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1 Summary

Human viral respiratory pathogens influenza A virus (FLUAV) and Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) are a significant burden
on human health. Even though antivirals are available, the infection numbers still
remain significant. Recent in silico data provided insight on potential inhibitors against
these viruses. One of the top hits was the schizophrenia drug Paliperidone which was
predicted to disrupt the interaction of FLUAV polymerase subunit PB2 with the
nucleoprotein NP and to inhibit SARS—CoV-2 protease 3CLpro. In this work the effect
and mechanism of action of Paliperidone against FLUAV and effect on SARS-CoV-2
were to be determined. Paliperidone exhibited early inhibitory effect against A/PR/8/34
in RNA, protein and titer levels with the latter observed, in human airway bronchial
cell system. Furthermore, Paliperidone exhibited mild inhibitory effect against other
HIN1 strains in RNA, protein and viral polymerase levels, failing to affect strain
A/WSN/33 PB2 627E (avian) whatsoever. In this study, was, also, in vitro proved, that
Paliperidone disrupts the interaction of PB2 and NP of A/PR/8/34. Paliperidone was
also found, here, to inhibit SARS—CoV-2 only on RNA levels. All these indicate that
Paliperidone might represent a compound of interest for further development of
FLUAV and SARS-CoV-2 antivirals.

RIG-1 is an innate immune cytosolic pattern recognition receptor inducing type
1 interferon response and senses RNA of FLUAV and SARS-CoV-2. RIG-I domains
CARDs and helicase are indispensable for interferon response. Studies with signalling
deficient RIG—I, indicated that it has direct antiviral effect against FLUAV. Thus, in
this study, a set of mutations on RIG-I that affect signalling were inhibitory against
A/PR/8/34 in RNA levels in kidney cells. Furthermore, in adenocarcinoma alveolar
cells, the signalling deficient RIG-1 DC (ACARD) exhibited inhibitory effect against
only strain A/PR/8/34 on RNA levels, failing to affect strain A/WSN/33 PB2 627E
(avian) and SARS-CoV-2. These indicate that, signalling deficient RIG-I is of interest
to study for its direct antiviral activity against FLUAV.



2 Zusammenfassung

Humane virale Influenza—A-Virus (FLUAV) und schweres akutes
respiratorisches Syndrom Coronavirus 2 (SARS-CoV-2) sind eine erhebliche
Belastung fiir die menschliche Gesundheit. Obwohl Virostatika verfiigbar sind, bleiben
die Infektionszahlen signifikant. In silico Daten lieferten Einblicke in potenzielle
Inhibitoren gegen diese Viren. Ein Top-Hit war das Schizophrenie-Medikament
Paliperidon, von dem vorhergesagt wurde, dass es die Wechselwirkung der FLUAV-
Polymerase—Untereinheit PB2 mit dem Nukleoprotein NP stort und die SARS—-CoV-
2—Protease 3CLpro hemmt. In dieser Arbeit werden Wirkung und Wirkmechanismus
von Paliperidon gegen FLUAV und Wirkung auf SARS—-CoV-2 ermittelt. Paliperidon
zeigte eine friihe inhibitorische Wirkung gegen A/PR/8/34 in RNA, Protein und
Titerspiegeln, wobei letztere im Primérzellen der menschlichen Atemwege beobachtet
wurden. Aullerdem zeigte Paliperidon eine leichte Hemmwirkung gegen anderen HIN1
Stimmen in RNA, Protein und viralen Polymerase—Spiegeln, mit Ausnahme des
A/WSN/33 PB2 627E (Vogel) zu beeinflussen. In dieser Studie wurde in vitro
bewiesen, dass Paliperidon die Interaktion von PB2 und NP von A/PR/8/34 und SARS—
CoV-2 nur auf RNA-Ebene hemmt. All dies deutet, dass Paliperidon eine interessante
Verbindung fiir weitere Entwicklung von antiviralen Medikamenten gegen FLUAV

und SARS—CoV-2 darstellen konnte.

RIG-1 ist ein angeborener zytosolischer Mustererkennungsrezeptor des
Immunsystems, der eine Typ—1-Interferonantwort induziert und die RNA von FLUAV
und SARS-CoV-2 wahrnimmt. RIG-I-Dominen CARDs und Helikase sind fiir die
Interferonantwort unverzichtbar. Studien mit signaldefizitirem RIG-I zeigten, dass es
eine direkte antivirale Wirkung gegen FLUAV hat. Daher war in dieser Studie eine
Reihe von Mutationen auf RIG-I, die die Signaliibertragung beeinflussen, inhibitorisch
gegen A/PR/8/34 in RNA-Spiegeln in Nierenzellen. Dariiber hinaus zeigten in
Adenokarzinom—Alveolarzellen die signaldefizitiren RIG-I DC (ACARD) eine
inhibitorische Wirkung nur gegen den Stamm A/PR/8/34 auf RNA-Ebene, ohne den
Stamm A/WSN/33 PB2 627E (Vogel) und SARS zu beeinflussen —CoV-2. Diese
weisen darauf hin, dass es von Interesse ist, das signalisierende defiziente RIG—I auf

seine direkte antivirale Aktivitit gegen FLUAV zu untersuchen.



