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Abstract

The emergence of SARS-CoV-2 variants underscores the need for antiviral strategies
targeting conserved viral components. The SARS-CoV-2 envelope protein (Epro), a
viroporin essential for viral assembly and release, represents a promising yet underexplored
target. This doctoral research integrates computational modelling and experimental
characterisation to identify novel Epro inhibitors and explore the antiviral potential of
natural products.

A structure-based drug discovery platform was employed, including high-throughput
virtual screening (HTVS) of nearly one billion compounds from the ZINC15 database,
followed by molecular dynamics simulations, and molecular mechanics Poisson—Boltzmann
surface area (MM-PBSA) analysis. Among the prioritised candidates, two of the eight
candidates blocked the SARS-CoV-2 Epro ion channel for extended periods by forming
hydrogen bonds with the amino acid residues GLUS, THR9, THR11, LEU12, and ASN15
within the N-terminal vestibule. However, in wvitro testing of six structurally related,
commercially available analogues showed no antiviral activity against a coronavirus
surrogate, murine hepatitis virus (MHV), highlighting the importance of experimental
validation.

Subsequently, a novel lead candidate (LC), (S)-N-(2-((15,35,55,75)-adamantan-2-
yl)ethyl)-2-(butylamino)-3-(1 H-indol-3-yl)propenamide, was identified from the Faculty of
Chemistry and Chemical Technology (FKKT) compound library. It showed the highest
predicted binding affinity and stable interactions within the N-terminal vestibule of Epro,
forming hydrogen bonds with amino acid residues GLUS, THR11, ASN15, and LEU18. In
vitro assays, including plaque reduction assays, qPCR, light microscopy, and transmission
electron microscopy, confirmed potent antiviral activity against MHV by reducing viral
infectivity, delaying RNA replication, and impairing virion egress, consistent with
disruption of Epro function. These findings validate Epro as a viable antiviral target and
support LC as a promising lead candidate.

In parallel, investigations into the antiviral activity of Helichrysum italicum revealed
that the ethanolic extract exhibited strong selective activity against enveloped viruses,
while no effect was observed against a non-enveloped virus. Chemical analysis by HPLC-
MS/MS showed a phenolic-rich composition, and in wvitro experiments confirmed that
quercetin contributes to antiviral activity by acting at the entry stages of the viral life
cycle. However, the overall effect most likely results from synergistic interactions between
multiple constituents.

In conclusion, this doctoral thesis demonstrates the importance of integrating
computational and experimental approaches in antiviral research and highlights the
complementary potential of synthetic compounds and natural products. These findings
contribute to the development of new antiviral strategies targeting conserved viral targets.
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Povzetek

Pojav novih razlicic virusa SARS-CoV-2 poudarja potrebo po protivirusnih strategijah,
usmerjenih proti ohranjenim virusnim komponentam. Ovojni protein E (Epro), viroporin,
ki je kljucen za sestavljanje in sproscanje virusnih delcev, predstavlja obetavno, vendar
premalo raziskano tarco. To doktorsko delo zdruzuje racunalnisko modeliranje in
eksperimentalno validacijo z namenom karakterizacije novih inhibitorjev Epro ter
raziskovanja protivirusnega potenciala naravnih produktov.

Uporabljena je bila platforma za dolocanje in preverjanje u¢inkovin na osnovi strukture
tarce, ki je vkljucevala visokozmogljivo virtualno presejanje (HTVS) skoraj ene milijarde
spojin, sledilo pa je molekulsko sidranje, simulacije molekulske dinamike in analiza MM-
PBSA. Med prednostno izbranimi kandidati sta dve spojini pokazali stabilno vezavo na
kljuéne aminokislinske ostanke (GLU8, THR9, THR11, LEU12 in ASNI15) znotraj N-
terminalnega vestibula Epro. Vendar in vitro testiranje strukturno sorodnih, komercialno
dostopnih analogov ni pokazalo protivirusne aktivnosti proti koronavirusnemu modelnemu
virusu, virusu misjega hepatitisa (MHV), kar poudarja pomen eksperimentalne validacije.

Nadalje je bila iz knjiznice spojin FKKT identificirana nova vodilna kandidatna spojina
(LC), (5)-N-(2-((15,35,55,75)-adamantan-2-il)etil)-2- (butilamino)-3-(1 H-indol-3-
il)propenamid, ki je pokazala najvisjo afiniteto vezave ter stabilne interakcije znotraj N-
terminalnega vestibula Epro z aminokislinskimi ostanki GLU8, THR11, ASN15 in LEU18.
In wvitro testiranja, vkljuéno s testi redukcije plakov, qPCR, svetlobno mikroskopijo in
transmisijsko elektronsko mikroskopijo, so potrdila protivirusno delovanje proti MHV.
Spojina je omejila Sirjenje virusa izven okuzenih celic in upocasnila pomnozevanje RNA,
kar je skladno z motnjo delovanja Epro. Ti rezultati potrjujejo Epro kot ustrezno
protivirusno tarco in podpirajo LC kot obetavno spojino.

Vzporedno so raziskave protivirusnega delovanja rastline laski smilj, Helichrysum
italicum, pokazale, da je etanolni ekstrakt izkazoval mocno selektivno aktivnost proti
virusom z ovojnico, medtem ko pri virusu brez ovojnice uc¢inka ni bilo. Analiza HPLC-
MS/MS je pokazala kemi¢no sestavo, bogato s fenolnimi spojinami, pri ¢emer je med
testiranimi spojinami k protivirusnemu delovanju prispeval kvercetin, ki je deloval v
zgodnjih fazah virusnega cikla; celoten ucinek izvlecka pa najverjetneje izhaja iz
sinergisti¢nih interakcij stevilnih spojin.

Doktorsko delo prikazuje pomen povezovanja racunalniskih in eksperimentalnih
pristopov v protivirusnih raziskavah ter poudarja komplementarni potencial sinteti¢nih
spojin in naravnih produktov. Ugotovitve prispevajo k razvoju novih protivirusnih
strategij, usmerjenih proti ohranjenim virusnim taréam.
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Chapter 1

Introduction

1.1 The Challenge of SARS-CoV-2 and Antiviral
Therapeutics

Viruses are the most abundant biological entities on Earth, a kind of "nanoparticle" in
nature. They are everywhere, in our environment, the oceans, the soil, the air, and in every
living thing. Viruses are infectious agents that are not cells, consist of DNA or RNA, in a
protein coat, and can direct their reproduction and spread by co-opting the machinery
inside the host cell they invade [1]. They come in a variety of sizes and shapes, from the
smallest, measuring 17 nm, to the largest, discovered at 1,500 nm. Depending on the
presence of an envelope, viruses may be enveloped or non-enveloped, also called "naked
viruses" (e.g., poliovirus or norovirus) [2]. Viral envelopes consist of phospholipid bilayers
that resemble cellular membranes. The lipid components are entirely derived from the host,
whereas the protein components are encoded by the virus. Most envelope proteins are
integral glycoproteins with essential roles in virus—host interactions. Like proteins on the
outer surface of non-enveloped viruses, they serve as ligands for host receptors [3].
Enveloped viruses acquire their envelopes as they exit the host cell, which provides several
advantages, including protection during budding and increased structural flexibility.
However, this can also be detrimental to viral stability outside the host cell, as the lipid
bilayer is susceptible to degradation under harsh physical or chemical conditions [4]. In
contrast, non-enveloped viruses are generally more environmentally stable, more common
in extreme environments, and more resistant to detergents, disinfectants, and heat [5].
Although human-to-human transmission is more likely with non-enveloped viruses, most
viral epidemics in recent years, such as Ebola, measles, Zika, and coronavirus disease 2019
(COVID-19), have been caused by enveloped viruses [6], [7].

The global outbreak of COVID-19, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was the most recent pandemic. In response, significant
progress has been made in understanding the virus's pathogenesis, leading to the
development of second- and third-generation vaccines and targeted small-molecule
antivirals. These measures were initially effective in both the prevention and treatment of
COVID-19. However, the emergence of the Omicron variant, which is characterised by
numerous mutations, particularly in the spike protein, has compromised vaccine-induced
immunity [8]. Several clinically approved antivirals are available for treating COVID-19;
however, their effectiveness varies depending on factors such as timing of administration
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and patient-specific variables [9], [10]. Remdesivir and molnupiravir are nucleoside
analogue inhibitors targeting the viral RNA-dependent RNA polymerase (RdRp), thereby
blocking viral replication [11]. Although remdesivir is restricted to hospitalised patients,
its clinical efficacy remains a subject of debate, and recent studies have reported cases of
resistance in immunocompromised patients receiving the drug [12], [13], [14], [15].
Molnupiravir increases mutations and is classified as a mutagen, making it unsuitable for
use during pregnancy [16], [17]. Additionally, its potential toxicity to bone and cartilage
limits its use in patients under the age of 18 [17]. Ritonavir-boosted nirmatrelvir, a main
protease inhibitor, provides protection only when administered within 5 days of symptom
onset. However, its use is complicated by drug-drug interactions, and a study by Duan et
al. has identified several potential mutation sites that could enable SARS-CoV-2 to develop
resistance to nirmatrelvir [18], [19]. Developing new antiviral strategies and identifying
novel compounds is crucial to controlling viral replication, limiting transmission, and
preventing resistance over the long term.

1.2 SARS-CoV-2 Envelope Protein

The genome of SARS-CoV-2 encodes four main structural proteins: spike (S), nucleocapsid
(N), membrane (M), and envelope (E) protein (Figure 1A) [20]. Despite being the smallest
with only 75 amino acids, E protein (Epro) plays a crucial role in the viral life cycle and is
remarkably well conserved among all variants [21]. Comparative analyses show that the
Epro has the lowest mutation rate among the structural proteins and exhibits a high degree
of sequence conservation between SARS-CoV-1 and SARS-CoV-2, which share ~80%
sequence identity [22]. It is noteworthy that their envelope proteins have only minor
deviations in the amino acid sequence (Figure 2A) [21], [23], [24], [25].

Spike (S) Y e Lysosome
NV, ey
> %
< . !

Nucleocapsid (N)

h]

Golgi apparatus

%“ S ERGIC

Membrane (M) —
' 2
Envelope (E) —/’J

RNA viral genome

Endoplasmic reticulum (ER)

Figure 1: Structural proteins and intracellular localisation of the SARS-CoV-2 envelope
protein (Epro). (A) The four structural proteins of SARS-CoV-2 are spike (S), membrane
(M), nucleocapsid (N), and envelope (E). (B) Intracellular localisation of Epro viroporins
in endoplasmic reticulum (ER), ER-Golgi intermediate compartment (ERGIC), Golgi
apparatus, and lysosomes (marked with orange). The image was created with
BioRender.com.
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Figure 2: Sequence and structural features of the SARS-CoV-2 envelope protein (Epro) ion
channel. (A) Sequence alignment of the SARS-CoV and SARS-CoV-2 Epros, respectively.
Identical amino acids are highlighted in grey. (B) Transversal view onto the N-termini of
the transmembrane domain of the Epro ion channel (PDB ID 7k3g) [26]. For each subunit,
the amino acid residues of GLU8, THR11, and ASN15 are displayed, representing a
relevant region for inhibitor binding and ion selectivity of the N-terminal vestibule. (C)
Transversal view onto the C-termini of the Epro ion channel. For each subunit, LEU28
and ALA32 residues are displayed, which are inward-facing and channel-constricting amino
acids. (D) Cross-sectional view of SARS-CoV-2 Epro showing the Caver 3.0-calculated
volume of the ion channel, which extends along the longitudinal axis of the five SARS-
CoV-2 Epro subunits, with amino acid residues listed on the left. (E) The pore radii along
the longitudinal axis of the calculated volume of the ion channel [27].

Structurally, Epro consists of three domains: a short, hydrophilic N-terminal domain
(NTD), a central, hydrophobic transmembrane domain (TMD), and a longer, hydrophilic
C-terminal domain (CTD) [20]. Epro monomers oligomerise into homopentameric ion
channels (so-called viroporins) which are cation-selective and cause ionic imbalances,
disrupting pH gradients in host cells (Figure 2B, C) [26], [28], [29]. Intracellularly, Epro is
predominantly localised in the endoplasmic reticulum (ER), the Golgi apparatus, and the
ER-Golgi intermediate compartment (ERGIC) (Figure 1B). These organelles are essential
for the assembly, maturation, and release of newly formed virions — processes in which
Epro has been shown to play a crucial role [30], [31], [32], [33]. Recombinant coronaviruses
(CoVs) lacking Epro have lower viral titres and produce incompetent progeny, indicating
the functional importance of Epro in CoVs pathogenesis despite not being strictly essential
for viral replication [31], [34], [35].

Inhibition of SARS-CoV-2 Epro with the channel inhibitor BE-33 in transgenic
mice infected with SARS-CoV-2 resulted in a significant reduction in viral load and
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inflammatory cytokine levels in the lung, demonstrating the complex role of SARS-CoV-2
Epro in viral replication and cellular damage [36]. These processes contribute to clinical
manifestations such as cytokine storms, which can significantly worsen disease
progression and patient outcomes [36], [37], [38]. Other SARS-CoV-2 symptoms, extending
beyond respiratory issues, such as neurological manifestations, have been linked to
Epro expression, which promotes proliferation and inflammation in glioblastoma cells [39].
In addition, SARS-CoV-2 Epro has been shown to strongly upregulate tumour
necrosis factor (TNF) production, a key cytokine predictive of COVID-19 severity and
mortality [40]. Overexpression of TNF has been associated with taste disorders [41],
suggesting that SARS-CoV-2 Epro may be a major contributing factor. Furthermore,
its expression was found to play a crucial role in regulating metabolic activity and
inducing ER stress by altering ER Ca®" homeostasis, thereby affecting cellular
repair mechanisms and homeostasis of most human tissues and organs [42]. Epro interacts
with protein associated with LIN7-1 (PALS1), a tight junction-associated protein critical
for maintaining epithelial polarity [43], [44]. This interaction has been linked to disruption
of epithelial integrity in the lungs, contributing to enhanced inflammation and epithelial
cell damage during infection [45], [46].

The functional significance of viral ion channels as antiviral targets is well documented
for several RNA viruses, e.g., influenza A virus (IAV) and human immunodeficiency virus-
1 (HIV-1), which express the matrix protein 2 (M2) and viral protein U (VpU) ion channels,
respectively. Herein, the M2 and VpU ion channel activities are closely linked to key phases
of the viral life cycle, as demonstrated by mutational studies and channel-blocking
compounds [47], [48], [49], [50]. Similar findings have been obtained for the CoV Epro, for
which inhibition of its viroporin activity has proven a promising antiviral strategy.
Several in silico and in  wvitro drug-screening and NMR studies have identified a
relevant ligand-binding region within the alpha-helical pentameric channel, providing a
viable target for cation flow obstruction [26], [51], [52]. This region can be roughly localised
to protein residues 15-32, which represent a hydrophobic, in-diameter-constricted stretch
of the channel (Figure 2B-E). A small set of ligands including 5-(N,N-
hexamethylene)amiloride (HMA) [53], [54], [55], [56], amantadine (AMT) [21], [57], [58],
and rimantadine (RMT) [21], [58], [59], have been found to bind at or near this region.
They have also shown beneficial effects in infected cells, as demonstrated by surface
plasmon resonance (SPR), antiviral efficacy assays [52], and patch-clamp electrophysiology
[59]. However, most Epro inhibitor candidates have been identified only through in silico
studies [20], [60], and relatively few have been validated in vitro or in vivo, underscoring
the importance of experimental exploration. An overview of SARS-CoV-2 Epro inhibitors
confirmed in witro is presented in Table 1. Each compound is listed alongside its chemical
structure and proposed mechanism of action.
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Table 1: SARS-CoV-2 E protein inhibitors confirmed by in vitro studies.
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1.2.1 Integration of in silico and in vitro approaches in antiviral drug
discovery

Effective antiviral development depends on integrating computational and experimental
methods, particularly for challenging targets such as SARS-CoV-2 Epro. A defined
workflow that combines structure-based discovery with biological validation enables rapid
identification of promising molecules and confirmation of their antiviral efficacy and
potential.

Building on the use of computational approaches in antiviral research, methods such as
molecular docking, molecular dynamics (MD) simulations, pharmacophore modelling,
quantitative structure-activity relationship (QSAR) modelling, and free energy calculations
are now key tools in early-stage studies [69], [70], [71]. They help to quickly and efficiently
screen millions of compounds, accelerating hit identification.

MD simulations and molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) calculations represent an integrated workflow [72]. MD simulations reveal how
protein—ligand complexes evolve, demonstrating their stability under conditions resembling
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those in living systems. MM-PBSA calculations use these results to estimate binding free
energies and rank new compounds before further laboratory testing.

Although computational methods facilitate early-stage discovery, predictive models
alone are insufficient. Integrating computational predictions with experimental validation
is necessary to address the complexity of biological systems. Computational models can
overlook critical factors such as cellular uptake, solubility, metabolic stability, toxicity, off-
target effects, and cellular interactions. For viroporin inhibitors, minor structural
modifications can significantly alter antiviral activity, even when predicted binding
affinities are similar. Research on SARS-CoV-2 Epro inhibitors has shown that compounds
predicted to bind strongly to the ion channel do not necessarily exhibit antiviral activity
in cell-based assays, as many reported inhibitors have been identified and prioritised solely
through in silico studies without sufficient experimental validation [20]. Therefore,
combining computational and experimental approaches is essential to establish biological
relevance. Commonly employed in witro techniques include plaque reduction assays,
cytopathic effect (CPE) inhibition assays, quantitative polymerase chain reaction (qPCR),
immunofluorescence, electrophysiological measurements, and transmission electron
microscopy [21], [59], [73]. Time-of-addition experiments provide mechanistic insights by
distinguishing compound activity at different stages of the viral life cycle, such as entry,
replication, and release [74].

In addition to conventional antiviral drug discovery, natural product research benefits
from integrating in silico and in vitro strategies. Plant-derived extracts are chemically
complex mixtures, and their antiviral activity often results from synergistic interactions
among multiple constituents rather than a single active compound [75], [76], [77]. While
computational methods can predict potential molecular targets of individual
phytochemicals, in vitro studies are essential to identify biologically relevant activity and
clarify the contributions of complex extract compositions.

