically, due to physiological or environmental
factors, especially as a result of immunosuppression. The ability of the virus to establish
latency makes humans life-long infected (Sudomovd M, Hassan STS, 2023). While for
immunocompetent subjects HSV-1 infection may resolve without serious consequences,
immunocompromised subjects often suffer from severe disease requiring long-term
antiviral therapy and this can lead to the development of drug-resistant viruses (4ndrei et

al,, 2013).

The different steps of the replicative cycle of the virus, including viral entry, replication,
assembly, and release, can be used as targets of antiviral drugs (Sudomovd M, Hassan
STS, 2023). Most antivirals currently in use against HSV-1 inhibit the viral DNA
polymerase (DP), including acyclovir (ACV), the first-line treatment for HSV-1
infections (Schalkwijk et al., 2022). Tri-phosphorylation is necessary for the guanosine
analogue ACV to bind and inhibit the viral DP. The first phosphorylation is performed
by the viral thymidine kinase (TK), encoded by the UL23 gene, while the second and
third steps are carried out by cellular kinases (Sadowski et al., 2021). Long-term treatment
with ACV may increase the emergence of HSV-1 resistant strains, mostly due to the
acquisition of mutations in the TK. Thus, new antivirals, which do not require TK
phosphorylation, have been under investigation (Sadowski et al., 2021; Schalkwijk et al.,
2022). In this sense, foscarnet (PFA), a pyrophosphate analogue that can inhibit the DP
without TK-mediated phosphorylation, has been used as an alternative option for the
treatment of ACV-resistant HSV-1 infections bearing mutations in the viral TK
(Sadowski et al., 2021; Sato et al., 2021). Nevertheless, DP mutations can confer
ACV/PFA cross-resistance and these strains have been detected in immunocompromised
patients treated with PFA alone or associated to ACV (Sato et al., 2021). Because
mutations in the DP may induce resistance to multiple antivirals, drugs with a different
viral target, such as inhibitors of the helicase-primase complex are being developed
(Sadowski et al., 2021; Sato et al., 2021). The helicase-primase complex is essential for
replication of the viral genome and is composed of three proteins: helicase (encoded by
ULS gene), primase (encoded by UL52 gene) and cofactor subunits (encoded by ULS
gene), necessary for the replication of DNA (Sato et al., 2021). Amenamevir (AMV), one

of the inhibitors of helicase-primase complex that is undergoing clinical investigation,
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likely acts by inhibiting the protein-protein interactions between UL52 and ULS encoded
proteins, necessary for the formation of helicase-primase complex (Sadowski et al.,
2021). Although AMV-resistance mutations have been found in both the helicase and
primase, they do not seem to be related to the use of the inhibitor, which has only been
approved in Japan for the treatment of herpes zoster, caused by reactivation of varicella

zoster virus (Sadowski et al., 2021, Sato et al., 2021).

A possible strategy to stop resistance mutations emergence is multidrug therapy, that has
already been proven to be effective for other viral infections such as HIV and Hepatitis C
(Sun et al., 2016, Wyles et al., 2016). Indeed, different mechanism of actions of the virus
can be affected at the same time, limiting viral replication and consequently the
occurrence of any resistant mutations. On the other hand, these drugs can have an
antagonizing, additive or synergistic effect with each other and identifying these
interactions can be difficult (Greeley et al., 2020). However, it has previously been
demonstrated that combined therapy is a good substitute for monotherapy (Greeley et al.,
2020; Chono et al., 2013). Hence, the aim of this study is to evaluate the acquisition of
HSV-1 drug resistance in vitro when treated with AMV alone or combined with ACV or
PFA.

2. Material and methods

2.1.Cell cultures and virus infection

Human embryonic lung (HEL) fibroblasts (ATCC CCL-137) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 8% fetal bovine serum (FBS), 0.1
mM non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, and 10 mM
HEPES and incubated at 37 °C and 5% CO2. The HSV-1 wild-type strain KOS (ATCC
VR-1493) was used.

2.2.Compounds

The compound used are: Amenamevir (Cayman Chemical), Acyclovir (Merck),

Foscarnet (Merck).
2.3.Synergistic activity

HEL cells monolayers were infected with 100-fold the 50% cell culture infective dose

(CCIDso) of the KOS strain and treated with different concentrations of AMV, ACV and
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PFA alone or in combination (AMV+ACV or AMV+PFA). After 72 hours of infection,
cells were frozen. After thawing, supernatants were collected and titrated in 10-fold
dilution steps on HEL cells. Virus titers were determined by the Reed and Muench method
(Reed LJ, Muench H., 1938). Synergistic activity was examined with the Zero Interaction
Potency (Z1P) model using SynergyFinder
(https://tangsoftwarelab.shinyapps.io/synergyfinder) (lanevski A et al., 2020).