3 Introduction

3.1 Human viral pathogens

3.1.1 Influenza A virus

Influenza A viruses (FLUAVS) and their continuous emergence are an
important cause of global concern, morbidity and mortality, clinical, and economical
burden in humans. The frequent mutations and recombination of the influenza A virus
create the possible threat of antigenically novel strains/subtypes that might rise with
unpredictable pathogenicity and ultimately fear of it evolving into a pandemic strain
(Yu Hsu 2018). There have been many influenza pandemics, since the beginning of the
twentieth century. The 1918 pandemic was the most severe, Killing more than 20
million people worldwide (Patterson and Pyle 1991). The knowledge on mechanisms
of FLUAV infection, host immune responses, and how viruses evade from such
defensive responses at the molecular and structural levels have been consistently kept
updated in the past years. This has helped our understanding of virus—host interactions
and human immunology, and has led to the development of several antiviral drugs.
Unfortunately, these drugs have minimal impact on the clinical outcomes of infection
(Yu Hsu 2018). This is due to antigenic drift and shift. Due to the lack of a proofreading
function of the viral polymerase, every cycle of influenza viral replication tends to
produce different point mutations (Aggarwal et al., 2010, Nobusawa et al., 2006, Parvin
etal., 1986, Hu et al., 2017). This is the antigenic drift. From the other side, the genome
of the influenza virus is composed by eight individual segments. Different influenza
strains can swap their genomes if they infect the same host, which normally happens in
swine species. Under these circumstances, novel strains of influenza viruses will be
produced. This is the antigenic shift (Zambon 1999). The constant use of the antiviral
drugs has also imposed selective pressure on FLUAV to evolve and develop resistance
mechanisms (Hurt et al., 2011). Vaccination remains the major countermeasure of
public health effort against influenza, however, sufficient mass—production of vaccines
is unlikely to occur immediately after the beginning of a pandemic. This, consequently,
requires novel therapeutic strategies against this continually, threatening, emerging
virus with higher specificity and reactivity against multiple strains/subtypes of
FLUAVs (Yu Hsu 2018).



3.1.1.1 FLUAV composition and the function of the viral proteins

FLUAYV belongs to the Orthomyxoviridae family and is classified as type A, B,
C, or D (Hause et al., 2104). It is a negative sense, single-stranded RNA virus (~80—
120 nm in diameter) (Lamb and Choppin., 1983). The viral envelope is composed of
two surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA) (Palese and
Shaw 2007). A small number of M2, which is an ion channel is also embedded in the
viral envelope (Zebedde and Lamb 1988). Within the virion, there are eight segments
of influenza RNA, which are coated with nucleoprotein (NP) and the polymerase
complex (Braudin et al., 1994, Compans et al., 1972, Murti et al., 1988) forming the
viral nucleoprotein (VRNP) complex (Resa—Infante et al., 2011). The VRNP is presented
in structural models as an anti—parallel double helix of NP—coated VRNA containing
the polymerase (Moeller et al., 2012). This forms the so—called dsRNA panhandle
(Schlee et al., 2009). The RNA-dependent RNA polymerase is composed of three
subunits, polymerase basic 1 (PB1), PB2, and polymerase acidic (PA) (Lamb and
Choppin 1983). Segments 1, 2, 3, 4, 5, and 6 encode for PB2, PB1, PA, HA, NP, and
NA, respectively (fig. 1). Segment 7 encodes for matrix 1 (M1) protein and M2 ion
channel through alternative splicing. Segment 8 encodes for non-structural protein
(NS1) and nuclear export protein (NEP) (Hu Ysu 2018).
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Figure 1: Graphical representation of Influenza A virion and nucleocapsid.
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The virion is composed by the proteins (HA, NA, M2, M1) and the eight segments encoding for
the viral proteins. Each segment (numbered) represented is double stranded RNA in a form of a
panhandle structure, coated with NP protein and complexed with the trimeric polymerase. (figure from
Krammer et al., 2018)