Taken together, the complementary use of in silico and in vitro methods constitutes an
integrated, rational, and efficient workflow that provides a foundation for subsequent in
vivo studies and accelerates the discovery of new treatments for urgent viral threats.

1.3 Helichrysum italicum

Medicinal plants have been used throughout history to improve human health and remain
an important source of traditional remedies and modern pharmaceuticals [78].
Mediterranean plants are particularly rich in biologically active secondary metabolites
produced in response to environmental stresses such as drought, high temperatures,
salinity, and UV radiation [79]. These compounds, including antioxidant phenolic
compounds, have important applications in medicine and industry and are abundant in
plants such as Helichrysum italicum (immortelle).

1.3.1 Botanical description of Helichrysum italicum

Helichrysum italicum (Roth) G. Don is an aromatic Mediterranean plant widely recognised
in traditional medicine, cosmetics, and Mediterranean cuisine [80], [81], [82]. The genus
name Helichrysum, derived from the Greek helios (sun) and chrysos (gold), refers to its
characteristic yellow, fade-resistant inflorescences, which are a known source of bioactive
secondary metabolites. It belongs to the family Asteraceae (Compositae) and is an
herbaceous perennial that grows as a semi-shrub, typically reaching 30-70 cm in height
(Figure 3) [83]. The stem is woody at the base, and the leaves are arranged in a rosette,
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with additional leaves spirally distributed along both vegetative and flowering stems. The
leaves have numerous glandular trichomes, especially on the lower epidermis. At the top
of the flowering stem, the plant forms a corymb-like inflorescence composed of multiple
small capitula. It typically flowers from May to September, with peak flowering usually in
June [84], [85].

Figure 3: Helichrysum italicum growing in nature in a flowering phase. Author of the
photography, Nina Kobe.

The genus Helichrysum Mill. comprises approximately 600 species distributed
worldwide, of which about 25 are native to the Mediterranean region. Among these,
Helichrysum italicum is considered the most widespread species in this area [86]. In some
regions, multiple subspecies occur together and spontaneously hybridise, further increasing
plant diversity and complicating accurate taxonomic identification [84]. According to the
current classification proposed by Herrando-Moraira et al. [87], H. italicum is divided into
four subspecies:

- H. idtalicum ssp. italicum — the most widespread subspecies, occurring in Italy,
Croatia, Slovenia, the French coast, Corsica, along the Adriatic coast, as well as
on the Aegean islands and Cyprus.

- H. idtalicum ssp. siculum — endemic to Sicily.

- H. dtalicum ssp. microphyllum — endemic to Crete.

- H. dtalicum ssp. tyrrhenicum — found in southern Corsica, Sardinia, the coast of
Mallorca, and the island of Dragonera.

1.3.2 Medicinal use of Helichrysum italicum

Helichrysum italicum has been used in traditional medicine and cosmetics [80]. The
flowering tops are commonly used for their anti-inflammatory and anti-allergic properties
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and are included in cosmetic preparations to treat sunburn and skin erythema [88], [89].
Decoctions made from the flowering tops have also been used for fumigation in the
treatment of asthma [86]. The dried inflorescences of the plant have been used as a moth
antifeedant (Figure 4) [88], [89].

The biological activities of H. italicum are mainly attributed to its essential oils (EOs),
which are widely used in aromatherapy. Due to its cicatrizant properties, the EO is believed
to promote skin regeneration and support wound healing. These regenerative effects have
led to its widespread use in cosmetic formulations, particularly in anti-ageing creams and
other skin care products containing H. italicum EO [86].

Figure 4: Dried inflorescences of Helichrysum italicum. Author of the photography, Nina
Kobe.

1.3.3 Bioactive compounds in Helichrysum italicum extracts

The preparation of medicinal plants for research is a crucial step in obtaining reliable and
reproducible results. This process involves the appropriate and timely harvesting of plant
material, morphological identification and authentication by a qualified specialist, and
subsequent drying and grinding before extraction. The extraction is then carried out, and
the resulting extract may subsequently be fractionated to isolate individual bioactive
compounds.

Plant extracts with complex chemical compositions are often preferred to isolated
compounds, as they may enable synergistic interactions and polyvalent biological activity.
In H. italicum, subspecies or genotype, as well as factors such as cultivation, harvest,
drying, storage, and extraction procedures, can substantially influence chemical profiles
and the quality of preparations, and consequently their biological effects [90], [91]. Among
the major phytochemical classes, phenolic compounds are of particular interest due to their
antioxidant properties and their potential role in infection- and inflammation-related
processes [92], [93]. Reported phenolics include phenolic acids (hydroxybenzoic and
hydroxycinnamic acids), coumarins, flavonoids, and related derivatives [92]. As phenolic
compounds are more abundant in extracts obtained with organic solvents, terpenes are
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typically characteristic of EO. Owing to this diverse chemical composition, H. italicum has
been associated with a broad spectrum of biological activities [92].

1.3.3.1 Essential oils (EOs)

The EO of H. italicum is the most extensively studied plant product. It is generally
obtained from the green aerial parts or the flowers by hydrodistillation or steam distillation
[80], [92]. The EO consists predominantly of terpenes, particularly mono- and
sesquiterpenes, while B-diketones (italidiones) represent another important group of
compounds and are considered characteristic of H. dtalicum [3,22]. Major monoterpenes
include a-pinene, limonene, nerol, neryl acetate, and neryl propanoate, whereas a- and [3-
selinene, y-curcumene, and trans-B-caryophyllene are prominent sesquiterpenes [94], [95].
Despite the characteristic curry-like scent of the fresh plant, the essential oil itself often
lacks this aroma [94], [96]. The compounds responsible for this scent are not fully
understood, although curcumenes and 4,6-dimethyloctane-3,5-dione have been suggested
to contribute to the curry-like odour [97].

1.3.3.2 Aqueous extracts

In addition to EOs, aqueous and organic solvent extracts of H. italicum have been widely
investigated. Water extracts mainly contain polar phenolic compounds. Pereira et al.
identified individual compounds present in infusions and decoctions of different H. italicum
plant parts. Decoctions, particularly those prepared from flowers, contained higher levels
of total phenolics, with chlorogenic, quinic, and dicaffeoylquinic acids, as well as the
flavonoids pinocembrin and gnaphalin A, being the predominant constituents [98].
Kramberger et al. reported a similar composition, observing the predominance of
caffeoylquinic acids and flavonoids, followed by pyrones. By comparison, extracts obtained
by cold-water maceration with ultrasound contained primarily phenolic acids [99].

1.3.3.3  Organic solvent extracts

Among organic solvents, ethanol is one of the most used for extracting H. italicum. FEarly
studies reported the isolation of various flavonoids from ethanolic extracts, including
apigenin, luteolin, gnaphalin, and naringenin, together with their glycosides [88], [89]. Other
studies identified hydroxycinnamic acids, such as caffeic, p-coumaric, and ferulic acid, and
their derivatives, including caffeoylquinic and dicaffeoylquinic acids [100], [101].

Methanol extracts have also been extensively studied. Sala et al. isolated flavonoids
such as pinocembrin, tiliroside, and gnaphalin, as well as acetophenone derivatives, which
showed high biological activity [102], [103]. De La Garza et al. identified numerous phenolic
acids and flavonoids, including gallic, caffeic, and chlorogenic acids, as well as naringenin
and its glycosides, kaempferol derivatives, myricetin glycoside, methoxyluteolin, and
epigallocatechin-3-O-gallate [104]. Mari et al. reported similar results, also detecting
quercetin, kaempferol, and isorhamnetin glycosides, as well as drimane sesquiterpenes and
gnaphaliol [105].

A characteristic compound of H. idtalicum is arzanol, a prenylated heterodimeric
phloroglucinol a-pyrone, first isolated from an acetone extract [94]. Arzanol exhibits
pleiotropic biological activity, and other pyrones such as helipyrone and micropyrone have
also demonstrated biological effects [94], [106]. In addition to pyrones, acetone extracts
contain various tremetones [94], [106]. Tagliatela-Scafati et al. further identified several
less polar constituents, including neryl acetate, w-oleoyloxylinalool, the triterpenoid ursolic
acid, and a unique class of lipids known as santinols. Santinols are angeloylated glycerides
with branched acyl or keto-acyl chains, representing a novel class of compounds isolated
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exclusively from H. italicum, and were named in honour of Leonardo Santini, one of the
pioneers in the study of this plant [107].

1.3.4 Biological activities of Helichrysum italicum

H. italicum is recognised as a rich source of phytochemicals with diverse biological
activities. Numerous in witro and in wvivo studies have reported antioxidant, anti-
inflammatory, antimicrobial, antiviral, and other pharmacological effects associated with
different extracts and isolated compounds from this plant. These biological properties are
primarily attributed to phenolic compounds, flavonoids, acetophenones, pyrones, and other
secondary metabolites present in the plant tissues [80], [88], [92], [94], [100], [108], [109].

1.3.4.1 Antioxidant activity

The antioxidant potential of H. italicum extracts has been extensively investigated, mainly
because the plant is rich in phenolic compounds known for their ability to neutralise
reactive oxygen species. In contrast, EOs generally exhibit weaker antioxidant activity due
to the limited presence of compounds containing electron-donating functional groups [92].

Dzamic et al. investigated extracts obtained from residual water after EO distillation.
They found that the aqueous extract exhibited the strongest antioxidant activity, followed
by the methanol extract, while the EO showed the weakest activity [110]. The aqueous
extract also contained the highest concentration of total phenolic compounds, suggesting
their contribution to antioxidant activity. Similar findings were reported by Kazazic et al.,
who analysed aqueous extracts of several medicinal plants and observed that H. italicum
possessed very high total phenolic contents and strong antioxidant activity [111].

Antioxidant activity has also been demonstrated for several isolated compounds from
H. italicum. Studies on individual flavonoids revealed that tiliroside exhibited particularly
strong antioxidant activity, significantly reducing enzymatic and non-enzymatic lipid
peroxidation and achieving 50% inhibition of the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical [103]. Additionally, pyrones such as arzanol and helipyrone have been shown to
prevent the oxidation of linoleic acid and protect cellular membranes from oxidative stress
[106]. Arzanol has also been reported to inhibit the formation of cholesterol oxidation
products and to protect low-density lipoproteins (LDL) from oxidative modification
induced by copper ions [112].

Antioxidant and anti-inflammatory activities are often closely linked, as inflammatory
processes are frequently associated with oxidative stress and lipid peroxidation.
Consequently, the antioxidant properties of H. italicum extracts are thought to contribute
significantly to their overall pharmacological effects.

1.3.4.2  Anti-inflammatory activity

Inflammation is a complex biological process involving the activation of different enzymes
and signalling pathways. Several bioactive compounds isolated from H. italicum have been
linked to anti-inflammatory activity. Arzanol’s activity is primarily attributed to inhibition
of key enzymes in inflammatory pathways, particularly microsomal prostaglandin E
synthase (mPGES) [113]. mPGES, cyclooxygenase-1 and -2 (COX-1 and COX-2), and 5-
lipoxygenase (5-LO), are involved in the synthesis of prostaglandins, thromboxanes, and
leukotrienes, which are important mediators of inflammation [114]. In addition to enzyme
inhibition, arzanol suppresses activation of the key transcription factor, nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB) [94], [114], which regulates immune
and inflammatory responses by promoting the expression of pro-inflammatory mediators,
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including cytokines and chemokines [84], [115]. Furthermore, it has been reported to bind
strongly to serum albumin and protect proteins from denaturation, providing an additional
mechanism contributing to its anti-inflammatory activity [116].

Other phytochemicals present in H. italicum also contribute to the modulation of
inflammatory pathways. The flavonoids gnafalin and pinocembrin, isolated from methanol
extracts of H. italicum, inhibit the formation of the inflammatory mediator leukotriene Ba.
Another compound, helipiron, has also been reported to inhibit NFkB activation, further
supporting the role of multiple secondary metabolites in regulating inflammatory responses
[94].

Phenolic acids such as chlorogenic and caffeic acids have demonstrated inhibitory effects
on inflammatory mediators. For example, chlorogenic acid reduced COX-2 activity and
decreased a prominent pro-inflammatory cytokine, tumour necrosis factor-a (TNF-a),
production in lipopolysaccharide-stimulated RAW264.7 mouse macrophages [117], [118].

In addition to polar extracts, anti-inflammatory activity has also been reported for the
EO of H. italicum. In BV-2 mouse microglial cells, EO showed a moderate inhibitory effect
on 5-LO and arachidonic acid metabolism [119]. This activity is largely attributed to
monoterpenes present in the EQO, particularly a-pinene and limonene, both of which have
demonstrated anti-inflammatory properties [120], [121].

Overall, the anti-inflammatory effects of H. italicum appear to result from the combined
action of several classes of bioactive compounds that modulate inflammatory signalling
pathways.

1.3.4.3  Antimicrobial activity

The antimicrobial activity of the EO of H. italicum has been extensively investigated. It
has demonstrated activity, particularly against Gram-negative bacteria, largely due to its
terpene constituents [122], [123], [124], [125], [126], [127]. For example, geraniol, one of the
major EO components, has been shown to enhance antibiotic efficacy by inhibiting
bacterial efflux pumps [126]. Furthermore, Nostro et al. reported that diethyl ether extracts
inhibited the growth of several Staphylococcus aureus strains, including methicillin-
resistant (MRSA) and methicillin-susceptible (MSSA) strains. Diethyl ether extracts also
inhibited enzymes associated with bacterial virulence, including coagulase, DNase,
thermonuclease, and lipase, and the antibacterial activity was attributed to the combined
action of terpenes and flavonoids [128]. They also confirmed the antibacterial activity of
ethanol extracts against Streptococcus mutans, a major causative agent of dental caries
[129]. Methanol extracts exhibited the strongest activity against Gram-positive bacteria,
particularly Micrococcus luteus [130]. Research on isolated constituents demonstrated that
arzanol derivatives exhibited inhibitory effects against S. aureus isolates [107].

In addition to antibacterial activity, H. idtalicum extracts have shown antifungal
properties. EO demonstrated activity against the Candida albicans and Saccharomyces
cerevisiae yeasts [127], and methanol extracts were effective against the phytopathogenic
fungus Pythium ultimum [130]. Furthermore, phloroglucinol and acetophenone derivatives
isolated from H. italicum exhibited antifungal activity against several Penicillium species
[131].

1.3.4.4  Antiviral activity

Although the pharmacology of H. italicum is relatively well studied [80], research on its
antiviral activity remains scarce. Nostro et al. reported the activity of a diethyl ether
extract from H. italicum against herpes simplex virus type 1 (HSV-1) at concentrations of
100-400 pg/mL [109], and ethanolic extracts of other Helichrysum species have exhibited
variable activity against enveloped viruses, including HSV-1, parainfluenza virus type 3
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(PIV-3), and IAV [132], [133], [134]. Several flavonoids commonly found in H. italicum,
including quercetin, apigenin, and luteolin, have demonstrated anti-HSV activity,
suggesting their contribution to the observed effects [75], [76], [77], [135], [136]. Arzanol, a
characteristic phloroglucinol from H. idtalicum, has also been shown to inhibit human
immunodeficiency virus type 1 (HIV-1) replication in T cells [94] and to exert anti-
inflammatory and antioxidant effects [106], [112], [114], [137]. However, a comparative
evaluation of different H. dtalicum preparations and systematic assessments of their
antiviral activity against viruses with distinct structural features remain scarce.

Prior to the work presented in this thesis, preliminary experiments investigating the
effects of H. italicum extracts against murine hepatitis virus (MHV, Coronaviridae) were
conducted in our laboratory and reported in a completed master’s thesis [139]. Four
previously described and characterised preparations (hot-water extract, ethanolic extract,
essential oil, and hydrosol) [138] were evaluated against MHV. Of these, the ethanolic
extract exhibited antiviral activity, supporting the antiviral potential of H. d¢talicum.
Furthermore, among five compounds commonly present in H. italicum extracts (caffeic
acid, quinic acid, myricetin, arzanol, and quercetin), quercetin demonstrated antiviral
activity with a selectivity index (SI) of 54 [139].

1.4 Research Hypothesis

The purpose of this dissertation is twofold: first, to provide a reliable platform for antiviral
research by evaluating and integrating different in silico and in wvitro techniques to assess
antiviral activity and mechanisms of action; and second, to investigate the antiviral
potential of selected synthetic and natural compounds (or plant extracts). The information
gained from this interdisciplinary research will help expand approaches and knowledge that
will further support the discovery of new antiviral drugs.

The main goals of this doctoral thesis were:

1. Development of an optimised platform for evaluating the antiviral activity of
synthetic and natural compounds, providing reproducible results.

2. Evaluation of the antiviral activity of selected compounds and plant extracts and
exploration of their mechanisms of action.

3. Compare the performance and results of different in wvitro and in silico techniques
used for antiviral evaluation, including plaque assays, quantitative PCR (qPCR),
transmission electron microscopy (TEM), and computational methods (molecular
dynamics simulations and MM-PBSA analyses).

4. Determine whether the identified antiviral compounds or extracts have virus-
specific activity against murine hepatitis virus (MHV) in wvitro or exhibit broad-
spectrum antiviral properties.

We have tested the following hypotheses:

1. An optimised antiviral testing platform will provide reproducible results and be
suitable for the evaluation of selected synthetic and natural compounds.

2. An antiviral compound identified by in silico analyses as a potential SARS-CoV-2
inhibitor will show in vitro antiviral activity against murine hepatitis virus (MHV).
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3. The integration of results from different approaches, such as in vitro assays and
computational techniques, will allow the characterisation of the compound and
provide insights into its antiviral mechanism of action.

4. The extract of Helichrysum italicum will show antiviral activity against enveloped
virus(es).
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Chapter 2

Materials and Methods

2.1 Cultivation of Cells and Propagation of Viruses

2.1.1 L929 cell line

The L929 cell line is a continuous mammalian cell line derived from normal connective
(areolar) and adipose tissue in the subcutaneous layer of a 100-day-old male mouse of the
C3H/An strain. Originally established in 1940 by Earle et al., it is one of the earliest
permanently maintained cell lines used in experimental biology [140]. Due to its long
history of laboratory use and well-characterised growth behaviour, 1.929 has become a
widely used model system in many areas of biomedical research. The cell line is particularly
valued for its robustness, ease of cultivation, and reproducible growth characteristics in
vitro [141].