2.4.Cytotoxicity assay

A density of 5x103 cells/well was used to seed HEL cells in 96-well plates, and the cells
were left to grow for 24 h. Cells were then treated with different concentrations of AMV,
or combinations of compound (ACV+AMYV or PFA+AMYV) for 72 hours, after which cell
counts were determined with a Z1 Coulter Counter (Beckman Coulter). SyngeryFinder

3.0 software was used to determine potential synergistic effects (Schalkwijk et al., 2022).
2.5.8election of drug resistance

Increasing concentrations of AMYV either separately or in combination with ACV or PFA,
were used to passage the KOS strain in HEL cells in a sequence manner. Resistance
selection was initiated from two distinct drug concentrations for each condition. The virus
cultures were frozen when complete cytopathic effect (CPE) was observed. After thawing
and freezing, the viruses were collected and used to infect new cell cultures, increasing
the concentrations with each successive passage. From passage 6 onwards, drug
concentrations were not further increased. After ten days of infection, if full CPE was not
seen, the medium was replaced every five days with fresh medium, without compounds,
until full CPE was seen. In this case, the same drug concentrations were used for the
subsequent passage. Deep sequencing was used to genotype the virus cultures that were

obtained from each condition.
2.6.Deep sequencing

To determine the frequency of resistance mutations in the virus cultures after two, five
and ten passages, amplicon-based next-generation sequencing (NGS) was used. The
entire TK and ULS52 genes were amplified by PCR (Platinum SuperFi, Thermo Fisher
Scientific), while the DP and UL5 genes were only amplified partially, encompassing the
regions known to carry drug-resistance mutations. After the purification [QIAquick PCR
Purification Kit (Qiagen)] and quantification [Qubit dsDNA HS Assay Kit on the
Qubit®2.0 fluorometer (Thermo Fischer Scientific)], PCR products were used to prepare
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DNA libraries (one library per sample) with 1 ng of DNA with Nextera XT DNA Sample
Preparation Kit and Nextera XT DNA Sample Preparation IndexKit (Illumina).

After purification with Agencourt® AMPure® XPbeads, the resulting barcoded libraries
were normalized to a 2 nM concentration and pooled. 5% PhiX Control v3 library
(12.5pM; Illumina) was added to the libraries after the normalization step. Paired-end (2
x 150bp) reads on the Miseq v.2 system (Illumina) was used to sequence the library pool.
CLC bioGenomics Workbench version 12 (Qiagen) was used to analysed the obtained
sequence reads (Andrei et al., 2019). The HSV-1 strain 17 genome (GenBank accession
number NC_001806.2) was used to map the reads and the low-frequency variant detection

tool was used to identify variants with a frequency >1%.

3. Results
3.1. Additive anti-HSV-1 activity of AMV in combination with ACV or PFA

To evaluate the antiviral effects of AMV in combination with ACV or PFA, serial
dilutions of the antivirals alone or in combination were added to HEL cells infected with
HSV-1 wild-type strain KOS. Taken together, these results showed that the AMV+ACV
and AMV+PFA combinations had moderate additive effects, with an overall synergy
score of -2.65 and 1.77, respectively (Figure 1). Interestingly, these effects were already

detected at low concentrations of both compounds.
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Figure 1. Amenamevir activity in combination with acyclovir or foscarnet against HSV-1. HEL cells
infected with HSV-1 wild-type strain KOS were treated with various concentrations of one or two antivirals



(n=2). Inhibitory effects of the antivirals were evaluated by determining the reduction of HSV-1 virus titers.
Interaction plots for (a) amenamevir (AMV) and acyclovir (ACV) and (b) amenamevir (AMV) and
foscarnet (PFA) were generated with SynergyFinder 2.0 using the Zero Interaction Potency (ZIP) model.
Overall synergy scores are shown above the plots. Synergy score < -10, antagonism; between -10 and 10,

additive; >10 synergy.
3.2. Cytotoxic activity of AMYV in combination with ACV and PFA