Regarding the function of the mentioned proteins, HA is responsible for the
entry of the virus into the host cells by binding to host cell surface glycoproteins. These
proteins are terminated with sialic acid residues at specific linkages. For example,
human FLUAVs preferentially bind to glycoproteins containing the terminal
SAa2,6Gal linkage, which are predominately found in human upper airway epithelium
(Ito et al., 1997, Ito et al., 2000, Ryan—Poirier et al., 1998). Upon this, the virus is
internalized into endosomes into the host epithelial cells. The low endosomal pH
environment in connection with the proteins HA, M2 and M1 (Pinto et al., 1992, Pinto
and Lamb 2006) lead to a subsequent release of viral RNP into the host cellular
cytoplasm (Whittaker and Helenius 1998, Zhirnov 1992, Bui et al., 1996, Martin and
Helenius 1991). The secondary surface glycoprotein, NA, is an enzyme that cleaves the
bond between the sialic acid and galactose units (Hamming 2020.) It is believed that
the role of NA is to prevent aggregation of the virus and enable release of progeny
viruses from the surface of host cells (de Graaf and Fouchier 2014). NS1 is a multi—
functional protein, with an RNA-binding domain at its N-terminus (residue 1-73)
which recognizes double—stranded RNA (dsRNA) sequences and blocks the host RNA
detection system. From the other side, the effector domain (residue 74-230) at the
carboxyl-terminus of NS1 can stabilize the RNA-binding domain, but its major
function is to interact with host cellular proteins and interfere with host messenger RNA
(mRNA) processing as well as host innate immune responses (Hu Ysu 2018). Thus,
HA, NA, M2, NS1 proteins function in order to either release the virions in the
cytoplasm or protect the VRNPs to reach the host cell nucleus, where replication occurs
(Samji 2009).

The viral proteins that make up the vVRNP are NP, PA, PB1, and PB2. All of
these proteins contain known nuclear localization signals (NLSs) that can bind to the
cellular nuclear import machinery and, thus, enter the nucleus and replicate (Boulo et
al., 2007). Replication is carried out by the viral RNA dependent RNA polymerase
(RdRp). Since the viral genome is negative sense, in order to be transcribed, it first has
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to be converted into a positive sense RNA that serves as a template for the production
of viral RNAs (Fodor et al., 1994).

The trimeric polymerase of FLUAV is composed by PB1, PB2 and PA proteins.
Accordingly, PB1 interacts with the cap—binding subunit PB2 and the endonuclease
subunit PA (Gonzalez et al., 1996). PB2 is highly conserved (Patel and Kukol 2017)
and consists of several domains. The N-and C—terminal of PB2 can bind either PB1 or
NP, but not both simultaneously. More specifically as previously described (Poole et
al., 2004) it was suggested that PB2 contains independent N— and C—terminal regions
capable of binding NP, located between residues 1-269 and 580-683, respectively.
Furthermore, PB2 is mainly responsible for generating, from capped host mRNA, the
cap structure for viral mMRNA to initiate transcription. The PB2 residues responsible for
“cap snatching” reside between positions 318-482, which bind to the host cell RNA
(Patel and Kukol 2017). PB2 also consists of the mid—domain, the cap—binding domain,
the cap-627 linker, the so called 627—domain, which is named after amino acid residue
627, a host range determinant of influenza viruses (Subbarao et al., 1993), and the C—
terminal NLS domain (teVelthuis and Fodor 2016). The characteristic PB2 host—
determining residue at position 627 is prevalent in mammalian strains lysine (K) and
glutamic acid (E) in avian strains (Subbarao et al., 1993). The 535-684 residues have
also been shown to have RNA binding activity (Kuzuhara et al., 2009) (fig. 2).

PB2
| | | | | | || |
1 100 200 300 400 500 600 ' 700 759
627
PB1 binding [Capsnatching |  [RNA-binding |
NP binding | PB1binding |
NP
binding

Figure 2: Graphical representation of PB2 protein and domains.

PB2 functional domains, protein interacting domains and 627 host range determinant residue

are shown.
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NP protein is moderately conserved among influenza A virus strains from
different species (Hu et al., 2017). It primarily has a structural role in maintaining the
structure of the RNP, but is also an essential cofactor and possible regulator of genome
replication (Portela and Dingard 2002). A protein—protein interaction between the
influenza virus NP and PB2 has been identified (Biswas et al., 1998). The functional
significance of this interaction is suggested to be important in the transcription—
replication process. Multiple regions of NP interact with PB2. The C—terminus (amino
acid (aa) (340 to 498) of NP contains a PB2 binding site as well as a sequence regulating
the NP-PB2 interaction in the last 33 aa of NP. It was shown that the sequences at the
C—terminus of NP regulate the strength and stability of NP-PB2 interaction since the
deletion of 33 aa at the C—terminus increases the amount of NP-PB2 complex
formation. NP | (1-161), 1l (255-341), IV (340-498) and V (340-465) domains
contain PB2 binding sites (Biswas et al., 1998). NP 1l is the only domain (aa 161 to
256) that does not bind to PB2, while an RNA binding region of NP has been identified
within N-terminal aa 1 to 180 (Albo et al., 1995), which overlaps with the NP | region
consisted by aa 1 to 161 (Biswas et al., 1998). (fig. 3).