Morphologically, 1929 cells display a spindle-shaped, fibroblast-like appearance and
grow as adherent cells forming a monolayer on the surface of culture vessels. Under
standard culture conditions, they proliferate relatively rapidly and tolerate a wide range of
experimental manipulations, which further contributes to their widespread use in
laboratory studies [141]. 1929 cells are commonly used as a standard model for evaluating
the biocompatibility of biomaterials and the toxic effects of chemical compounds. It is
recommended in several standardised methods for in vitro cytotoxicity testing [142].

The L929 cell line is also an important experimental model in virology. These cells can
serve as hosts for various viruses, enabling studies of wviral infection, replication
mechanisms, and antiviral drug discovery. Their susceptibility to viral infection enables
the propagation and investigation of different viruses under controlled laboratory
conditions. For example, the compound PHA767491 has been shown to effectively inhibit
HSV-1 replication in 1929 cells, highlighting the usefulness of this cell line for evaluating
antiviral compounds [143]. Owing to their stable growth characteristics, sensitivity to viral
infection, and compatibility with multiple experimental assays, 1.929 cells (ATCC CCL-1)
remain an important in vitro model in virology, pharmacology, and biomedical research,
and were therefore used in our study as well.

2.1.2 RAW 264.7 cell line

The RAW 264.7 cell line is a murine macrophage-like cell line widely used as an in wvitro
model for studying macrophage biology, inflammation, and host—pathogen interactions.
This cell line was originally derived from a tumour induced by the Abelson murine
leukaemia virus in BALB/c mice and was established by Ralph A. Raschke and colleagues
in 1978 [144]. Since then, RAW 264.7 has become one of the most frequently used
macrophage cell lines in immunology and biomedical research due to its stable phenotype,
ease of cultivation, and functional similarity to primary macrophages.
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This cell line grows as adherent cells with a round-to-irregular morphology typical of
macrophages and displays many characteristic features of the monocyte-macrophage
lineage. It is commonly used to investigate the molecular mechanisms of inflammation and
innate immune responses, as well as to study macrophage polarisation, antimicrobial
defence mechanisms, and cytokine regulation [145]. RAW 264.7 cells (ATCC TIB-71) can
be infected by several viruses (murine hepatitis virus, murine norovirus, etc.) and
intracellular pathogens, allowing investigation of host—pathogen interactions and immune
signalling mechanisms, making it a valuable experimental model in immunology,
pharmacology, and infectious disease research [146], [147].

2.1.3 Vero E6 cell line

The Vero E6 cell line is a continuous epithelial cell line derived from African green monkey
kidney cells. The parental Vero cell line was established in 1962 from normal kidney tissue
[148]. The Vero E6 subline (ATCC CRL-158) was later obtained through clonal selection
for improved adherence and growth properties, making it particularly suitable for
virological assays and was therefore used in our study.

Vero E6 cells grow as adherent monolayers with epithelial-like morphology and are
highly permissive to infection by a wide range of viruses. This permissiveness is largely due
to a genetic defect in the production of type I interferons (IFN-a and IFN-), resulting in
a limited innate antiviral response [149]. Because of these characteristics, Vero E6 cells are
widely used for virus isolation, propagation, and titration, as well as for studies of virus—
host interactions and antiviral drug screening [150].

2.1.4 Seeding, subculturing, and maintaining cells

L929, HeLa, and Vero E6 cells were maintained as adherent cultures under standard cell
culture conditions in a humidified incubator at 37 °C and 5% CO,. Cells were grown in
T25 or T75 culture flasks using complete growth media appropriate for each cell line. HeLa
cells were cultured in Eagle’s minimum essential medium (EMEM, ATCC, cat. no. 30-
2003) supplemented with 10% foetal bovine serum (FBS, ThermoFisher, cat. no. A5256501)
and 1% antibiotic solution (ATB), containing 10,000 units/mL penicillin and 10,000 pg/mL
streptomycin (ThermoFisher, cat. no. 15140122). 1929 cells were cultured in EMEM
supplemented with 10% horse serum (HS, ThermoFisher, cat. no. 16050122) and 1% ATB,
and Vero E6 cells in Dulbecco’s modified Eagle medium (DMEM, ATCC, cat. no. 30-2002)
supplemented with 10% FBS and 1% ATB.

For optimal cell maintenance, adherent cultures were routinely monitored and
subcultured during the logarithmic phase of growth, at approximately 90% confluence,
typically every 2-3 days. Excessive confluence may lead to contact inhibition, altered
cellular metabolism, nutrient depletion, and eventual cell detachment. Each subculture
procedure constituted one additional passage number.

Subculturing was performed under aseptic conditions in a laminar airflow (LAF)
cabinet. Spent medium was removed and replaced with fresh complete growth medium.
Cells were mechanically detached using a cell scraper, resuspended with a serological
pipette, and transferred to a 50 mL centrifuge tube. Cell aggregates were disrupted into a
single-cell suspension using a syringe and needle (0.5 x 25 mm). Preparing a uniform single-
cell suspension before seeding is essential to ensure even cell distribution and reproducible
growth.

Cell concentration was determined manually using a Biirker—Tiirk counting chamber.
Cell suspension was first mixed 1:1 with 0.4% Trypan Blue solution (Thermo Scientific,
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cat. no. 15250061), which selectively stains non-viable cells with compromised membrane
integrity, while viable cells remain unstained. The mixture was loaded into the counting
chamber, and cells were counted under an inverted microscope at 400x magnification.

The average number of cells counted across the quadrants was calculated and corrected
for the 1:1 Trypan Blue dilution using a dilution factor (R) of 2. As the chamber volume
was 100 nL (1.0 mm x 1.0 mm X 0.1 mm), the value was multiplied by 10,000 to obtain
the final cell concentration expressed as cells/mL. The viable cell concentration (cells/mL)
was therefore calculated as n/N x R x 10,000.

For subculturing, the cell concentration was adjusted to ~10° cells/mL before reseeding.
Appropriate seeding density is critical for maintaining cell viability and ensuring sufficient
space and nutrients for continued proliferation. Cell suspensions (5-10 mL for T25 flasks
and 20-25 mL for T75 flasks) were transferred into new culture flasks and incubated under
standard growth conditions. Regular microscopic observation was performed to monitor
cell morphology, attachment, and proliferation.

Mycoplasma monitoring was routinely performed to ensure culture integrity and
experimental reliability. Mycoplasmas are common contaminants of cell cultures and can
significantly alter cellular physiology and experimental outcomes without producing visible
signs of contamination. Infections can seriously affect the reliability, reproducibility, and
consistency of results obtained with these cultures and can easily spread within the culture
environment. As they compete with cells for nutrients in the culture medium, one of the
first signs is a reduction in the rate of cell proliferation and slight changes in cellular
responses. They may evade standard contamination control measures and spread
undetected through cell cultures [151], [152]. Therefore, newly introduced cultures and
established cell stocks were regularly tested for mycoplasma contamination using the
MycoAlert Mycoplasma Detection Kit (Lonza, cat. no. LT07-318), which detects
mycoplasma-specific enzymatic activity.

2.1.5 Murine hepatitis virus

Murine hepatitis virus (MHV) strain A59 (ATCC VR-764) is an enveloped, positive-sense,
single-stranded RNA virus belonging to the genus Betacoronavirus within the family
Coronaviridae. MHV is one of the most extensively studied experimental coronaviruses and
has long served as a model for investigating coronavirus replication, pathogenesis, and
host—virus interactions [153], [154]. The viral genome is approximately 31 kb in length and
encodes structural and non-structural proteins responsible for viral replication,
transcription, and virion assembly [154].

The MHV-A59 strain is commonly used in laboratory research due to its ability to
efficiently infect murine cell lines and produce a pronounced cytopathic effect. Infection
often results in the formation of multinucleated syncytia and extensive cell death, allowing
convenient monitoring of viral replication and plaque formation in wvitro [153]. In cell
culture experiments, MHV-A59 is frequently propagated in the 1.929 cell line, where the
virus replicates efficiently and produces high viral titres. Because it shares important
structural and replication characteristics with other coronaviruses, exhibits comparable
infection-related pathogenic processes, and can cause similar severe pathological outcomes,
it has been widely used as a surrogate model to study coronavirus biology and to evaluate
antiviral compounds in vitro [155], [156], [157].

2.1.6 Murine norovirus

Murine norovirus (MNV) is a non-enveloped, positive-sense, single-stranded RNA virus
belonging to the genus Norovirus within the family Caliciviridae. It was first identified in
laboratory mice in 2003 and is the first norovirus that can be efficiently propagated in cell
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culture, making it an important experimental model for studying norovirus biology and
antiviral responses [158]. The viral genome is approximately 7.5 kb in length and encodes
a polyprotein that is cleaved into several non-structural proteins involved in viral
replication, as well as structural proteins that form the viral capsid [159].

Unlike many viruses used in experimental antiviral studies, MNV lacks a lipid envelope,
which contributes to its high environmental stability and resistance to physical and
chemical inactivation. For this reason, it is widely used as a surrogate model for studying
the persistence and transmission of non-enveloped enteric viruses, including human
noroviruses [158], [160]. In vitro, MNV-1 replicates efficiently in macrophage and dendritic
cell lines. In laboratory experiments, the virus is commonly propagated in the RAW 264.7
cell line, where infection results in productive viral replication and measurable cytopathic
effects [159]. Because of its ability to replicate in cultured cells and its genetic and
structural similarity to human noroviruses, MNV-1 has become a widely used model virus
for studies of antiviral compounds, viral inactivation, and host—virus interactions. In our
study, the MNV-1 strain CW1 (number CR-1937) was used.

2.1.7 Vesicular stomatitis virus

Vesicular stomatitis virus (VSV) is an enveloped, negative-sense, single-stranded RNA
virus belonging to the genus Vesiculovirus within the family Rhabdoviridae. The virus is
characterised by its distinctive bullet-shaped virion morphology and a genome of
approximately 11 kb that encodes five structural proteins involved in viral transcription,
replication, and virion assembly [161]. VSV can infect a broad range of mammalian and
insect cells, contributing to its extensive use as a model system in virology.

Because of its relatively simple genome organisation and rapid replication cycle, VSV
has long been used to study fundamental processes of RNA virus replication, gene
expression, and virus-host interactions [162]. Infection typically leads to rapid viral
amplification and pronounced cytopathic effects in susceptible cell lines, making the virus
particularly suitable for plaque assays and antiviral screening experiments. In vitro, VSV
is commonly propagated in the Vero E6 cell line, where it replicates efficiently and produces
high viral titres [163]. Due to these characteristics, VSV has become an important
experimental model for investigating viral entry mechanisms, host immune responses, and
the antiviral activity of compounds [164]. In our study, the VSV strain Indiana Lab [V-
520-001-522] (number VR-1238) was used.

2.1.8 Virus propagation

For virus propagation, cells were cultured in T25 flasks until approximately 80%
confluence. The spent medium was removed, and cells were infected with 50 pL of virus
stock suspension (viral titre of 10° plaque-forming units (PFU)/mL) diluted in 4 mL of
complete growth medium. Cultures were incubated at 37 °C until cytopathic effects (CPE)
developed, typically after 72 h. To facilitate the release of intracellular virus particles,
cultures underwent two consecutive freeze-thaw cycles, with overnight freezing at —80 °C
and —20 °C, and intermediate thawing at room temperature. Cells were then detached
using a sterile scraper, resuspended, and centrifuged at 100 x g for 5 min to pellet cellular
debris. The virus-containing supernatant was collected, filtered through a 0.22 um filter,
aliquoted into sterile microcentrifuge tubes, and stored at —80 °C until further use.
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2.2 Plant Material

Plant material used in this study was Helichrysum italicum ssp. italicum from the
commercial herbal estate in the Primorska region of Slovenia (coordinates: 45°27°05”N,
13°41’317E). The area has a Mediterranean climate (Csa/Csb in the Képpen classification)
with some continental influence from nearby inland regions, and Mediterranean-type soils
influenced by karstic geology and proximity to the Adriatic coast. The soils are slightly
alkaline to neutral due to high calcium content from limestone and are well-suited for
cultivating Mediterranean herbs. Aerial parts of the plants were harvested at the stage of
development of generative shoots, before their full flowering period, in June 2024, and air-
dried. Dried plant material was then stored at room temperature in a dark, dry place until
further use.

2.3 Extracts and Compounds

Plant-derived extract and chemical compounds used in this study were prepared or
obtained as follows:

(a) Plant extract and phenolic compounds.

An ethanolic extract was prepared using a 50:50 (v/v) ethanol-water mixture. Briefly, 2.5
g of the dried, ground plant material was extracted with 50 mL of solvent at room
temperature in the dark for 5 days. The extract was filtered through Whatman No. 41
filter paper and concentrated using a rotary evaporator (Rotavapor® R-300; BUCHI
Labortechnik AG) [165]. The dried residue was reconstituted in 5 mL of the original solvent
mixture (ethanol-water, 50:50) and stored at —20 °C until use.

Phenolic compounds used for testing — quercetin (cat. no. Q4951), caffeic acid (cat. no.
C0625), quinic acid (cat. no. PHR1468), and chlorogenic acid (cat. no. C3878) — were
obtained from Sigma-Aldrich (Figure 5). All compounds were dissolved in DMSO and
stored at —20 °C until use.
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Figure 5: Structures of the tested phenolic compounds.

(b) Synthetic and reference antiviral compounds.

The lead candidate (LC), (S)-N-(2-((15,35,55,75)-adamantan-2-yl)ethyl)-2-(butylamino)-
3-(1H-indol-3-yl)propenamide, was synthesised as previously described [166]. 5-(N,N-
hexamethylene)amiloride (HMA, cat. no. A9561) and rimantadine hydrochloride (RMT,
cat. no. PHR3267) were obtained from Sigma-Aldrich. In addition, six candidate
compounds identified through virtual screening were obtained from MolPort. L.C, HMA,
and MolPort compounds were dissolved in DMSO, while RMT was dissolved in water. All
compounds were stored at —20 °C until use. Full names and chemical structures of the
compounds are shown in Table 1, Table 2, Figure 6, and Supplementary Table 1.
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Table 2: Tested synthetic and reference compounds.

Compound
abbreviation or Full name
Molport ID
(5)-N-(2-((15,38,55,75)-adamantan-2-yl)ethyl)-2-(butylamino)-3-(1 H-indol-3-
LC yl)propenamide
HMA 5-(N,N-hexamethylene)amiloride
RMT rimantadine; 1-(1-adamantyl)ethanamine

MolPort-027-939-308 2-(adamantan-1-yl)- N-(1 H-indazol-3-yl)acetamide

(18,35)-3-(2-amino-6-{ [3-(pyridin-3-yl) propyllamino } pyrimidin-4-
MolPort-038-394-572 yl)cyclobutan-1-ol

1-methyl-2,4-dioxo- N-[1-(pyrimidin-2-yl)piperidin-3-yl]-1,2,3,4-
MolPort-038-419-202 tetrahydropyrimidine-5-carboxamide

(1R,2S)-1-phenyl-2-{[3-(pyrrolidine-1-carbonyl)pyridin-2-
MolPort-046-573-024 ylJamino } propan-1-ol

5-[(3R,4R)-3-(hydroxymethyl)-4-[(4-methyl-1,4-diazepan-1-
Molport-027-882-992 yl)methyl]pyrrolidine-1-carbonyl|pyrazin-2-ol

sodium (5-{2-[(5-chloro-2-methoxyphenyl)formamido]ethyl}-2-
MolPort-027-939-308 methoxybenzenesulfonyl) (methylcarbamothioyl)azanide

Lead candidate

Figure 6: Chemical structure of the lead candidate (LC).

2.4 Cytotoxicity Assay

The Cell Counting Kit-8 (CCK-8, Abcam, cat. no. ab228554) assay was performed
according to the manufacturer’s protocol. L929 and Vero cells (3 x 10° cells/mL) or RAW
264.7 cells (7 x 10° cells/mL) were seeded in 96-well plates and incubated for 24 h at 37
°C before treatment with different concentrations of compounds or extracts. Negative
controls (complete growth medium), solvent controls (depending on the tested material),



22 Chapter 2. Materials and Methods

and assay-specific positive controls were included in all experiments. After 48 h at 37 °C,
10 pLL of CCK-8 reagent was added to each well, and the plates were incubated in the dark
at 37 °C for 1.5 h. Absorbance was measured at 460 nm using a Cytation 5 microplate
reader (Agilent BioTek). Relative cell viability was calculated using the following formula:
Cell viability (%) = (OD of sample / mean OD of negative control) x 100. N = 3 biological
replicates were performed for each compound and extract, with n = 5 technical wells per
condition.

2.5 Virological Methods

2.5.1 Determination of virus concentration using the endpoint dilution
assay

After propagation and harvesting (Section 2.1.8), the virus concentration or titre was
determined as 50% tissue culture infective dose (TCIDs). This indicates the concentration
of virus in suspension at which 50% of the cells in a monolayer, grown in a 96-well
microtiter plate, are infected and display cytopathic effects.

The day before, L929 and Vero cells (3 x 10° cells/mL) or RAW 264.7 cells (7 x 10°
cells/mL) were seeded in a 96-well microtiter plate and incubated overnight until reaching
90% confluency. The following day, serial 10-fold dilutions of the virus suspension in culture
medium were prepared in a new 96-well microtiter plate, with each column containing a
separate dilution, and the last two columns containing culture medium alone as negative
controls. The spent medium was removed from the confluent cells, and the prepared virus
dilutions were immediately added to prevent cell desiccation. The plates were then
incubated and monitored for the appearance and progression of cytopathic effects over 48—
72 h.

After cytopathic effects appeared, the medium was removed, the cells were fixed with
4% formaldehyde for 20 minutes, and stained with 1% crystal violet for 15 minutes. The
presence or absence of cytopathic effects was then assessed using an inverted microscope
at 400x magnification. Using the distribution of infected and uninfected wells across the
dilutions, the TCIDs, was calculated according to the Reed—Muench method [167].