To exclude the possibility that the observed additive anti-HSV effects of the drug
combinations were due to toxicity, the cytotoxic activity of AMV alone or in combination
with ACV and PFA was evaluated (Figure 2). To this end, HEL cells were exposed to
different concentrations of AMV+ACV or AMV+PFA. Taken together, these drug
combinations did not display a higher cytotoxicity than treatment with the individual

drugs.
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Figure 2. Cytotoxic activity of antiviral compounds in combination. HEL cells were exposed to different

concentrations of one or two antiviral compounds. After three days of incubation (n=3), Z1 Coulter Counter

was used to define cell counts. The presented dose-response matrices were generated with SynergyFinder

2.0. The % inhibition indicate the reduction of cell count relative to untreated cells.
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3.3.Deep sequencing of HSV-1 cultures following antiviral pressure

Two different starting concentrations of AMV, AMV+ACV and AMV+PFA were
evaluated in the resistance selection procedure, the lower concentration is indicated as ‘L’
and the higher as ‘H’. Following five passages, virus cultures were genotyped by deep

sequencing.
Frequency of mutations emerging under monotherapy pressure

Repetitive passaging under AMV pressure induced mutations in the ULS gene of both
AMV' and AMVH (Table 1). Following passage five, the novel R849H substitution was
detected at a 4.5% frequency, but this change was replaced by the K356E change
(99.95%) following passage 10. The K356E change had an unknown effect on drug
susceptibility, though other changes at this locus, i.e., K356N/Q/T, have been linked to
AMYV resistance (Collot et al., 2016). In the AMVL virus culture, the known resistance
mutation K356Q was found following passage number 5 (98.21%) and 10 (99.79%).

Frequency of mutations identified following AMV combination therapy

NGS showed that the HSV-1 cultures, treated with the AMV and ACV combination,
acquired several mutations, which were located in the TK, ULS5, and UL52 genes (Table
1). The virus culture selected under lower concentrations of ACV and AMV presented a
nucleotide deletion in the TK at nucleotide 476, resulting in a frameshift mutation and
therefore in the production of an inactive enzyme most likely associated with ACV
resistance. The deletion was detected from passage 2 (2.11%) onwards and increased in
to a frequency >99% in the subsequent passages. In addition, a novel amino acid change,
N342H at the same position as the previously described AMV-resistance mutation
N342K, was detected in the UL5 gene, after the passage number 5, with a frequency of
10.01 %, which tended to increase up to 36.46% in passage 10. Furthermore, a known
AMV-resistance mutation, i.e., F360V in the UL52 gene, was found in the virus cultured
under ACV and AMV pressure initiated from lower concentrations from passage 5
onwards, at a high frequency (>85%). In the ACV+AMVH virus culture, a C insertion at
the 548-553 homopolymer stretch was found in the TK gene at a high frequency (>90%)
from passage 2 onwards. Interestingly, the unknown mutation, N343T change was found
in the ULS gene of the ACV+AMVH virus culture. This new mutation was already
detected at passage 5 with a high frequency (99.92%), confirming the same frequency at
passage 10 (99.96%).
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The NGS sequencing of virus cultures selected under AMV and PFA pressure have been
performed up to passage 5. The virus culture selected under lower drug concentrations
showed two substitutions in the DP gene: E597G, with a frequency of 15.55%, and
L802F, with a frequency of 75.61%, both detected at passage 5, while no mutations, both
resistance or not, were detected in the UL5 and ULS52 genes. The virus culture

PFA+AMVH remained free of mutations up to passage 5.

Table 1. Mutations detected following 2, 5 and 10 passages under AMV (combinatorial)

pressure.
Frequency (%) £ SD
Condition Gene Mutation 4 y (%)
Passage 2 Passage 5 Passage 10
ULS K356E - - 99.95 £ (.02
AMV* R849H - 4.55+1.29 -
(0,025 > 0,2) UL52 - - - N.P.
AMVH ULS K356Q - 98.21+0.11 _ 99.79 +0.01
0,05>0,9) UL52 - - - N.P.
ACVAAMVY TK del T nt 476 2.11 £ 0.09 99.13 £0.19 99.18 £ 0.14
DP - - - -
+
(0’0252_?(’)011)25_)0’ ULS N342H - 10.01 £ 0.11 36.46 = 0.12
> ULS2 F360V - 85.63 £ 0.27 9717 £0.07
ACVAAMV TK s CR38 93412056 94214022 94014055
(0,050+0,025->0,4 DP - - - -
+0,2) ULS N343T - 99.92 + (.02 99.96 £+ 0.00
UL52 - - - -
E597G - 15.55 + 0.03 N.P.
L
o f stftﬁ)I;?—,) o DP LS02F - 75.61 £ 0.90 N.P.
5+0.5) UL5 - - - N.P.
UL52 - - - N.P.
PFA+AMVH [?5 3 - - - Eg
(0,1875+0,05) —
UL52 - - - N.P.