Figure 3: Graphical representation of NP protein and domains.

NP
1 100 200 300 400 498
PB2 binding PB2 bindina
RNA-binding PB2 PB2
binding | binding

* 33 amino acids regulating NP-PB2 interaction

NP functional domains, protein interacting domains and residues affecting the interaction are

shown.

Consequently, since both NP and PB2 proteins are, in different levels,
conserved among the different subtypes and have many functions which are
indispensable for the viral replication, compounds that would interrupt their interaction

might have a broad range antiviral activity.
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3.1.2 Severe Acute Respiratory Syndrome Coronavirus

Another major virus is the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), causing coronavirus disease 19 (COVID-19) (V'kovski et al., 2021).
SARS-CoV-2 has rapidly spread throughout the world by infecting more than 169
million people and causing more than 6.5 million deaths worldwide by 10" August
2022, confirmed by the World Health Organization (WHO Coronavirus (COVID-19)
Dashboard). The primary organ affected in patients with COVID-19 is the lung, where
the main cause of mortality is hypoxic respiratory failure, arising from acute respiratory
distress syndrome (ARDS), with severe hypoxemia, often requiring assisted ventilation
(Siddiqi et al., 2020). Antiviral drugs and vaccines are two common strategies to
combat viral diseases. The WHO had listed more than 200 COVID-19 vaccines to be
under development as of August 9, 2022 (Draft landscape and tracker of COVID-19
candidate vaccines (WHO)). The list of antivirals throughout the years of the pandemic
has increased exponentially ranging from monoclonal antibodies to Molnupiravir and
Paxlovid reducing viral loads, hospitalizations and deaths (Drozdzal et al., 2021). On
the other hand, taking account the high infectivity and the fact that SARS-CoV-2 is
still a global concern, there is an urgent need to identify new compounds with potent
anti-SARS-CoV-2 activity (Xu et al., 2021).

3.1.2.1 SARS-CoV-2 composition and the function of the viral

proteins

SARS-CoV-2 is enveloped, single-stranded, positive-sense RNA virus,
classified in the Coronaviridae family, Betacoronavirus genus. The genome size of
SARS-CoV-2 is approximately 29.9 kb having 14 open reading frames (orfs), which
encode 27 proteins (Lu et al., 2020). These include four structural (nucleocapsid (N),
envelope (E), membrane (M) and S (spike)), as well as nine accessory (ORF3a—ORF10)
and 16 non-structural (nsp1-16) proteins (Rastogi et al., 2020, Gordon et al.,2020) (fig.
4).
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Figure 4: Graphical representation of SARS—-CoV-2 virion and genome.

The virion (upper image) is composed of a lipid envelope covered with Spike protein. The
genome (lower image) is coated with nucleoprotein and encodes for the viral proteins (picture from
Rastogi et al., 2020).

The structural proteins encoded by the SARS-CoV-2 genome have essential
roles in virus replication and packaging. The S protein interacts with the host cell
receptors and is required for virus entry into host cells (Rastogi et al., 2020). The S1
subunit recognizes the cellular receptor, angiotensin—converting enzyme 2 (ACE2) on
the host cell, which ultimately leads to entering of SARS-CoV-2 into the target cell.
Furthermore, upon entry, the E and M proteins participate in virion assembly and
release (De Maio et al., 2020). The M protein binds to the N and accessory proteins 3a
and 7a to enable the budding of viral particles (Tang et al., 2020). The N protein is a
multifunctional protein, which encapsidates the viral genome into VRNPs and recruits
them for virion formation by interacting with the M protein (Wang et al., 2022, Scherer
et al., 2022). Also, N protein hijacks innate immune interferon signalling by inhibition
of IFN-f (Li J.-Y. et al., 2020). These four structural proteins are encoded at the 3’—

end of the viral genome (Paules et al., 2020).