2.5.2 Time-of-addition experiment

1929 and Vero cells (3 x 10° cells/mL) or RAW 264.7 cells (7 x 10° cells/mL) were seeded
in 12-well culture plates and incubated at 37 °C for 24 h. Each compound, or combination
of compounds (at the highest non-cytotoxic concentrations), was added in two technical
replicates to the MHV (0.001 MOI), MNV (0.02 MOI), or VSV (0.0005 MOI) and/or cells
at different time points in relation to virus inoculation as previously described (Figure 7)
[74], [168]. For the virus inoculation, medium (EMEM or DMEM) without serum was
always used.

(a) Pre-treatment: cells were pre-treated with each compound for 2 h to assess induction
of an antiviral state. Following removal of the treatment medium and PBS washing, cells
were inoculated with the virus for 1 h. Unbound virus was then removed by washing with
PBS, and cells were incubated for 48 h.

(b) Co-treatment: virus was pre-incubated with each compound or extract for 1 h, after
which the virus-compound/extract mixtures were inoculated onto cells to assess potential
virucidal activity or interference with early stages of infection. Following 1 h of adsorption,
the inoculum was removed, cells were washed with PBS to eliminate residual virus and
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compounds/extracts, and fresh medium was added for a 48-h incubation. Direct virucidal
activity was further evaluated for the ethanolic extract and quercetin by incubating MHV
with the respective treatments for 1 h, then diluting 100-fold before infection. This dilution
reduced the compound/extract concentration below active levels, allowing exclusion of
reversible binding effects.

(c) Post-treatment: cells were inoculated with virus in the absence of compound to assess
post-entry antiviral activity. After 1 h of viral adsorption, the inoculum was removed, and
cells were washed with PBS to eliminate unbound virus. Cells were then incubated for 48
h in the presence of the compound.

Controls included mock-treated cells (non-infected, non-treated), vehicle-treated
infected cells (depending on the tested material), and HMA as a positive control. Cell
culture supernatants collected after 48 h were used to determine plaque numbers by plaque
assay. For each treatment and compound/extract combination, three independent
biological replicates (N = 3) were performed.

. time of
» ddiion 2h A h Oh 1-48 h
treatment
COMPOUND + CELLS VIRUS + CELLS CELLS
PRE
VIRUS +
VIRUS +
COMPOUND + CELLS
coO COMPOUND BELIS
VIRUS + CELLS CELLS + COMPOUND
POST

Figure 7: Time-of-addition experiments scheme.

2.5.3 Plaque reduction assay

1929, Vero cells (3 x 10° cells/mL), or RAW 264.7 cells (7 x 10° cells/mL) were seeded in
12-well culture plates and incubated at 37 °C for 24 h. Cells were then infected with
supernatant from virus-infected samples (102 and 10 dilutions in medium) in two technical
replicates (n = 2) for 1 h at 37 °C and 5% CO,. Following infection, cells were washed with
PBS and overlaid with 0.8% methyl cellulose overlay medium (prepared as a 1:1 mixture
of 2 x EMEM and 1.6% methyl cellulose, with a viscosity of 4000 cP; Sigma-Aldrich).
After 24-48 h, the overlay was removed, and cells were washed with PBS, fixed with 3.7%
paraformaldehyde for 15 min, and stained with 1% crystal violet for 20 min. Plates were
washed with distilled water, plaques were counted, and values were normalised to the
vehicle control (infected cells treated with medium). Per cent inhibition was calculated
using the formula: (mean plaques venae — mean plaques compoma) / mean plaques venice X

100%.
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2.6 Tentative Identification of Phenolic Compounds by Mass
Spectrometry

Ethanolic extract was characterised by high-performance liquid chromatography (HPLC)
and mass spectrometry to identify the most abundant phenolic compounds. The
identification of phenols was performed using tandem mass spectrometry (MS/MS; LTQ
XL; Thermo Scientific) in negative ion mode, with parameters as previously reported [170].
Data were acquired using Xcalibur 2.2 software (Thermo Scientific). Compound
identification was based on a combination of fragmentation pattern analysis and
comparison with external standards.

2.7 Light Microscopy and Transmission Electron Microscopy

The effects of MHV infection and lead candidate (LC) treatment on L929 cells were
observed using light microscopy and transmission electron microscopy. Four samples were
prepared in parallel. The first sample (L929) served as the uninfected control and was
cultured for 72 h. The second sample (L929+MHV) was cultured under identical conditions
for 24 h, then infected with MHV at an MOI of 0.001 for 1 h, and incubated for an
additional 48 h. The third and fourth samples were treated with LC under post-treatment
conditions: L929+LC (LC-treated, uninfected cells) and L929+MHV+LC (LC-treated cells
infected with MHV at an MOI of 0.001 for 1 h). All samples were prepared in duplicate.
At 48 h post-infection (hpi), cultures were harvested by scraping and immediately fixed in
3% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS), post-fixed in 1% osmium
tetroxide for 1 h, dehydrated with ethanol, and finally embedded in Agar 100 resin.
Semithin and ultrathin sections were prepared using an Ultracut UC7 (Leica) with glass
and diamond knives, respectively. Semithin sections were stained with toluidine blue and
examined with a light microscope (Zeiss AxioSkop Opton) equipped with a digital camera
(Leica DFC290HD; Leica Application Suite 4.0.0). Ultrathin sections were stained with 1%
(w/v) aqueous solution of uranyl acetate and lead citrate. The grids were then examined
with a transmission electron microscope, the TALOS L120C (Thermo Scientific), operating
at 100 kV and equipped with a Ceta 16M camera.

2.8 gPCR and Digital PCR,

2.8.1 Experimental set-up

L1929 cells were used to assess the effect of treatments on MHV replication under two
experimental conditions:

(a) Co-incubation assay (for ethanolic extract).

1929 cells (3 x 10° cells/mL) were seeded in 12-well plates and incubated at 37 °C with
5% CO, for 24 h. The following day, MHV at a multiplicity of infection (MOI) of 0.001
was incubated with different concentrations of the ethanolic extract for 1 h (co-incubation).
The mixtures were then added to the cells. After 1 h of viral adsorption, the cells were
washed with PBS to remove unbound virus and extract, and complete EMEM was added;
the cells were then cultured at 37 °C. Positive controls were infected, untreated cells (virus
incubated with medium only), while negative controls were neither infected nor treated.
Supernatants were collected at 1, 12, 24, and 48 h post-infection. Experiments were
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performed in two biological replicates (N = 2), with two technical replicates per condition
(n = 2).

(b) Post-treatment assay (for LC, HMA, and RMT).

1929 cells were seeded in 12-well plates and, after 24 h, inoculated with MHV (MOI 0.001)
for 1 h at 37 °C and 5% CO,. The inoculum was then replaced with complete EMEM
containing either the highest non-toxic concentration of the inhibitor (LC, HMA, or RMT)
or the corresponding vehicle (0.5% DMSO) for infected untreated controls. Negative control
samples were neither infected nor treated. Cells were detached by trypsinisation (3 min)
and combined with the corresponding supernatant. Samples (cells and supernatants) were
collected at 0, 24, and 48 h post-treatment. Experiments were performed in two biological
replicates (N = 2) for HMA and RMT, and three biological replicates (N = 3) for LC, with
three technical replicates per condition (n = 3).

2.8.2 RNA extraction and qPCR analysis

The presence and amount of MHV RNA were monitored at different time points, depending
on the treatment. RNA was extracted from all collected samples, and MHV and mouse
GAPDH RNA levels were quantified by qPCR. Each RNA sample was analysed in
triplicate, with each sample originating from two or three technical replicates on the plate
(as described in Section 2.8.1). Consequently, the average copy number was calculated
from the mean Cq values obtained from a total of six (n = 6) or nine (n = 9) technical
replicates, respectively.

RNA was extracted from 140 ul of harvested material using the QIAamp Viral RNA
Mini Kit (QIAGEN, cat. no. 52906) according to the manufacturer’s instructions. A
negative extraction control (nuclease-free water) was included to monitor potential cross-
contamination. RNA was eluted in 80 pL and stored at —80 °C until analysis.

RNA samples were analysed either undiluted or after 10-fold dilution in RNase-free
water (Thermo Fisher Scientific, cat. no. 4388514). Each sample was tested in two or three
technical replicates.

Quantification of MHV RNA and mouse GAPDH RNA was performed by one-step RT-
qPCR using the AgPath-ID One-Step RT-PCR Kit (Applied Biosystems, cat. no. 4387391).
The 10 pL reaction mixture contained MHV-specific primers (900 nM; MHV-A59-FP: GGA
ACT TCT CGT TGG GCA TTA TACT; MHV-A59-RP: ACC ACA AGA TTA TCA
TTT TCA CAA CAT A) and probe (200 nM; MHV-A59-Probe: FAM/ACA TGC TAC
GGC TCG TGT AAC CGA ACT GT/BHQ) [171] or a mouse GAPDH assay (Thermo
Fisher Scientific, cat. no. 4352339E), and 2 pL. of RNA template. Negative controls of
amplification (NTC; nuclease-free water) and positive controls (RNA extracted from MHV
stock) were included in each run.

Thermal cycling was performed on a 7900HT Fast Real-Time PCR System (Applied
Biosystems) under the following conditions: 48 °C for 10 min, 95 °C for 10 min, followed
by 45 cycles of 95 °C for 15 s and 60 °C for 60 s. All qPCR experiments followed MIQE
2.0 guidelines.

2.8.3 Data analysis

qPCR data were analysed using SDS software (version 2.4.1, Applied Biosystems).
Amplification curves and controls were first evaluated to confirm assay validity. Cq values
were exported to MS Excel, where mean Cq values of technical replicates were calculated
and used to determine viral RNA copy numbers.

Quantification was performed using a standard curve generated from 10-fold serial
dilutions (10" to 107) of RNA extracted from MHV stock (10>° TCIDs/mL). In the co-
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incubation experiments, samples with a single positive replicate and Cq > 37.0 (based on
the dilution curve) were considered negative.

For statistical comparisons, average viral RNA copy numbers were calculated from all
biological and technical replicates for each condition.

2.8.4 Droplet digital PCR (ddPCR)

The number of viral RNA copies in the MHV stock solution was determined by droplet
digital PCR (ddPCR) using the MHV-specific assay [171] and previously described
conditions [172]. The 20 pL reaction mixture consisted of 2 x One-Step RT-ddPCR
Advanced Kit for Probes (Bio-Rad, cat. no. 1864021), primers (900 nM), probe (250 nM),
and 4 nL. of RNA template. Four consecutive 10-fold dilutions of viral RNA were analysed,
and the average copy number was calculated. Acceptance criteria included more than
10,000 positive droplets and no signal in the NTC.

2.9 Statistical Analyses

For plaque reduction assay data, sigmoidal dose-response curves (variable slope) were used
to calculate the half-maximal effective concentration (ECs) and cytotoxic concentration
(CCsx). The selectivity index (SI) was determined as the ratio of CCs to ECs. All data
were plotted and analysed using GraphPad Prism software (version 10.4.0, GraphPad
Software), and results are presented as mean + standard deviation (SD).

For qPCR data, statistical significance was evaluated between treatment groups and
their corresponding controls using two-way analysis of variance (ANOVA) followed by a
multiple comparison test, as specified below:

(a) Plant extract and phenolic compounds.

Treatment groups (infected samples treated with extract or phenolic compounds) were
compared to control samples consisting of infected cells treated with the corresponding
vehicle (0.5% DMSO or medium; vehicle control). Dunnett’s multiple comparison test was
applied. Significance levels were defined as p-values < 0.03 (*), < 0.002 (**), < 0.0002
(**%), and < 0.0001 (**5¥).

(b) Synthetic and reference antiviral compounds.

Treatment groups (infected samples treated with compounds) were compared to control
samples consisting of infected cells treated with the corresponding vehicle (0.5% DMSO;
vehicle control). Siddk’s multiple comparison test was applied. Significance levels were
defined as p-values < 0.05 (*), < 0.01 (**), < 0.001 (***), and < 0.0001 (****).

2.10 Computational Techniques

2.10.1 Candidate sourcing and databases
Candidate compounds were screened using two approaches:

(a) ZINC15 database.

The ZINC15 database [173], comprising 997,402,117 molecules, was downloaded and used
for large-scale virtual screening.

(b) FKKT Compound Library (FKKTLib).

The FKKT Compound Library (FKKTLib; Faculty of Chemistry and Chemical
Technology, University of Ljubljana) currently contains 3,428 unique, literature-
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documented synthetic compounds [174]. The library was searched for adamantane
substructures to identify candidates containing this scaffold.

2.10.2 Molecular docking

The NMR structure of the SARS-CoV-2 Epro reported by Mandala et al. (PDB ID: TK3G;
resolution 2.1 A) was selected as the target structure [26]. Protein preparation was
performed using the Schrodinger Protein Preparation Wizard [175], [176], including
restrained energy minimisation and optimisation of the hydrogen-bonding network. A
receptor grid was then generated for docking.

(a) ZINC15 database.

Initially, a high-throughput virtual screening (HTVS) was performed, using a large set of
compounds from the ZINC15 database. Docking was performed at the N-terminal binding
site of the SARS-CoV-2 Epro ion channel. Post-docking, six molecular descriptors were
generated for each molecule. To discriminate for molecules with higher druglikeness and
oral bioavailability, a strict (so-called Lipinski) filter—tolerating one violation per molecule-
was applied [177], [178]. Specifically, compounds were excluded if they exceeded two or
more of the following thresholds: molecular weight > 500 g/mol, logP > 5, more than 5
hydrogen bond donors, more than 10 hydrogen bond acceptors, more than 10 rotatable
bonds, or a topological polar surface area (TPSA) above 140 A2 This step was followed by
the detection and exclusion of motifs resembling pan-assay interference compounds
(PAINS) [179] and moieties that could be toxic or reactive (REOS) [180]. In the subsequent
re-docking campaign, the filtered compounds were docked into the prepared receptor using
Schrodinger Glide [176], [181], [182]. A hierarchical docking workflow was applied,
consisting of HTVS, followed by standard precision (SP) and extra precision (XP) docking
steps, using default settings. The top-ranking compounds from this workflow were selected
for further analysis.

(b) FKKTLib.

After substructural screening and lead candidate (LC) extraction, docking was performed
for the LC and positive control (RMT) at the C- and N-terminal binding sites of the SARS-
CoV-2 Epro ion channel, yielding three complexes: RMT-C-Epro, RMT-N-Epro, and LC-
N-Epro. The docking step was carried out using Schriodinger software with an extra-
precision step via Glide, applying standard settings [183].

2.10.3 Chemical space investigation and filtering

(a) ZINC15 database.

To gain further insight into the chemical space of the filtered dataset, MACCS keys [172]
were generated using RDKit software, and low-variance features were removed from the
dataset. In contrast to path-based fingerprints, MACCS keys are structural keys that
encode the presence of specific functional groups for an organic molecule in a binary vector.
Optimised for bioactive substances, MACCS keys provide a global overview of the
biologically relevant functional group space and allow discrimination between molecules
based on their predominant functional groups. Two dimensionality-reduction techniques —
PCA and PaCMAP — were used to group the molecules based on the generated structural
keys. The retained principal components were submitted to the PaCMAP algorithm using
default parameters. After clustering, eight lead candidates were selected based on docking
score and structural diversity. The protein-ligand interactions were visualised using
PyMOL [173] and BioRender, and the volume of the SARS-CoV-2 Epro channel was
calculated using Caver 3.0 software [184].
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2.10.4 Molecular dynamics simulations

(a) ZINC15 database and (b) FKKTLib.

The three ligand-protein complexes from the FKKTLib (RMT-C-Epro, RMT-N-Epro, and
LC-N-Epro) and nine ligand-protein complexes from the ZINC15 database (L1-L8 and
RMT) were used as inputs for classical MD simulations. Each complex was embedded in a
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipid bilayer (the total number of lipid
molecules in both layers was ~778) located in a rectangular simulation box (edge lengths
of the box 165 x 165 x 97 A). The assembled ligand-protein-lipid systems were solvated
with ~46,490 TIP3P water molecules. ~126 Na® and ~127 CI= ions were added to
neutralise the system and mimic a physiological 0.150 mol/L NaCl solution. The complexes
were embedded in the membrane, and the system was solvated using the CHARMM-GUI
web server [185], [186], [187], [188], [189], [190], [191], [192]. Each system consisted of a
total of ~325,000 atoms. GROMACS software [193] was used to perform the molecular
dynamics simulations of the equilibrated SARS-CoV-2 Epro ligand complexes at 37 °C and
1 bar. Amber FF19SB was used to describe the protein [194], and the membrane was
described with the Lipid21 force field [195]. GAFF2 was used to describe ligands, which
were parametrised using the Amber21 module ANTECHAMBER [196], [197]. The protein-
ligand binding free energy and the per-residue contributions were calculated via single-
trajectory Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) calculations
using gmxMMPBSA [198].
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Chapter 3

Results

3.1 In silico Characterisation of the Candidates

We identified novel inhibitors of the SARS-CoV-2 envelope protein (Epro) using two
complementary in silico strategies: the large-scale ZINC15 database and the focused
FKKTLib compound library. The ZINC15 database enabled us to screen virtually across
an extensive chemical space of nearly one billion molecules, while FKKTLib allowed us to
target structurally relevant adamantane-based compounds. After molecular docking (and
filtering, clustering, and ligand prioritisation of the ZINC15 candidates), we further
characterised the selected candidates using molecular dynamics simulations and MM-PBSA
binding free energy analysis. In this results section, we present the identification of the
most promising compounds, their binding modes within the Epro ion channel, and their
predicted stability and affinity compared with the known inhibitor rimantadine.

3.1.1 Search for candidates from the ZINC15 database

3.1.1.1 High-throughput virtual screening (HTVS)

HTVS of nearly 1 billion compounds from the ZINC15 database yielded a smaller subset
of 9,911 ligand molecules (0.001%o of the top-scoring molecules). Of these, 3,916 (43.0%)
passed the subsequent filtering step, during which a total of 44 Lipinski, 51 PAINS, and
5,959 REOS violations were recorded (previously described in Section 2.10.2).