The initial and final concentrations (in pg/mL) of the antivirals used during resistance selection are
indicated in parenthesis, ‘L’: refers to the lower initial drug concentration and ‘H’ to the highest one. The
same antiviral concentrations were used for passages 5 to 10. The resistance selection procedure of
PFA+AMYV has not been performed (N.P.) for passage 10. Known drug-resistance mutations have been

highlighted in red (https:/www.uniklinikum-jena.de/virologie/Links/HSV+Resistance+database.html)

(Collot et al., 2016). New detected mutations with an unknown effect on drug susceptibility have been

highlighted in blue.
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4. Discussion

The development of drug-resistant HSV-1 strains in the clinic and the low number of
antiviral drugs, warrants the study of new therapies and strategies (such as combination
therapy) to manage HSV-1 infections., Furthermore, none of the current available
therapies is curative (Sadowski et al., 2021). Indeed, drug-resistant viral strains have
emerged as a result of the prolonged use of ACV and ongoing active replication of the
viruses in immunocompromised patients. There has been evidence of a significant rate of
TK mutations leading to resistance to antiviral drugs (Sauerbrei et al., 2016). Therefore,
a direct DNA polymerase inhibitor, Foscarnet, has been used as alternative therapy, even
though resistance mutations have been found also for this compound, often conferring

cross-resistance to both ACV and PFA (Andrei et al., 2013).

The helicase-primase complex represents a new target for HSV-1 (Sato et al., 2021), and
inhibitors of this complex can also be used in combination therapy with a DNA
polymerase inhibitor to better inhibit viral replication and diminish emergence of drug-
resistance (Greeley et al., 2020). In this context, several studies have demonstrated how
combination therapy can effectively suppress HSV-1 replication (Quenelle et al., 2018;
Greeley et al., 2020). Another advantage of combination therapy might be the reduction
of toxic side-effects, since combination therapy would likely require lower drug

concentrations than monotherapy.

In this project the effects of AMV, a helicase-primase inhibitor, in combination with two
DNA polymerase inhibitors, ACV and PFA, on HSV-1 inhibition and drug resistance

development, have been investigated.

We noticed a stronger additive effect during HSV-1 infection for the PFA and AMV
combination compared to ACV and AMV combination (Greeley et al., 2020, Chono et
al., 2013).

Mutations emerged in all the viruses cultures selected under drug pressure, except for the
PFA+AMVH virus culture. Both AMV and ACV+AMYV pressure induced mutations in
the ULS5 and ULS52 genes within 10 passages. These ULS and UL52 mutations included
known AMV-resistance mutations (UL5 K356N and UL52 F360V) and novel mutations
(UL5 N342H, N343T, K356E, and R849H). Though drug susceptibility testing of these
novel mutations is necessary to confirm their effect on AMV susceptibility, it is likely

that they will be associated to AMV-resistance since most emerged at high frequency
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upon AMYV pressure. The acquisition of mutations in both the TK and UL5/UL52 genes
following ACV+AMYV combination therapy, at rates similar to monotherapy suggests that
AMV and ACV combination therapy was not be able to suppress drug-resistance
evolution in these experiments. However, higher concentrations of AMV and ACV might
be effective in preventing drug resistance. The resistance selection under PFA and AMV
pressure was only continued for five passages and induced DP mutations but no ULS5 or
ULS52 mutations in the PFA+AMVL culture. The lack of any mutations in PFA+AMVH
after 5 passages shows promise that this combination might be successful in preventing

drug resistance development, though further passaging is needed to confirm this.

Taken together these results confirm that the combination therapy of DNA polymerase
inhibitor PFA with the helicase-primase complex inhibitor AMV may be a valid
alternative to monotherapy, since less resistance mutations were detected. On the other
hand, the inhibitory effects and the reduced number of mutations found for PFA and AMV
combination, already at low concentrations, indicate a good starting point to carry out

further studies on this combination drugs.
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Chapter 6 - Final Remarks

Evidence on structural knowledge as well as on functional mechanism of new potential
antivirals are considered starting points for the development of drugs against viral

diseases.