3.1.1.2 Chemical space visualisation

To further explore the remaining chemical space of the filtered ZINC15 database, MACCS
keys were generated from the filtered dataset, and clustering was performed. This process
resulted in six distinct clusters (Figure 8A), each characterised by recurring functional-
group motifs. Cluster A consists of molecules containing halide groups, while Cluster B
consists mainly of tetrahydrofuran-containing compounds. Cluster C represents molecules
with sulfone groups. Cluster D includes compounds featuring functional groups such as
amides and five-membered heteroaromatic rings, including isoxazoles, oxazoles, and
thiazoles. Cluster E consists of nitrogen-containing functional groups, such as cyclic amines,
triazoles, and tetrazoles, and Cluster F primarily contains molecules bearing diamides and
triamides, often in combination with groups such as spiro compounds, ethers, alcohols, and
amines. An interactive visualisation of chemical space is available at https://sars-cov-2-

envelope-protein.gitlab.io/eprotein-data/.
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Figure 8: Chemical space analysis and lead compounds selection. (A) Chemical space of
the filtered dataset after dimensionality reduction and clustering, displaying five clusters
(A-F). Each cluster represents recurring functional-group motifs. An interactive plot can
be found under: https://sars-cov-2-envelope-protein.gitlab.io/e-protein-data/. (B)
Hierarchical clustering of the top 50 scoring compounds of the re-docking step. Prioritised
compounds are highlighted in black. (C) Selection of lead compounds (L1-L8) and
rimantadine (RMT). The selected compounds L1-L8 correspond to the highlighted
compounds in the dendrogram (panel B) in descending order from left to right [27].

3.1.1.3 Re-docking and ligand prioritisation

The remaining 3,916 compounds from the HTVS and filtering steps were re-docked, and
the top 50 compounds were identified for further evaluation. Hierarchical clustering was
performed for these compounds, resulting in three main branches (Figure 8B). The leftmost
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branch contains molecules with bridged bicyclic motifs, rac(3R,45)-4-aminopyrrolidin-3-ol
moieties, and indane derivatives such as indoles. The middle branch contains ellagic acid,
salicylfluorone, and 5-chloropyrimidine-4,6-diamine motifs. The rightmost branch contains
chromane derivatives as well as many heterocycle-substituted indene moieties. Eight
structurally diverse ligand candidates (L1-L8) with high docking scores were selected from
these clusters for a further MD study. Their structures are shown in Figure 8C.

3.1.1.4 MD simulations and MM-PBSA analysis

The eight selected candidates were subjected to 200 ns of MD simulations, and the system
with RMT was simulated for 125 ns. The root-mean-square deviations (RMSDs) calculated
for the C-a atoms of SARS-CoV-2 Epro reach a stable state after ~100 ns, except for L7,
for which the MD simulation was extended to 300 ns (Supplementary Figure 1). In the
case of RMT, the RMSD was already stable after 50 ns, and the simulation time was
therefore shortened to 125 ns. The average plateau RMSD values ranged from 0.48 to 0.58
nm (Supplementary Figure 1), reflecting moderate structural flexibility characteristic of
proteins with flexible loops and solvent-exposed regions. However, we note that this
flexibility does not impair channel integrity or compromise ligand stability. In addition,
slight movements of the pentameric domains and ligand-induced conformational changes
also contribute to the overall RMSD. Nevertheless, the protein's secondary-structure
elements were well conserved throughout the MD simulations. The radius of gyration
remained consistently stable over the simulated time, indicating a stable assembly of the
SARS-CoV-2 Epro ion channel (Supplementary Figure 2). Three candidates formed stable
complexes within the N-terminal vestibule of SARS-CoV-2 Epro. These include L2, L3,
and L5, while others dissociated from the active site during the simulation. The dissociation
of certain candidates is mainly attributed to shallow channel binding, weak hydrogen
bonds, and limited van der Waals interactions with the amino acid residues
(Supplementary Figures 3 and 4). The channel is mainly a hydrophobic stretch, and only
a few amino acid residues are responsible for the ligand-protein interaction (Figure 2B-E,
Supplementary Table 2). In addition, the channel offers limited space, leading to steric
clashes between residues and certain tested ligands. The number of hydrogen bonds varied
considerably for each candidate during the simulation (Supplementary Figure 3), indicating
an overall dynamic binding regime.

An MM-PBSA analysis was performed to evaluate the binding affinity of each ligand.
The total binding free energies are listed in Table 3. Ligand L3 exhibits the strongest
binding, followed by ligands L2 and L5. The AG,;,,, in case of RMT was ~1.7-fold (L5) to
~2.5-fold (L3) lower than that of our lead compounds. At the amino acid residue level,
GLUS8, THR11, LEU12, and ASN15 were found to be major contributors to binding for the
top three candidates (see Supplementary Figure 4 for the per-residue contributions).
Throughout the simulation, L3 showed significant binding with three ASN15 and one
THRI11 side chain from adjacent SARS-CoV-2 Epro monomers (Supplementary Table 2).
L3’s strong binding interactions with ASN15 and THR11 residues are supported by analysis
of the most populous cluster (Figure 9B), showing a total of five hydrogen bonds among
three adjacent ASN15 residues. These interactions involve the ether group of L3. In
addition, the 2-formylhydroquinone moiety of L3 participates via one of its hydroxyl groups
and its carbonyl group, with the first acting as a single donor and the latter as a triple
acceptor for the three adjacent ASN15 residues. Furthermore, the second hydroxyl group
of the 2-formylhydroquinone moiety acts as a hydrogen-bond donor to a THR11 residue.
The 2-formylhydroquinone moiety of L3 penetrates deepest into the channel. At the same
time, the bridged cycle above exhibits a space-demanding, rigid geometry, in which L3
adopts an almost plug-like conformation within the channel.
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Figure 9: Binding poses and hydrogen-bond interactions of selected lead compounds. (A—
C) corresponds to L2, L3 and L5, respectively. Protein moieties are depicted in grey. The
ligand is depicted in green. Nitrogen and oxygen atoms are depicted in blue and red,
respectively. Hydrogen bonds are shown as dashed black lines [27].

L2, the second-highest-scoring candidate, exhibits significant binding to the adjacent
residues LEU12 and GLUS8 (Supplementary Table 2). Overall, ASN15 and THR11 still
contribute to binding (Supplementary Figure 4), but their effect is less pronounced than
that of L3. The highest populated cluster (Figure 9A) reveals hydrogen bond interactions
between one aromatic nitrogen of the pyrazine moiety and a GLUS residue, along with an
additional hydrogen bond and polar interactions involving the same GLU8 and a THR9
and LEU12 from an adjacent monomer, mediated by the hydroxyl group of the pyrazine
moiety. On the opposite side, a THR11 residue exhibits a polar interaction with one
nitrogen atom of the tetrazole moiety of L2. Additionally, ASN15 from an adjacent
monomer acts as a hydrogen bond donor to the carbonyl oxygen of the neighbouring amide
group. In total, six hydrogen bonds and polar interactions involving five residues are
observed. L2 spans the entire channel lumen, with its tetrazole group extending deepest
into the channel.

For L5, the candidate with the lowest binding free energy score showed no significant
interactions with any residue above the threshold of 1.8 kcal/mol (Supplementary Table
2). Clustering analysis of the highest populated cluster (Figure 9C) confirms this
observation. Overall, L5 occupies about one-third of the pore, possibly providing enough
space for ions to pass through the channel. Its relatively simple structure and lack of
significant binding may indicate that L5 is not a highly specific ligand.

For RMT, a known inhibitor of SARS-CoV-2 Epro, no significant interactions with any
residue above the threshold of 1.8 kcal/mol were observed (Supplementary Table 2).
Clustering analysis of the highest populated cluster (Supplementary Figure 6) confirms this
observation, with no hydrogen bonds present. Overall, RMT exhibits a space-demanding,
rigid geometry, similar to L3, and effectively occupies space in the channel. RMT’s
interactions appear to be dominated by its apolar adamantane core, while contacts via its
amino group remain transient. We note that although RMT exhibits a weaker AG),,,; than
L5, it appears to occlude the pore more efficiently.
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Table 3: MM-PBSA total binding free energies (AGy,;,,;) of SARS-CoV-2 Epro-ligand
complexes. For candidates that have dissociated from the protein during the MD simulation
time, AG,,,, is not reported [27].

Candidate AGy;.4
[kcal /mol]
L1 dissociated
L2 —30.1 £+ 3.6
L3 —32.3 £ 2.0
L4 dissociated
L5 —21.7 £ 6.1
L6 dissociated
L7 dissociated
L8 dissociated
RMT N-terminal —13.2 £ 2.6

3.1.2 Search for candidates from the FKKTLib

3.1.2.1 MD simulations and MM-PBSA analysis

The adamantane substructure query returned a focused set of FKKTLib entries containing
the targeted scaffold. From these, we prioritised a lead candidate (LC), based on (i)
unambiguous substructure match quality, (ii) availability of solid sample material for
confirmation studies, and (iii) presence of coherent supporting annotations, yielding a well-
characterised adamantane derivative as the most promising hit for subsequent evaluation.

Herein, docking at the C- and N-terminal binding side of the SARS-CoV-2 Epro ion
channel for LC and RMT yielded three complexes: RMT-C-Epro, RMT-N-Epro, and LC-
N-Epro. We note that docking of LC to the C-terminal of Epro did not yield any results
to incorporate, due to the ligand’s unfavourable steric properties. Specifically, LC appeared
unable to access the binding pocket because of its excessive size, limited flexibility, and
steric clashes with the receptor. Consequently, LC was found to bind exclusively in the N-
terminal vestibule (LC-N-Epro) and was subjected to three independent 350 ns-long MD
replicas. RMT in the C-terminal vestibule (RMT-C-Epro) was simulated in three
independent 200 ns-long replicas.

The RMSD of the C-a atoms of Epro reaches a stable value after ~75 ns. In the case
of RMT-N-Epro, the RMSD was already stable after 50 ns. The average plateau RMSD
values ranged from 3.9 to 5.3 A (Supplementary Figure 7), reflecting moderate structural
flexibility characteristic of proteins with flexible loops and solvent-exposed regions.
Importantly, this flexibility did not compromise channel integrity or ligand stability. Minor
motions of the pentameric domains and ligand-induced conformational changes contributed
to the overall RMSD, yet the protein’s secondary-structure elements remained well
conserved throughout the simulations. The radius of gyration remained stable throughout
the simulation, indicating a stable assembly of the Epro ion channel (Supplementary Figure
8). The number of hydrogen bonds varied considerably among candidates during the
simulation (Supplementary Figure 9), indicating an overall higher number of hydrogen
bonds for the LC throughout the simulation.

An MM-PBSA analysis was performed to rank the ligands' binding affinities. The total
binding free energies are listed in Table 4. LC consistently exhibits the strongest binding,
followed by the RMT-C-Epro complexes. The AG,;,; in the case of RMT was ~1.7-fold
(C-terminal) lower than that of our lead candidate. At the amino acid residue level, GLU8
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and THR11 were found to be major contributors to binding for LC (see Supplementary
Figure 10 for the per-residue contributions), while the three runs showed differing extents
of residue involvement.

Table 4: Total binding free energies (AG,,;) and duration of the MD simulation.

MD Run AGy;,q (keal/mol) Duration (ns)
LC N-terminal replica 1 —35+4 350
LLC N-terminal replica 2 —35+7 350
LLC N-terminal replica 3 —44 + 4 350
RMT C-terminal replica 1 —22+1 200
RMT C-terminal replica 2 —25 £ 2 200
RMT C-terminal replica 3 —21 £ 2 200

In two of the three simulations, L.C displayed significant binding to a GLUS8 side chain
(Supplementary Table 3); notably, this interaction was ~6.7- and 2.2-fold stronger in the
first run than in the second and third runs, respectively. Furthermore, the third replica
reports significant binding to two ASN15 residues and a LEU18 residue. Analysis of the
highest populated clusters supports these findings (Figure 10A—C), with the first and third
replicas (rep-1 and rep-3) displaying hydrogen bonds between an ASN15 amine group and
the carbonyl and secondary amine of LC’s amide group, respectively. The second replica
(rep-2) displays a hydrogen bond between a GLU8 carboxy group and the amine of LC’s
amide group. Despite the small differences between the three replicas, the MM-PBSA
binding free energies for LC remain overall similar, indicating a small ensemble of distinct
but comparably stable binding modes in which either C=0- - - HON@QASN15,
NH- - - O=C@ASN15, or NH- - - O=CQGLUS8 contacts serve as the primary anchor.
Herein, the per-residue contributions for rep-1 and rep-3 point to a more mixed binding
mode, with residues such as GLUS, THR9, THR11, and LEU18 contributing to binding.
In contrast, rep-2 is strongly dominated by GLUS8 (Supplementary Figure 10), whose
persistent interaction across all runs further suggests a retainer-like role for GLUS8 in
suppressing axial drift and preventing dissociation from the N-terminal vestibule. We
further note that in all replicas, LC’s indole group and aliphatic chain face outwards from
the channel, restricting hydrogen bonding to LC’s amide and secondary amine. The
adamantane moiety of LC penetrates the deepest into the channel and exhibits a space-
demanding, rigid geometry, in which LC adopts an almost plug-like conformation within
the channel. For RMT, no significant interactions with any residue above the threshold of
1.8 kcal/mol were observed at the C-terminal vestibule (Supplementary Table 3). MM-
PBSA analysis suggests relevant interactions with LEU28, ALA32, and THR35 residues.
The structures of the highest populated clusters (Figure 10D—F) do not show any hydrogen
bonding for RMT at the C-terminal vestibule. Overall, RMT exhibits a space-demanding,
rigid geometry, similar to LC, and effectively occupies space in the channel. In both cases,
interactions appear to be dominated by their hydrophobic adamantane cores, with burial
values indicating moderate channel penetration depths of (8 & 2) A and (6 + 3) A across
runs for LC and RMT, respectively. While for RMT contacts via its amine group remain
transient, LC seems to stabilise its binding via its amide group. In all simulations, the C-
terminal ARG38 residues of the Epro homopentamer are consistently oriented towards the
lipid—water interface and form salt bridges between their positively charged guanidinium
groups and the negatively charged phosphate headgroups of the POPC bilayer. These
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interactions persisted throughout the simulated timeframe and were observed across all
monomers. Notably, in the C-terminal vestibule, the positively charged ligand RMT
remained stably bound near ARG38 throughout the simulations. It did not dissociate from
its binding site, despite the expected electrostatic repulsion between the positively charged
groups.

In the initial ZINC15 screening study, RMT was evaluated in the N-terminal vestibule,
where all prioritised ligands were predicted to bind. During the 125 ns MD simulation,
RMT remained associated with the N-terminal site and did not dissociate, thereby enabling
MM-PBSA calculations and comparisons with the ZINC15 candidates. Under these
conditions, .2, L3, and L5 showed more favourable calculated binding free energies than
RMT. However, in the subsequent FKKTLib study, extended simulations revealed that
RMT dissociated from the N-terminal vestibule in the latter stage of the simulation,
suggesting that this site may not represent its most stable binding mode. This prompted
additional docking and simulation of RMT in the C-terminal vestibule, where stable
binding was observed across three independent 200 ns replicas, as described above.
Consequently, in the second study, RMT was treated as a C-terminal binder, and only the
C-terminal MM-PBSA values were used for comparison with the lead candidate (LC).
Nevertheless, the top ZINC15 candidates L2 and L3 still exhibited more favourable
calculated binding free energies than C-terminal RMT by ~1.3-fold (L5) to 1.4-fold (L3),
while L5 showed a comparable but slightly weaker binding free energy. Direct comparison
between LC and the earlier N-terminal RMT values from the ZINC15 study should be
interpreted with caution, as the later results indicate that the C-terminal vestibule is likely
the more relevant reference binding site for RMT.

Figure 10: Most representative clusters depicting hydrogen-bond interactions and binding
poses. The final compound selection of LC-N-Epro (replicas 1-3 corresponding to A—C)
and RMT-C-Epro (replicas 1-3 corresponding to D—F), respectively. Protein moieties are
depicted in blue (a-helix) and white (disordered). The ligand is depicted in green. Nitrogen
and oxygen atoms are depicted in blue and red, respectively. Hydrogen bonds are shown
as dashed black lines [169].
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3.2 In vitro Characterisation of the Antiviral Activity of
Candidate Compounds

Following in silico identification of selected compounds, we characterised their antiviral
activity in wvitro using different techniques. Structurally related, commercially available
ZINC15-derived analogues of the prioritised in silico hits were first evaluated to assess
whether the predicted antiviral activity against SARS-CoV-2 could be transferred to the
MHYV biological system. The study then focuses on the lead candidate (LC), from the
FKKTLIib library, for which cytotoxicity, antiviral efficacy against MHV, effects on viral
replication, and associated cellular and ultrastructural changes were systematically
investigated. Finally, the antiviral activity of Helichrysum italicum ethanolic extract and
its major constituents was characterized in vitro against different viruses to explore
mechanisms of action and identify natural compounds contributing to the observed
antiviral effect.

3.2.1 Characterisation of candidates from the ZINC15 database

Based on in silico analyses, a set of structurally related, commercially available compounds
highly similar to the prioritised candidates was selected for experimental validation. Six
such compounds were obtained and tested for antiviral activity against the model
coronavirus MHV.

Before antiviral evaluation, the cytotoxicity of all compounds was assessed to determine
their half-maximal cytotoxic concentration (CCs) values (Supplementary Table 1). The
highest non-cytotoxic concentrations were then used in plaque reduction assays performed
under different treatment conditions, including time-of-addition experiments. None of the
tested compounds reduced plaque formation under the conditions applied; therefore, no
further testing was conducted.

These results suggest that, despite their structural similarity to the computationally
prioritised candidates, the commercially available analogues either do not interact
effectively with the viral target or exhibit activity highly specific to subtle structural
features not preserved in the tested compounds. Alternatively, they may not be active
against MHV under the experimental conditions employed.

3.2.2 Characterisation of the lead candidate from the FKKTLib

3.2.2.1 Cytotoxicity and antiviral activity against MHV

In cytotoxicity assays, the lead candidate (LC) exhibited cytotoxicity at concentrations
above 30 nM, with a CCs of 43 pM. The positive control HMA showed a comparable CCs
of 41 pM, while RMT was less cytotoxic, with a more than twofold higher CCs of 96 nM
(Table 5). Cytotoxic effects were evident at concentrations above 20 pM for HMA and 40
pM for RMT; however, the increase in cytotoxicity was more gradual for RMT compared
to LC and HMA (Figure 11A-F).

LC and the positive controls reduced MHV infectivity when added after viral infection
of cells (post-treatment) (Figure 11A—-C), with LC showing a half-maximal effective
concentration (ECs) of 12.7 pM and a selectivity index (SI) of 3.4. HMA and RMT showed
EC;5 values of 7.6 pM and 26 pM, yielding Sls of 5.4 and 3.7, respectively (Table 5). When
administered simultaneously with the virus (co-treatment), only LC and HMA showed
antiviral activity (Figure 11D-F). LC showed an ECs of 12 tM and an SI of 3.6, which is
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very close to its efficacy under post-treatment conditions. HMA showed lower antiviral
activity during co-treatment (ECs = 14 pM and a corresponding ST of 3.0) and was about
half as effective as in post-treatment conditions. In contrast, RMT showed no activity at
the concentrations tested under co-treatment conditions. Importantly, none of the
compounds reduced MHYV infectivity when administered before virus infection under pre-
treatment conditions. High repeatability (low variability) was observed in all three
biological repetitions (Table 5).

Table 5: Dose-response results of the tested compounds in L929 cells infected with MHV.
Mean of half-maximal effective (ECs) and cytotoxic (CCsy) values with standard deviations
(SD) are presented, calculated from three biological replicates (N = 3); the selectivity index
(SI) was calculated as CCs/ECs. Cells were treated with the lead candidate (LC), or
reference compounds 5-(N, N-hexamethylene)amiloride (HMA) and rimantadine (RMT)
under post-treatment (post), co-treatment (co), and pre-treatment (pre) conditions [169].

COMPOUND CCs (M) ECs (nM) oI
(treatment) (mean + SD) (mean + SD)
LC (post) 12.7 £ 0.8 3.4
LC (co) 43+ 1 12+ 1 3.6
LC (pre) non-effective /
HMA (post) 7.6 + 0.4 5.4
HMA (co) A+ 14+1 3.0
HMA (pre) non-effective /
RMT (post) 26 + 2 3.7
RMT (co) 96 + 5 non-effective /
RMT (pre) non-effective /

To evaluate the specificity of the LC’s proposed mechanism, we performed a counter-
screen using murine norovirus (MNV), a non-enveloped virus that does not encode a
classical viroporin. Plaque assays and time-of-addition assays were performed with MNV
(MOI 0.02) and RAW 264.7 cells, using the same three experimental conditions as for
MHYV (pre-, co-, and post-incubation). Importantly, LC exhibited no detectable antiviral
activity in this system, supporting the conclusion that its antiviral effect is not nonspecific
but rather dependent on the presence of a (coronavirus) viroporin.

3.2.2.2 The effect of the lead candidate on the viral replication of MHV

To follow viral replication, we performed quantitative PCR (qPCR) analysis following post-
treatment with LC, HMA, and RMT. Total RNA was extracted from combined cell lysates
and supernatants collected at 0, 24, and 48 h post-treatment.

Quantification of MHV RNA was enabled by a standard curve generated from a dilution
series of a known viral RNA sample (6.5 x 10° copies/pL in the undiluted sample,
corresponding to 10°® TCIDs/mL). The resulting standard curve showed a wide dynamic
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range over six orders of magnitude (slope = —3.35; intercept = 37.2; R* = 0.999), enabling
accurate quantification of viral RNA in experimental samples. Expression of the GAPDH
gene was monitored in all samples to assess cellular RNA integrity, relative content,
extraction efficiency, and possible amplification inhibition. Mean GAPDH Cq values were
consistent across experiments (mean Cq = 23.8, SD = 1.9), confirming the comparability
of RNA input and quality.

As expected, the viral RNA levels in the infected cells increased over time. At 1 h post-
infection (time point 0 h post-treatment), MHV RNA levels were near the limit of detection
(~1 copy/pL) for all treatments. By 24 h post-treatment, viral RNA levels increased by
more than four orders of magnitude, reaching 5 x 10*-4 x 10° copies/pL in the positive
controls (untreated infected samples). Importantly, treatment with LC resulted in a
significant ~100-fold (2 logio) decrease in viral RNA levels at 24 h post-treatment compared
to the positive control. A significant difference compared to the positive control was also
observed for HMA and RMT at this time point. However, at 48 h post-treatment, RNA
levels in the treated samples did not differ significantly from those of the positive control
and peaked at 2 x 107 copies/pL (Figure 11G—I).
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Figure 11: Antiviral activity and effect on viral replication of LC, HMA, and RMT. (A—
F) Results of plaque reduction assay and time-of-addition (ToA) assay for the lead
candidate (LC; A, D) and the reference compounds 5-(N,N-hexamethylene)amiloride
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(HMA; B, E), and rimantadine (RMT; C, F), shown under post-treatment (upper panels)
and co-treatment (lower panels) conditions. (G—I) Viral replication for the tested
compounds (LC: G, HMA: H, RMT: 1) at 0, 24, and 48 h post treatment in log;o(RNA
copies/pL). ****P < 0.0001 (two-way ANOVA, followed by Sidék’s test) [169)].

3.2.2.3 Effects of the lead candidate on cell morphology and ultrastructure in MHV-
infected cells

We analysed the effects of LC on MHYV infectivity using light microscopy and transmission
electron microscopy (TEM) 48 h post-infection (72 h after seeding), comparing four
conditions: untreated cells (L929), infected cells (L929+MHYV), LC-treated uninfected cells
(L929+LC), and LC-treated infected cells (L929+MHV+LC).

3.2.2.3.1 Light microscopy

Light microscopy of semi-thin sections provided a general overview of the cell morphology
(Figure 12). Because cells were harvested by scraping, the typical spindle-shaped
morphology was lost; instead, cells appeared round to oval in all observed samples. In the
1929 sample, cell boundaries were clearly defined, and cell death was minimal (Figure
12A). In contrast, in the L929+MHYV sample, most cells were dead, appearing as light-
coloured patches, although the overall cell shape was largely preserved (Figure 12B). Cell
viability was markedly improved in infected cells treated with LC (L929+MHV+LC)
(Figure 12D). Treatment with LC, either alone or in the presence of infection, resulted in
cell morphology largely similar to that of the uninfected control (1.929). We note that LC-
treated samples frequently showed cell-cell fusions, producing large multinucleated cells,
which may result from cytopathic effects at the concentration tested. Notably, this dose
did not appear cytotoxic in the standard CCK-8 viability assay, which reflects cellular
metabolic activity (Figure 12C, D).

Figure 12: Light microscopy of semi-thin sections. (A) Untreated and uninfected cells
(L929). (B) Infected cells (L929+MHYV); dead cells are lighter and semi-transparent; viable
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cells are darker. (C) Uninfected cells treated with the LC (1L929+LC) and (D) infected
cells treated with the LC (L929+MHV+LC) [169].

3.2.2.3.2 Transmission electron microscopy

Ultrastructural analysis by TEM provided further insights into viral replication and cellular
response. Untreated and uninfected cells (sample L929) had an electron-dense cytoplasm,
numerous microvilli protruding from the entire surface, well-preserved mitochondria,
endoplasmic reticulum (ER), and Golgi complexes. Membrane vesicles with myelin-like
structures were observed only occasionally (Figure 13A). Infected cells (sample
L9294+MHV) showed extensive viral replication with widespread cytopathic effects.
Numerous round to slightly oval virus particles with a diameter of about 65-80 nm were
visible by TEM and were distributed both intracellularly and in the extracellular space
(Figure 13B-D). The spike proteins were not always clearly recognisable on the virion
surface. Dead cells and cell debris, often interspersed with virus particles, predominated
over viable cells. Despite the cytopathic damage, the cytoplasm of the infected cells
remained electron-dense, with mitochondria preserved in large numbers. The cell nuclei
were often more amoeboid in shape compared to those of uninfected cells. Infected cells
often contained abundant vesicles with viral particles, many of which appeared to originate
from the ER. The size and morphology of these vesicles varied considerably across sections,
ranging from small, spherical structures to large, round or tubular vesicles. In most cells,
the ER appeared dilated. In addition, perinuclear regions resembling viral replication
complexes or “viral factories” were frequently observed [199], [200]. These structures,
typically ~1 pum in diameter, had no bounding membrane and consisted of dense networks
of short, disorganised tubes within a highly electron-dense matrix (Figure 13C).



3.2. In vitro Characterisation of the Antiviral Activity of Candidate Compounds 41

Figure 13: Ultrastructural analysis of MHV infection in 1929 cells by transmission electron
microscopy (TEM). (A) Uninfected, untreated cells (L929), scale bar 1 pm. (B) Untreated
infected cells (L929+MHYV), scale bar 1 ym. (C) Untreated infected cells (L929+MHV),
scale bar 200 nm. (D) Untreated infected cells (L929+MHV), scale bar 1 pm. N: nucleus;
V: viral particles; M: mitochondria; VRC: viral replication complex [169].

ER-derived myelin-like membrane whorls were observed within intracellular vesicles in
all samples. These structures, typically associated with nascent virions and indicative of
virus-induced membrane remodelling [73], [201], [202], [203], were present at low frequency
in untreated cells (L929) but occurred more frequently following treatment with LC
(L929+LC) (Figure 14A). Their abundance increased under both viral infection and
inhibitor exposure alone, suggesting that different forms of cellular stress can independently
promote their formation, as previously reported [73], [200].

In contrast, double-membrane vesicles (DMVs), which serve as sites for early stages of
viral replication [200], [204], [205], [206], were not detected at 48 hpi. This may be because
DMVs are not always present as discrete structures, but rather form part of an
interconnected reticulovesicular network derived from the ER, which later fuses to form
larger cytoplasmic vacuoles containing assembled virions [204], [207].

Treatment with LC (L929+LC) led to the appearance of myelin-like membrane whorls
within the intracellular vesicles, which occurred more frequently than in untreated cells
(sample L929) (Figure 14A). In LC-treated infected cells (L929+MHV+LC), viral
replication was still evident as shown by the presence of replication complexes and vesicle-
associated virus particles (Figure 14B—D). The virus-induced changes in the cells were
similar to those observed in untreated infected cells (L929+MHV). In contrast to
L9294+MHV, virus particles in LC-treated infected cells were primarily intracellular,
whereas extracellular virions were rarely detected (Figure 13D and Figure 14B—C).
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Figure 14: Ultrastructural comparison of LC-treated infected and uninfected 1.929 cells by
transmission electron microscopy (TEM). (A) Uninfected cells treated with the lead
candidate (LC) (L929+LC), scale bar 1 pm. (B) LC-treated infected cells
(L929+MHV+LC), scale bar 1 pm. (C, D) LC-treated infected cells (L929+MHV+LC),
scale bar 500 nm. N: nucleus; V: viral particles; M: mitochondria; MW: myelin-like whorls
[169].

Virus particles were counted in intracellular and extracellular compartments from
representative TEM sections of 1929 cells infected with MHV in the absence or presence
of LC (Table 6 and Figure 15). Counts were obtained from seven independent TEM images
of different cells for each condition. Due to the two-dimensional nature of ultrathin sections,
the orientation of the cutting plane, and variability in the cellular area captured, these
values represent a semi-quantitative estimate rather than absolute numbers of virus
particles per cell. Areas exhibiting disintegration, particularly in infected samples in the
absence of LC (L929+MHYV), were excluded from the analysis. Disintegrated cells were
rarely observed in LC-treated samples, consistent with light microscopy observations
(Figure 12). The data support a reduction in extracellular virions in LC-treated samples,
with very few virus particles detected outside cells. We, however, note that these values
represent a semi-quantitative estimate rather than the absolute number of virus particles
per cell.

Table 6: Viral particle counts in infected untreated and LC-treated 1929 cells (TEM).
Number of intracellular and extracellular virus particles in untreated infected cells
(L929+MHV) and LC-treated infected cells (L929+MHV+LC) across seven independent
TEM images per condition [169].
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Treatment condition Intracellular virus particles | Extracellular virus particles
L929+MHV 253 83
L929+MHV+LC 180 3

Figure 15: Virus particles in MHV-infected 1.929 cells visualised by transmission electron
microscopy (TEM), with or without LC. (A) Untreated infected cells (L929-MHV), scale
bar 1 pm. (B) Untreated infected cells (L929+MHV), scale bar 500 nm. (C) LC-treated
infected cells (L929+MHV+LC), scale bar 1 pm. (D) LC-treated infected cells
(L929-+MHV+LC), scale bar 500 nm. Arrows indicate virus particles [169].

3.2.3 Characterisation of Helichrysum italicum extract and active
constituents

3.2.3.1 Cytotoxicity and antiviral activity of Helichrysum italicum ethanolic extract
against MHV, VSV, and MNV

H. italicum ethanolic extract was tested against MHV under three different conditions
(pre-, co-, and post-treatment). It exhibited potent antiviral activity and low cytotoxicity
(ECs = 0.22 png/ml; CCs > 500 pg/ml; SI > 2300) (Table 7, Figure 16A), outperforming
the positive control, 5-(N,N-hexamethylene)amiloride (HMA) (SI = 3). Time-of-addition
(ToA) experiments demonstrated the ethanolic extract’s effect under co-treatment
conditions, indicating either direct interaction with virus particles in a virucidal manner or
interaction with the virus at entry stages of the viral life cycle [168]. Subsequent
experiments designed to distinguish between these possibilities demonstrated that viral
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infectivity was not reduced by ethanolic extract when virus—extract mixtures were diluted
before infection. This finding indicates that the ethanolic extract interferes with early
virus—cell interactions and excludes virucidal activity.

Ethanolic extract also exhibited antiviral activity under co-treatment conditions against
the enveloped VSV with an SI approximately 2-fold lower compared to SI for MHV (ECs
= 0.42 pg/ml; CCs > 500 pg/ml; SI > 1180), pointing to its more potent activity against
MHV (Table 7, Figure 16B). No antiviral activity was observed against non-enveloped
MNV. High repeatability (low variability) was observed over all three biological replicates
of the experiments (Table 7).

Table 7: Extract and compounds tested against enveloped and non-enveloped viruses.
Murine hepatitis virus (MHV), vesicular stomatitis virus (VSV), and murine norovirus
(MNV) were used as model viruses. Half-maximal effective concentrations (ECs) with
standard deviations (SD) are presented; the selectivity index (SI) is calculated as
CCs/ECs. N = 3 biological replicates. n.t.: not tested.

Viruses
MHV \ VSV \ MNV
Extract
ECs = 0.22 4+ 0.08 ECs = 0.42 + 0.1 non-effective
ethanolic extract ng/ml ng/ml
ST > 2300 SI > 1180

Compounds
chlorogenic acid non-effective n.t. n.t.
quinic + caffeic non-effective n.t. n.t.

acid

3.2.3.2 Cytotoxicity and antiviral activity of compounds from Helichrysum italicum
ethanolic extract against MHV

Based on the tentative MS/MS identification of compounds in the ethanolic extract
(Section 3.2.3.4), the antiviral activity of individual compounds was evaluated. Important
compounds commonly identified in H. italicum extracts, such as quercetin, myricetin,
arzanol, quinic acid, and caffeic acid, have already been evaluated against MHV under
three different conditions (pre-, co-, and post-treatment) in our laboratory and reported in
a master’s thesis [139]. Among the tested phenolics, only quercetin exhibited antiviral
activity against MHV (ECs = 0.95 pM; SI = 54). As observed for the ethanolic extract,
tested in this doctoral thesis, the antiviral effect of quercetin was restricted to co-treatment
conditions [139].

For this doctoral thesis, additional experiments were conducted to investigate the
mechanism of action of quercetin and to evaluate the antiviral activity of chlorogenic acid
and a combination of quinic and caffeic acids.

Additional experiments, analogous to those conducted with the ethanolic extract,
showed that diluting virus—quercetin mixtures before infection did not reduce viral
infectivity, thereby excluding a virucidal mechanism. These findings indicate that
quercetin, like the ethanolic extract, interferes with early virus—cell interactions.
In contrast, chlorogenic acid showed no antiviral activity, nor did a combination of quinic
and caffeic acid.
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Figure 16: Antiviral activity of the ethanolic extract against MHV and VSV. Results of
plaque reduction assays and time-of-addition (ToA) assays following infection with murine
hepatitis virus (MHV) (MOI = 0.001) (A) or vesicular stomatitis virus (VSV) (MOI =
0.0005) (B). Cells were treated with serial dilutions of the ethanolic extract under co-
treatment conditions. Plaque reduction (red squares) was normalised to the mean infection
ratio of vehicle-treated infected cells (medium). Cell viability (black dots) was normalised
to untreated cells. Error bars represent the standard deviation (SD) of three biological
replicates (N = 3). The selectivity index (SI) is indicated for each treatment.

3.2.3.3 The effect of the ethanolic extract on the viral replication of MHV

As the ethanolic extract showed potent antiviral activity when co-treated with MHV, we
monitored viral replication by quantitative PCR (qPCR). Total RNA was extracted from
supernatants collected at 1, 12, 24, and 48 h post-infection (hpi).

Quantification of MHV RNA was enabled by a standard curve generated from a dilution
series of a known viral RNA sample (described in Section 3.2.2.2).

As expected, the viral RNA levels in the infected cells increased over time (Figure 17).
At 1 hpi, MHV RNA levels were close to the limit of detection (~1 copy/pL) for all the
treatments. By 12 hpi, viral RNA levels in the positive control (untreated infected samples)
had increased by approximately two orders of magnitude, reaching up to 6.6 x 10°
copies/pL. Viral RNA continued to accumulate over time, rising to 6.6 x 10° copies/nL at
24 hpi and 5.1 x 107 copies/uL at 48 hpi in the positive control. Treatment with the
ethanolic extract at both high (50 pg/mL) and moderate (5 pg/mL) concentrations
significantly reduced MHV RNA levels compared with the positive control at all time
points except 1 hpi, when all samples were near the detection limit. Treatment at the high
concentration maintained RNA levels near the detection limit throughout, whereas the
moderate concentration showed a gradual increase in MHV RNA levels over time. In
contrast, treatment with the low concentration (0.5 pg/mL) of the ethanolic extract
resulted in higher viral RNA levels that did not differ significantly from those of the positive
control (Fig. 17).
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Figure 17: Effect of the ethanolic extract on MHV RNA levels. Viral replication of murine
hepatitis virus (MHV) was monitored at 1, 12, 24, and 48 h post-infection (hpi). MHV
(MOI 0.001) was co-incubated with the ethanolic extract (50, 5, and 0.5 pg/mL) before
cell inoculation. Medium-treated infected cells served as the positive control (PC). Columns
represent the mean logi(RNA copies/nlL), and error bars indicate standard deviation (SD)
of two biological replicates (N = 2), each measured in two technical replicates (n = 2). *P
< 0.03, **P < 0.002, ***P < 0.0002, ****P < 0.0001 (two-way ANOVA followed by
Dunnett’s test).