Herein, in order to increase the knowledge on mechanism of action involved in virus-host
interaction, following in vitro infection, the implication of AhR was found in both CCoV
(Cerracchio et al., 2022a) and FCoV infection. Pharmacologic inhibition of AhR by
CH223191 repressed both CCoV (Cerracchio et al., 2022a) and FCoV replication,
recognizing AhR as a new target for identifying antiviral drugs to counteract CoVs.
Hence, our findings support the idea that AhR up-regulation might be a common strategy

used by coronaviruses to stimulate viral replication.

The potential antiviral properties of fungal secondary metabolites, such as OMF
(Cerracchio et al., 2022b), PS and VER (Cerracchio et al., 2023a), obtained from
Talaromyces pinophilus as well as of 6PP, isolated from Trichoderma atroviride, have
been shown in the suppression of CCoV infection. Moreover, in the presence of these

compounds, a strong inhibition in the expression of AhR was found during infection.

Interestingly, in the presence of VER or PS, the alkalinization of lysosomes in CCoV-
infected cells was detected (Cerracchio et al., 2023a). This original mechanism of action

may be involved in the observed antiviral activities.

About herpesviruses, during in vitro infection, by using natural compounds, such as OMF
(Fiorito et al., 2022) and Taurisolo® (Cerracchio et al., 2023b), a grape pomace
polyphenolic extract obtained from the Aglianico cultivar grape, a promising antiviral
action towards BoHV-1 infection was detected. This activity showed the involvement of

AhR.

Moreover, the combination therapy against HSV-1 of AMV, a helicase primase inhibitor,
and ACV or PFA, two DNA polymerase inhibitors, represent a valid alternative to

monotherapy, since less resistance mutations have been found.

Our preliminary results highlight the importance of using in vitro system to improve the
knowledge about viral mechanism of action. Herein, specifically, were provided new
findings about original mechanisms of action involved in virus-host cell interaction,

identifying both in vitro models to investigate antiviral activity against CoVs and
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herpesviruses. These models have avoided using Biological Safety Level 3 (BSL3)
laboratory and the manipulation of a highly pathogenic and contagious viruses, through
the application of “do no significant harm”, in compliance with article n. 17, EU
Regulation 852/2020. In addition, these results allow to improve the knowledge of CoVs
infectious diseases, as well as to introduce new tools in pharmaceutical industry using of
non-toxic and more effective natural compounds to fight CCoV and FCoV, involving
different scientific areas, in a transversal manner, since it embraces animals infectious
disease, molecular biology, organic chemistry, and medical fields, well meeting the needs
of One Health, so important in this historical moment in which the need for integration in
scientific research. The One Health concept recognizes that human health is tightly
connected to the health of animals and the environment. Thus, implementation and

operationalization of the One Health concept often remains a challenge.

The findings here described may be useful for generating biological platforms suitable
for potential compounds selection against CoVs and herpesviruses, as well as for studying
in silico models, thus some compounds could be selected to test them in in vivo models.
Furthermore, these results might be suitable also for creating stable collaborative
networks of human resources across the international academic world, assembling skills
and expertise of researchers working in the field of animal infectious diseases, with long-

term experience in diagnostics, epidemiology and virus therapy and discovery.

Importantly, as above, animal coronaviruses (CCoV and FCoV) and herpesviruses
(BoHV-1) represent a valid alternative for carrying out preliminary studies on the efficacy
of potential compounds, bypassing the risks of using highly pathogenic and contagious

viruses for the first step of screening.

Another meaningful goal of this study is confirming the identification of canine (A72),
feline (CRFK) and bovine (MDBK) cell lines as effective in vitro models to investigate

antiviral activity.

The elucidation of these mechanisms may support approaches to fight coronavirus and
herpesviruses infections, and to prevent zoonotic introduction of highly pathogenic CoVs
into the humans. In this perspective, studying antiviral compounds is needed to find new
compounds for the treatment of viral infections. Developing antiviral compounds
certainly may have potential applications in the treatment of coronaviruses as well as

herpesviruses infections.
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Overall, these results are in harmony with one of the sustainable development goals
included in the agenda 2030 of United Nations: ensure healthy lives and promote well-

being.

Clearly, despite the contribution of the present work, the current scenario reminds us that

a lot of work remains to be done.
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