3.2.3.4 Tentative identification of compounds by mass spectrometry

MS/MS analysis of the H. italicum ethanolic extract revealed a phenolic-rich profile,
dominated by hydroxycinnamic acid derivatives and flavonoids (Supplementary Table 4
and Supplementary Figure 11), consistent with chemical patterns reported for H. italicum
ethanolic extracts and distinct from the terpenoid-rich essential oil and hydrosol fractions
[92], [99)].

3.2.34.1 Hydroxycinnamic acids (chlorogenic acid derivatives)

Chlorogenic acids (CGAs) form a large and structurally diverse class of phenolic
compounds, with caffeoylquinic acids (CQAs) as their most characteristic representatives.
CQAs are conjugates of tetrahydroxy-cyclohexane carboxylic acid (quinic acid) and 3,4-
dihydroxycinnamic acid (caffeic acid). Quinic acids can form mono-, di-, or tri-esters,
resulting in di- or tri-caffeoylquinic acids, or they can esterify with other trans-
hydroxycinnamic acids [99], [208].

Based on fragment ion abundances and comparison with literature data, compound 1
was tentatively identified as 3-O-CQA isomer (neochlorogenic acid) and compound 2 as 5-
O-CQA (chlorogenic acid), the most abundant CGA found in nature [99], [209], [210].
Another compound (5) with the same pseudomolecular ion (m/z 353) exhibited markedly
different fragmentation behaviour. In this case, fragment ions at m/z 173 and 179 were
highly abundant, a pattern characteristic of 4-O-CQA. Previous studies have reported that
CGAs readily interconvert, particularly during extraction processes at elevated
temperatures and in aqueous media. Chlorogenic acid (5-O-CQA) not only isomerises to 3-
and 4-O-CQA but also undergoes other transformations, such as esterification and
hydrolysis [211].
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Dicaffeoylquinic acids (di-CQAs) were detected at longer retention times and were
characterised using established identification keys and previously published data [116],
[209], [212]. Di-CQAs exhibited a pseudomolecular ion at m/z 515 and produced
characteristic fragment ions at m/z 353, 191, 179, and 173, corresponding to the successive
loss of caffeoyl moieties. The relative intensities of the fragment ions — particularly at m/z
191, 179, and 173 — enabled differentiation among positional isomers such as 1-, 3-, and 4-
di-CQAs. Compounds 15-17 were tentatively assigned as 1,3-diCQA derivatives, while
compound 8 was identified as 3,4-diCQA, consistent with reports on H. italicum alcoholic
extracts [99], [101], [213].

Several uncommon CQA derivatives were identified as well. Compound 20 was assigned
as tricaffeoylhexaric acid based on its molecular ion at m/z 695 and characteristic product
ions at m/z 533 and 371. This tentative identification is consistent with previous reports
describing these rare derivatives in Asteraceae species [99], [214], [215]. Similarly,
compounds 9 and 10, which exhibited a molecular ion at m/z 533, were putatively identified
as dicaffeoylhexaric acids, while compound 7 was identified as caffeoylhexaric acid.
Compound 19 was characterised as another CQA derivative with a pseudomolecular ion
[M-H]™ at m/z 601 and major fragment ions at m/z 577, 395, 191, 179, and 173, and was
identified as 1,3-dicaffeoylquinic acid malonyl [216].

3.2.3.4.2 Flavonoids and their glycosides

Compound 11 was tentatively identified as myricetin 3- O-glucoside based on fragment ions
at m/z 317 and 316, which indicate the neutral loss of a hexoside moiety and produce
fragments characteristic of the myricetin aglycone. Compound 12 was assigned as
isorhamnetin 3-O-glucoside, supported by its pseudomolecular ion at m/z 477 and a
dominant MS? fragment at m/z 315. Similarly, compound 14 was identified as quercetin 3-
O-glucoside, as indicated by the characteristic MS? fragment at m/z 301 corresponding to
the quercetin aglycone. Compound 21 exhibited a pseudomolecular ion at m/z 463 and a
major fragment at m/z 301, consistent with the loss of a coumaroyl-hexose moiety, and
was therefore tentatively identified as quercetin-O-coumaroylglucoside. All of these
flavonoid glycosides have previously been reported in H. italicum extracts [98], [99], [105],
[116], [217].
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Chapter 4

Discussion

Despite advances in antiviral development, the rapid evolution of SARS-CoV-2 continues
to compromise drug efficacy, emphasising the need for therapeutics less susceptible to
antiviral resistance. Among the structural proteins, SARS-CoV-2 Epro has the lowest
mutation frequency and the greatest resistance to mutagenic pressure [23], [24], [25], [218],
and represents a promising yet under-investigated antiviral target. We combined in silico
approaches, such as molecular docking and molecular dynamics simulations, with in wvitro
characterisation to better assess the antiviral potential of selected candidates and address
the limitations of computational predictions alone.

In addition to synthetic small molecules, we explored the antiviral potential of
Helichrysum italicum extract as an alternative source of antivirals, particularly given the
known biological activity of its phenolic constituents. The following discussion evaluates
these findings and considers their relevance for the future development of broad-spectrum
antiviral strategies.

4.1 Characterisation of Antiviral Candidates

Currently, the number of SARS-CoV-2 Epro inhibitors confirmed in vitro and in vivo is
limited [21], [36], [59], and there are no approved COVID-19 drugs targeting this protein
(Table 1) [219]. One reason for this is the limited attention it has received in the past,
which has left researchers with only a few compounds to work with. Additionally, many
compounds exhibit cytotoxicity [21], thereby excluding them from further clinical
development. This limitation was observed for HMA, which has otherwise been shown to
act against several viroporin-forming viruses, including HIV-1, IAV, hepatitis C virus, and
coronaviruses [53], [54], [55], [56], [65]. An interesting chemical is amantadine (AMT), a
drug approved for the treatment of Parkinson’s disease. It was previously used for TAV
infections until widespread resistance in viral strains limited its effectiveness. Interestingly,
its antiviral effect is mediated by inhibition of the influenza A matrix protein 2 (M2), an
ion channel involved in the release of the viral genome into the host cell [220], [221].
Rimantadine (RMT) is also a well-characterised inhibitor of the M2 protein of IAV;
however, widespread resistance due to M2 mutations has led to its discontinuation as a
therapeutic option for IAV [222]. Nevertheless, AMT and RMT showed in vitro activity
against SARS-CoV-1 and SARS-CoV-2 by inhibiting Epro [21], [59], [62], [64], [65].
Although smaller studies initially suggested that AMT and RMT could be suitable
candidates for the treatment of SARS-CoV-2 infections [223], [224], a more recent large-
scale observational study found no significant clinical benefit of them for COVID-19
patients with early-stage SARS-CoV-2 infection [225]. These findings point to the need for
novel inhibitors with improved antiviral properties.
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4.1.1 The ZINC15 database

Our proposed ligands are from a set of candidates we identified during screening of the
entire ZINC15 database, which at that time contained 997,402,117 molecules. We hereby
covered a large chemical space spanning multiple classes of small molecules, including
metabolites, drugs, and natural products [173]. In the subsequent filtering step, we selected
druglike molecules and excluded compounds with known cytotoxic motifs and those
exhibiting promiscuous binding behaviour [177], [178], [179], [180]. We have used a
visualisation approach that focuses on common functional-group motifs, allowing us to
explore the biologically relevant chemical space and monitor subsequent actions that lead
to the selection of final candidates. Our filtered molecules underwent re-docking, followed
by classical MD simulations and MM-PBSA analysis, on three selected top-scoring
candidates.

Clustering and MM-PBSA analysis of the candidates revealed intermolecular
interactions with the residues ASN15, ALA12, THR11, and GLUS8 of the SARS-CoV-2
Epro pentameric viroporin. Previous studies underscore the importance of ASN15, the first
pore-facing and channel-restricting amino acid at the N-terminus. It has been shown to
interact with several experimentally confirmed inhibitors, including HMA, AMT [26], [59],
and procyanidin [52]. Notably, ASN15ALA mutations in SARS-CoV-1 Epro abolished ion
conductance [26], [226], [227], highlighting the importance of this residue in the channel's
ion transport mechanism. Interactions with THR11 were also observed experimentally for
HMA and procyanidin, with THRI11ALA mutants of SARS-CoV-2 Epro exhibiting
significantly reduced viral replication and virulence due to the absence of Epro ion-channel
currents [36]. Finally, GLUS, an exposed amino acid at the N-terminus, was found to
interact with procyanidin [52]. In addition, the flexible ring formed by the five GLUS
residues is thought to be an important regulatory part of the channel’s cation selectivity
filter [26]. Our MD simulations indicate that two of the eight candidates block the SARS-
CoV-2 Epro ion channel for extended periods by forming hydrogen bonds with ASN15 and
THR11. Binding affinities were calculated for these candidates, with L3 and L2 emerging
as the most promising, showing more favourable binding than RMT at the C- and N-
terminal vestibule under the present simulation conditions.

Despite their structural similarity to the computationally prioritised candidates, the
tested commercially available analogues did not exhibit detectable antiviral activity in
vitro. This suggests that the predicted interactions within the E protein channel may be
highly specific and sensitive to subtle structural features not retained in the commercially
available analogues. Alternatively, these compounds may not be active against MHV under
the tested conditions. These findings highlight the limitations of structure-based virtual
screening in predicting functional antiviral activity and underscore the importance of
experimental validation.

4.1.2 FKKTLib

In this part of the thesis, we identified a novel SARS-CoV-2 Epro inhibitor using an in
silico approach and further characterised its antiviral activity against a model coronavirus
(MHYV) in vitro, showing ECs) values in the same general micromolar range as those of the
known broad-spectrum coronavirus inhibitors HMA and RMT.
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4.1.2.1 The lead candidate forms a stable complex with the SARS-CoV-2 Epro N-
terminal vestibule with high binding affinity

As a starting point for this search, we performed in silico analyses to explore the potential
of our lead candidate (LC), a functionalised adamantane connected to an indole group and
an aliphatic chain via an amide linker. LC and RMT were subjected to classical MD
simulations and MM-PBSA analysis. Clustering and MM-PBSA analysis of the SARS-
CoV-2 Epro—ligand trajectories revealed that LC primarily engages residues located in the
N-terminal vestibule, including GLU8, THR9, THR11, ASN15, and LEU18. Several of
these residues (GLUS8, THR11, and ASN15) were previously identified as key determinants
of ion channel function and inhibitor binding (Section 4.1.1) [26], [36], [52], and their
involvement here further supports the N-terminal region as a primary binding site. In
particular, ASN15 and THR11, which are central to pore constriction and ion conductance,
form persistent interactions with LC, consistent with their established functional
importance [26], [36], [226], [227]. In addition to these well-characterised residues, LC also
interacts with THR9, a residue at the dynamic N-terminus. THR9 was found to strongly
interact with HMA [26], supporting its importance as an inhibitor-binding residue. LEU18,
a hydrophobic residue that forms a narrow stretch (pore radius of ~2 A) of the channel
along with LEU21, VAL25, and LEU28 [26], was found to interact strongly with other
adamantanes such as adapalene and RLA-3107 as well as with artefenomel [60]. RMT
predominantly interacts with residues located in the C-terminal vestibule, including
LEU28, ALA32, and THR35, consistent with previous observations for memantine and
dopamantine (two adamantane derivatives) [60].

We further note that the persistent interactions of ARG38 with POPC headgroups
suggest that the C-termini act as membrane anchors, helping stabilise the position and
orientation of the Epro ion channel within the bilayer. By forming strong salt bridges with
the lipid phosphate groups, ARG38 may effectively “lock” the C-terminal region at the
membrane interface and pre-organise the C-terminal vestibule. Similarly, other viroporins
are well known to anchor to the lipid bilayer by terminal positively charged residues such
as lysine or arginine [228]. In this context, the stable binding of the positively charged
RMT ligand in the immediate vicinity of ARG38, despite potential electrostatic repulsion,
indicates that the overall local environment — comprising ARG38, nearby residues, and the
lipid headgroups — creates a net stabilising interaction network. Thus, ARG38-lipid
contacts may not only anchor the protein but also indirectly support the retention of
positively charged ligands, such as RMT, at the C-terminal binding site. A mutational
study by Steinmann et al. on the hepatitis C virus p7 viroporin has highlighted a similar
role for conserved basic residues at the membrane interface, stabilising the proper protein’s
orientation in the membrane via electrostatic interactions with the negatively charged
phosphate groups of lipid headgroups. Upon replacement with neutral amino acids,
production of infectious viral particles was dramatically suppressed, suggesting an
important role for basic amino acid motifs positioned near the lipid headgroups at the
membrane interface [229]. We note that the present simulations employ a simplified
membrane model consisting of a homogeneous POPC bilayer. Real ERGIC/Golgi
membranes are compositionally complex and may contain other components such as
cholesterol and anionic lipids [230] that influence membrane properties and protein
conformational equilibria. While such effects are not explicitly captured here, the chosen
model enables controlled, reproducible comparison of ligand binding in a consistent
environment. The incorporation of lipid heterogeneity thus represents an important
direction for future studies.

The MD simulations indicate that LC blocks the SARS-CoV-2 Epro ion channel for an
extended period by forming stable complexes in the N-terminal vestibules. Binding
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affinities were calculated for LC, showing a more favourable binding affinity than for RMT
in the C-terminal vestibule under the present simulation conditions, by a factor of 1.7. We
note that the C- and N-terminal vestibules face the cytoplasm and ERGIC lumen,
respectively; thus, binding-site preference could modulate both blockade efficacy and
compartmental access. However, a detailed elucidation of its pharmacodynamic
implications is outside the scope of this study.

4.1.2.2 The lead candidate inhibits MHYV infectivity

MHYV is used as a surrogate because it is a close phylogenetic relative of SARS-CoV-2; both
viruses share similar structural features, exhibit comparable infection-related pathogenic
processes, and can cause similar severe pathological outcomes [155], [156], [157]. LC reduced
MHV infectivity in wvitro in a dose-dependent manner and exhibited strong antiviral
activity, with an ECs of 12 uM, as confirmed by plaque reduction assays. LC exhibited
selectivity indexes (SIs) of a similar order to those of RMT and HMA in this assay system,
highlighting its efficacy as a competitive antiviral candidate. ToA experiments indicated
that all three compounds act in the late stages of the MHV life cycle, which is consistent
with previous findings and the known role of Epro [61], [68]. In addition, the potent
activities of LC and HMA at co-treatment suggest that they either interfere with the entry
stages of the viral cycle or interact with virus particles in a virucidal manner, possibly
inactivating the virus before cellular infection [168].

Regarding the antiviral efficacy of HMA and RMT, our results are consistent with
previous reports describing similar efficacy values [55], [231]. Breitinger et al. [21], [59] also
showed that HMA, RMT, and AMT inhibit both SARS-CoV-1 and SARS-CoV-2 Epro in
vitro, with HMA found to be the most potent — a trend reflected in our results as well. The
ratio of RMTs” and HMAs’ ECs values in our study (3.4) is comparable to previously
reported ratios for SARS-CoV-2 Epro (6) and SARS-CoV-1 Epro (4). It underscores
consistency across coronaviruses and experimental systems, despite methodological
differences [21], [59]. Furthermore, RMT was found to be less cytotoxic than HMA,
consistent with previous studies showing that adamantanes such as RMT and AMT
generally have lower cytotoxicity [21], [232], [233].

4.1.2.3 The lead candidate transiently delays MHV RNA replication

We observed that MHV RNA replication was delayed in infected cells treated with LC.
Significantly lower RNA levels were detected at 24 h post-treatment compared to untreated
infected controls. We observed similar results for HMA and RMT, indicating that Epro
plays a role in viral replication, although the tested inhibitors did not completely block
viral replication. Kuo et al. [30] and DeDiego et al. [234] reported that MHV and SARS-
CoV-1 E-gene deletion mutants had infectious titres three orders of magnitude lower, as
demonstrated in wvitro and in vivo, concluding that Epro is critical but not essential for
viral replication [30], [234]. Previous studies show that SARS-CoV-1 Epro contributes to
virulence, particularly through the PDZ-binding motif (PBM), a C-terminal domain that
mediates protein—protein interactions and modulates signalling pathways implicated in
pathogenesis [235]. Alvarez et al. [236] reported that SARS-CoV-2 PBM mutants exhibit
delayed replication (at 24 and 32 h post-infection) in vitro and cause less weight loss, lower
viral load, significantly attenuated inflammatory responses, and milder respiratory damage
in vivo [236]. Similarly, reduced lung inflammation was reported in vivo for SARS-CoV-1
Epro mutants [234]. Taken together, these results suggest that Epro's contribution to
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virulence cannot be explained by replication efficiency alone and is closely linked to
inflammation.

4.1.2.4 Lead candidate prevents cell lysis by attenuating MHYV release

Light microscopy and TEM analysis showed that LC strongly reduces virion release and
consequently prevents cell lysis. Consistent with our qPCR results, LC did not have a
strong effect on viral genome replication at 48 h post-treatment, as we observed virus-
induced changes comparable to those at the positive control. Similarly, Ortega et al. [237]
reported that, despite successful viral genome replication, deletion of Epro in transmissible
gastroenteritis coronavirus (TGEV) led to two distinct effects: blockade of viral transport
across the membranes of the secretory pathway and impaired virion maturation. As in our
study, an accumulation of virions in intracellular compartments was observed, supporting
a role of Epro in virus post-replication phases. Recent work also shows that B-CoVs use
lysosomes for egress, with Epro migrating from the Golgi to the lysosomes, where its
viroporin activity inhibits acidification and promotes efficient virus release [238], [239],
[240], [241]. According to Pearson et al. [239], mutations in the C-terminal region of SARS-
CoV-2 Epro cause it to remain in the endoplasmic reticulum, thereby hindering its
transport to the lysosomes. The conserved hydrophobic residues in the C-terminal region
suggest that ER export is a universal CoV mechanism that enables viral assembly [239].
Despite evidence showing that Epro cooperates with M protein to ensure efficient assembly
[242], studies have shown that expression of Epro alone can drive vesicle formation and
induce membranous structures resembling those in infected cells, suggesting that it can act
independently of other viral components [32], [243], [244], emphasising the essential role of
Epro in morphogenesis, maturation, assembly, and release of the virions.

There are still groups at risk of developing life-threatening COVID19 complications,
such as cancer patients, for whom the Omicron strain was the deadliest in the US compared
to all previous SARS-CoV-2 strains [245]. Herein, SARS-CoV-2 Epro is an antiviral target
that plays an important role in viral replication and pathogenesis. The consistency of our
study with experimental findings from previous studies emphasises the relevance of our
findings and the potential antiviral properties of the LC. Taken together with the suspected
presence of other viroporins in SARS-CoV-2 [246] and the frequent occurrence of viroporins
across a diverse range of viruses, these findings may point to pathways for developing
antiviral drugs with pan-corona or even broad-spectrum activity. Many pathomechanistic
details of SARS-CoV-2 are still being uncovered, such as recent findings suggesting that
several variants can form stable complexes with monoamine oxidase enzymes (MAOs)
[247], potentially disrupting their function and contributing to oxidative stress and
neurodegenerative processes in COVID-19-related neurological complications [248], [249],
[250], [251], [252], [253]. Other examples include evidence that SARS-CoV-2 Epro alters
ER calcium homeostasis by interfering with the function of the sarco/endoplasmic
reticulum calcium ATPase, thereby mimicking host regulins and reducing ER Ca**
reuptake [254]. This illustrates the need for further research to elucidate the full spectrum
of virus—host interactions and their implications for long-term disease outcomes and the
design of novel therapeutic strategies.

4.1.3 Antiviral potential of Helichrysum italicum

Natural products are an important complementary source of antiviral compounds,
particularly as plant-derived extracts contain diverse bioactive molecules that may act
through multiple mechanisms. In this context, we investigated Helichrysum italicum for its
antiviral potential against both enveloped and non-enveloped viruses, with particular
attention to the activity of its ethanolic extract and major phenolic constituents. The
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following discussion examines the observed antiviral effects in relation to extract
composition, potential mechanisms of action, and the contributions of individual
compounds, such as quercetin.

4.1.3.1  H. italicum ethanolic extract inhibits MHYV and VSV infectivity

The differences in the extracts’ activity can be attributed to their chemical composition.
The ethanolic extract’s potent antiviral activity can be explained by the fact that ethanol,
as a solvent, efficiently extracts both polar and moderately lipophilic phenolic compounds,
including flavonols such as quercetin and a wide range of hydroxycinnamic acid derivatives
[99]. Hot-water extracts primarily extract highly polar constituents such as chlorogenic
acid and quinic acid. Still, they may promote the degradation or isomerisation of labile
compounds due to elevated temperatures, thereby reducing antiviral potency [98], [99].
Essential oils and hydrosols, by contrast, are dominated by volatile terpenes and contain
low amounts of non-volatile phenolics, which are increasingly recognised as contributors to
virucidal and entry-inhibitory effects against viruses, especially the enveloped ones [92],
[99], [255], [256].

Previous reports indicate that the antiviral activity of ethanolic extracts varies across
Helichrysum species. Kutluk et al. reported that, among seven Helichrysum species
ethanolic extracts, only H. arenarium and H. armenium DC exhibited virucidal activity
against HSV-1 and parainfluenza virus type 3 (PIV-3) at concentrations of 2-32 and 4-64
ug/mL, respectively [134]. Lall et al. reported that H. melanacme ethanolic extract
exhibited antiviral activity against IAV with an ICs of 10 pg/mL, which is comparable to
results for PIV-3 [133], [134]. Ethanolic extracts of H. cymosum (L.) Less. (Compositae)
and H. foetidum (L.) Moench var. microcephalum A. Rich. (Compositae) were active
against several enveloped viruses, including HSV-1, and Semliki Forest virus A7 (SFAT),
but not against the enveloped measles virus strain Edmonston A (MV-EA) and the
vesicular stomatitis virus T2 (VSVT2), and non-enveloped polio type 1 and coxsackie B2
viruses [132].

In the studies mentioned [132], [133], [134], virucidal activity was primarily inferred
from co-incubation assays of the virus with the extract before infection. While such assays
are suitable for detecting inhibitory effects before or during early infection, they do not
necessarily distinguish between true virucidal activity and interference with early entry
processes. In contrast, the additional dilution-based experiments performed in the present
study enabled differentiation between these mechanisms. They provided further insight
into the mode of antiviral action during early steps of the MHV life cycle.

The strong antiviral activity observed against both enveloped viruses tested in our
study, together with the lack of effect on non-enveloped MNV, indicates envelope-
dependent susceptibility. Phenolic-rich plant extracts frequently exhibit greater antiviral
activity against enveloped viruses compared to non-enveloped viruses, a trend consistently
reported in comparative antiviral screening studies [257], [258], [259]. This selectivity could
be attributed to interactions with the viral envelope or envelope glycoproteins, leading to
membrane destabilisation or inhibition of viral attachment and fusion. Non-enveloped
viruses may nevertheless be affected by phenolic-rich extracts. For example, polyphenol-
rich grape seed extract and persimmon tannin-rich extract have been shown to inactivate
poliovirus and norovirus by inducing viral protein aggregation [260], [261], [262], supporting
mechanisms distinct from envelope disruption.



4.1. Characterisation of Antiviral Candidates 55

4.1.3.2 H. italicum ethanolic extract suppresses MHV RNA replication

Our qPCR results demonstrate that the ethanolic extract exhibits dose-dependent antiviral
activity against MHV, with complete suppression of viral RNA at high concentration (50
ng/mL) and significant inhibition at moderate concentration (5 pg/mL). As experiments
were conducted under co-treatment conditions, these findings suggest that the ethanolic
extract acts at an early stage of the viral replication cycle, likely by preventing viral
attachment or entry, or by directly inactivating virions. This interpretation is supported
by the significant reduction in viral infectivity observed in the plaque reduction assay and
time-of-addition assay under co-treatment conditions. Our results are consistent with
previous reports on ethanolic extracts of Helichrysum species [133], [134]. Similar early
suppression of coronavirus replication has been reported for several plant extracts
quantified by qPCR, suggesting either virucidal activity or interference with early stages
of viral entry. Extracts rich in flavonoids, terpenoids, and polysaccharides may interact
with viral proteins, inhibit viral attachment or membrane fusion [263], or compromise
envelope integrity, as demonstrated for SARS-CoV-2 and influenza virus treated with
Prunus mume fractions [264]. However, the molecular mechanisms underlying the
inhibition of viral RNA replication by plant extracts remain largely unknown.

4.1.3.3 Quercetin inhibits MHV at the early entry stages of the viral cycle

Quercetin, like the ethanolic extract, exerts antiviral activity against MHV by interfering
with the early stages of virus—cell interaction, such as viral attachment or entry. This
flavanol is found in various plants and has well-documented antiviral potential [265], [266],
[267]. Previous in witro studies have confirmed its virucidal activity and inhibition of
influenza viral entry [265], [266]. Against SARS-CoV-2, quercetin showed virucidal activity,
reduced viral replication in vitro (SI = 17) [267], and involved the envelope protein [59],
while in silico studies suggested interactions with the spike and membrane proteins [268],
[269]. The mechanisms of action include inhibition of viral entry into cells, binding of capsid
proteins to genomic nucleic acids, and inhibition of viral polymerases and other proteins
[268], [270]. In a study by Chiow et al., quercetin unexpectedly showed poor virucidal
activity against MHV (strain unspecified) in the CCL9.1 cell line (SI = 0.93), as determined
by a neutralisation test under the same co-treatment conditions as in our study [271].

However, the other five tested compounds (quinic acid, caffeic acid, chlorogenic acid,
arzanol, myricetin), which had been evaluated in our laboratory and reported in an earlier
master’s thesis [136] and in the present doctoral thesis, showed no antiviral activity. A
combination of quinic and caffeic acid was also inactive, suggesting that, beyond quercetin,
the antiviral effect of the ethanolic extract may result from multiple synergistic
interactions, chemical modifications, or additional constituents not detected by the
analytical approach used [272], [273], [274]. Identification of the key contributors to
antiviral activity would require bioactivity-guided fractionation and isolation of individual
compounds detected by mass spectrometry.
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Chapter 5

Conclusions

In this work, we combined computational and experimental approaches to investigate
antiviral strategies targeting the coronavirus viroporin and characterised natural product
extracts using comprehensive experimental methods.

We performed in silico analyses to compare candidate compounds targeting the SARS-
CoV-2 E protein (Epro) ion channel. High-throughput virtual screening followed by
rigorous filtering initially identified several promising ligands. Among these, molecular
dynamics (MD) and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA)
analyses identified compounds L2 and L3 as the most favourable, exhibiting intermolecular
interactions within the N-terminal vestibule of the Epro pentameric viroporin with the
amino acid residues GLUS, THR9, THR11, LEU12, and ASN15. However, the absence of
antiviral activity against a surrogate virus, murine hepatitis virus (MHV), observed in vitro
for structurally related, commercially available analogues underscores the limitations of
structure-based predictions and highlights the sensitivity of Epro inhibition to subtle
structural features. These findings emphasise the necessity of integrating experimental
validation early enough in the drug discovery pipeline.

Extending this approach, the current lead candidate (LC), (S5)-N-(2-((15,35,55,75)-
adamantan-2-yl)ethyl)-2-(butylamino)-3-(1 H-indol-3-yl)propenamide, from the Faculty of
Chemistry and Chemical Technology compound library (FKKTLib) demonstrated the
highest predicted binding affinity among all candidates evaluated, forming stable
interactions within the N-terminal vestibule of the Epro involving key amino acid residues
GLUS8, THR11, ASN15, and LEU18. Importantly, the computational approach was
supported by in wvitro results on MHV, using techniques such as plaque reduction assays,
quantitative PCR, light microscopy, and transmission electron microscopy. ECs of
approximately 12 pM was within the same micromolar range as those observed for the
reference Epro inhibitors 5-(N,N-hexamethylene)amiloride (HMA) and rimantadine
(RMT). LC reduced viral egress and protected infected cells from virus-induced cytopathic
effects. These observations are consistent with impaired Epro channel function, leading to
disrupted viral egress and attenuated infectivity. The convergence of in silico and in vitro
findings strengthens the case for LC as a promising compound and further supports
viroporin inhibition as a viable antiviral strategy. Given the high structural conservation
of E proteins across B-coronaviruses, such inhibitors may offer potential for broad-spectrum
antiviral development.

Complementary to the targeted drug discovery approach, we also investigated the
antiviral potential of a complex natural product extract. The ethanolic extract of
Helichrysum italicum exhibited selective antiviral activity against the enveloped viruses
MHYV and vesicular stomatitis virus (VSV), while no effect against a non-enveloped murine
norovirus (MNV) was observed, indicating an envelope-dependent mechanism. Chemical
profiling revealed a phenolic-rich composition, and in wvitro experiments confirmed that
quercetin contributes to antiviral activity by acting at the entry stages of the viral life
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cycle. However, the extract’s overall potency appears to arise from synergistic interactions
among multiple constituents, highlighting the complexity and therapeutic potential of
plant-derived mixtures.

Future work should focus on further validation and optimisation of these findings. For
Epro inhibitors, this includes synthesis and testing of prioritised compounds,
electrophysiological characterisation, and evaluation in SARS-CoV-2 system and in vivo
models to establish efficacy, pharmacokinetics, and safety. For H. italicum, bioactivity-
guided fractionation and combination studies will be essential to identify active
components, define synergistic effects, and ensure reproducibility through extract
standardisation.

Overall, this thesis underscores the importance of integrating computational techniques
with experimental validation. It also highlights the complementary potential of synthetic
and natural product-based approaches. Together, these strategies help expand the
currently limited repertoire of antiviral agents and support the ongoing development of
innovative therapeutics against SARS-CoV-2 and other emerging viral pathogens.
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Appendix A

Supplementary Material

A.1 Supplementary Material for Section 2.3

Supplementary Table 1: Molport IDs and chemical structures of the tested, commercially
available compounds with high similarity to the prioritised candidates, chosen from the
ZINC15 database. Chemical structures were drawn using ACD/ChemSketch version
2024.2.3 (Advanced Chemistry Development, Canada).

Lead

Molport ID compound CCso [nM] Chemical structure
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A.2 Supplementary Material for Section 3.1.1
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Supplementary Figure 1: Protein’s C-a RMSD as a function of simulation time for the final
ligand selection of L1-L8 and RMT corresponding to A-I, respectively [27].
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Supplementary Figure 4: Total MM-PBSA per-residue binding free energy contributions
for the final ligand selection. Labels are the same as in Supplementary Figure 1 [27].
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Supplementary Table 2: MM-PBSA binding free energies of individual protein residues,
AGpSy 4, for which AGy%; <—1.80 kcal/mol. SARS-CoV-2 Epro subunit labels are shown
in Supplementary Figure 5 [27].

Candidate Residue AGy% 4 [keal/mol]
o C:LEU:12 ~1.8+0.3
D:GLU:8 —3.54+ 0.6
s B:THR:11 —2.5+ 04
C:ASN:15 —25+0.3
D:ASN:15 —2.7+0.3
E:ASN:15 —34+04
C:LEU:12 —234+0.5
A

Supplementary Figure 5: Subunit labels of the homopentameric SARS-CoV-2 envelope
protein [27].
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Supplementary Figure 6: Most representative cluster depicting the binding pose of RMT.
Protein moieties are depicted in blue [27].

A.3 Supplementary Material for Section 3.1.2
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Supplementary Figure 7: Protein’s C-a RMSD as a function of simulation time for the
final ligand selection of LC (replicas 1-3) and RMT-C-Epro (replicas 1-3) corresponding
to A—F, respectively [169].
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Supplementary Figure 10: Total MM-PBSA per-residue binding free energy contributions
for the final ligand selection. Labels are the same as in Supplementary Figure 7 [169].

Supplementary Table 3: MM-PBSA binding free energies of individual protein residues,
AGpe 4, for which AGpg,; <—1.80 keal/mol. SARS-CoV-2 Epro subunit labels are shown
in Supplementary Figure 5 [169].

Compound Residue AGRE 4 [keal /mol]

LC N-terminal Replica 1 B:GLU:8 -19 £ 0.8

LC N-terminal Replica 2 C:GLU:8 -12.7 £ 0.7

LC N-terminal Replica 3 A:ASN:15 -5.7+ 0.3
B:ASN:15 -2.5+ 0.3
B:LEU:18 22+0.2

RMT C-terminal Replica 1 - -

RMT C-terminal Replica 2 - -

RMT C-terminal Replica 3 - -

A.4 Supplementary Material for Section 3.2.3.4

Supplementary Table 4: Tentative identification of phenolic compounds in ethanolic
extract of Helichrysum italicum by MS/MS. Rt = retention time; [M-H|~ = main mass of
substance in negative ion mode; MS? = first fragmentation; MS* = second fragmentation;
MS* = third fragmentation
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Number Compound name Rt (min) [M-H|™ (m/z) MS? (m/z) MS? (m/z) MS* (m/2)
1 3-caffeoylquinic acid (neochlorogenic 7.77 353 191 (100), 179 (7)
acid)
2 5-caffeoylquinic acid (chlorogenic acid) 9.72 353 191 (100), 179 (47), 135 (7)
3 3-caffeoylquinic acid derivative 1 10.01 451 353 (100) 191 (100), 179 (46), 161 (30), 135 (6)
4 3-caffeoylquinic acid derivative 2 10.24 451 353 (100) 191 (100), 179 (46), 161 (29), 135 (7)
5 4-caffeoylquinic acid 13.30 353 173 (100), 179 (55), 191 (19), 135 (4)
6 3-caffeoylquinic acid isomer 13.89 353 191 (100), 179 (8)
7 caffeoyl hexaric acid 14.46 371 191 (100), 173 (20)
8 5-caffeoylquinic acid isomer 15.46 353 191 (100), 179 (4), 135 (3)
9 dicaffeoyl hexaric acid 1 16.53 533 353 (100) 191 (100), 179 (45), 173 (14), 135 (7)
10 dicaffeoy] hexaric acid 2 18.21 533 353 (100), 371 (76), 515 (30) 191 (100), 179 (49), 173 (14), 135 (7)
11 myricetin 3- O-glucoside 18.65 479 317 (100), 316 (20)
12 isorhamnetin 3- O-glucoside 20.13 477 315 (100)
13 1, 3-dicaffeoylquinic acid-hexoside 20.40 677 515 (100), 353 (16) 353 (100), 323 (29) 179 (100), 191 (90), 173 (19)
14 quercetin-3- O-glucoside 21.30 463 301 (100)
15 1, 3-dicaffeoylquinic acid derivative 1 22.91 724 515 (100), 353 (40) 353 (100) 191 (100), 179 (25), 173 (20),
16 1, 3-dicaffeoylquinic acid 23.42 515 353 (100) 191 (100), 179 (28), 173 (25), 135 (3) —
17 1, 3-dicaffeoylquinic acid 23.68 515 353 (100) 191 (100), 179 (51), 173 (22), 135 (7)
18 3,4-dicaffeoylquinic acid 24.02 515 353 (100) 173 (100), 191 (64), 179 (62), 135 (3)
19 1,3-dicaffeoylquinic acid malonyl 24.64 601 557 (100), 395 (57) 395 (100) 191 (100), 173 (40), 179 (30)
20 tricatfeoylhexaric acid 1 2581 695 533 (100), 371 (39) 371 (100), 209 (5), 353 (5)
21 quercetin- O-coumaroylglucoside 1 26.41 609 463 (100), 301 (10) 301 (100)
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Supplementary Figure 11: Representative HPLC-MS chromatogram of the ethanolic extract of Helichrysum italicum recorded in negative ion mode.
Peaks correspond to phenolic compounds identified by MS™ fragmentation (Supplementary Table 4).
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