Besides the expression of the four structural proteins, the 3’—end also encodes
nine accessory proteins (Orf3a, Orf3b, Orf6, Orf7a, Orf7b, Orf8, Orf9b, Orf9c, and
Orf10) (Gordon et al., 2020) with their role being not fully clear (Wu A. et al., 2020).
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Orf3a is a multifunctional ion channel protein, mediating apoptosis (Ren et al., 2020).
SARS-CoV, causing the 2002-2004 outbreak (de Wit et al., 2016), is a predecessor of
SARS-CoV-2 and shares high resemblance with its successor (Hu et al., 2021).
Evidence from SARS—CoV indicate that Orf3a supports virus budding by interacting
with the structural proteins N, M and S (Tan, 2005). Orf3b shows antagonistic function
against the human innate immune system’s type | interferon (IFN) signalling (Konno
et al., 2020). Another IFN antagonist is Orf6 (Lei et al., 2020). Evidence from SARS—
CoV, suggest that Orf7a might play a role in virus budding and release (Taylor et al.,
2015). The function of Orf7b is still unclear, but due to the high sequence conservation
with SARS-CoV, it is predicted to have a pro—apoptotic function (Schaecher et al.,
2007). Another IFN antagonistic factors are Orf8 and ORf9b (Li J.-Y. et al., 2020,
Zhang et al., 2020, Han et al., 2021). More specifically, ORf9b interacts with innate
immune proteins retinoic—acid inducible gene (RIG-1) and Mitochondrial antiviral—
signalling protein (MAVS) and inhibits downstream interferon signalling
(Han et al., 2021). Evidence from SARS-CoV (Gordon et al., 2020), suggest that Orf9c
and Orf10 are inhibitors of the antiviral host response.

At the 5" end of the genome, the virus encodes two polypeptides, due to the
transcription and translation of a frameshift of two Orfs. The Orfs, Orfla and Orflb
encode for two polypeptides ppla and pplab. These polypeptides are cleaved by viral
proteases producing the 16 non—structural proteins (Mousavizadeh and Ghasemi 2020).

The 16 non-structural proteins show a wide variance of functions. The nspl is
known to be a translation inhibitor, by binding and reducing the available number of
ribosomes that can carry out the translation (Schubert et al., 2020). The nsp2 is an
interferon inhibitor by repressing the translation of Interferon g (Xu et al. 2022). The
nsp3 encoding shows proteolytic cleavage function (Mariano et al., 2020). The nsp4
induces changes to the endoplasmic reticulum structure (Hackstadtet al., 2021) which
is connected with the replication of coronaviruses (Hagemeijer et al., 2012). The nsp5,
encoding for 3CLpro, is the main protease and, together with the nsp3, is responsible
of cleavage and release of the mature nsps (Mousavizadeh and Ghasemi, 2020). The
nsp7, nsp8 are cofactors to the core RNA—-dependent RNA polymerase nspl2 (Gao et
al., 2020). The nsp9’s role is still unclear but it seems to play a role together with nsp15,
to the RNA processing and production (Mariano et al., 2020). The nsp10 forms a
complex with nsp14 which has ribonuclease activity (Baddock et al., 2022). The nsp10,
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also, forms a complex with nsp16 (Lin et al., 2020) which was suggested in the relevant
SARS-CoV, to improve translation efficiency and immune evasion (Chen et al., 2011).
The nspl3 protein is a helicase, which is also part of the replication transcription
complex with nsp7, nsp8 and nsp12 (Chen et al., 2020). The nsp15 is an RNA uridylate—

specific endoribonuclease (Frazier et al., 2021).

These mentioned viruses, are detected by the innate immune system.

3.2 Immunity against FLUAYV and SARS-CoV-2

Human infection by influenza viruses starts out in the respiratory tract and in
most cases, infection is contained within this organ. The first anatomic barrier of the
respiratory epithelium against influenza viruses that enter the host through the oral or
nasal cavities is the mucus. If the virus manages to successfully overcome the mucous
layer, it next attaches to and invades the respiratory epithelial cells. Upon this, the virus
can spread to both non—immune and immune cells in the respiratory tract
(Manicassamy, et al. 2010, Perrone et al 2008). In the case of SARS-CoV-2, cells that
are targeted depend on the expression of the target ACE2 receptor (Zhou et al., 2020).
Thus, the host cells are alveolar, ciliated and goblet cells in the respiratory system,
intestinal epithelium cells, vascular endothelia and cardiac cells (Hamming et al., 2004,
Sims et al., 2005, Sungnak et al., 2020, Xu et al., 2020).

The defence mechanisms by the innate immune system are a formidable barrier
to influenza and SARS—-CoV-2 viruses. A specialized immune system exists at distinct
mucosal surfaces to counteract invasion by pathogens. The viral RNA that is present
within infected cells is recognized as foreign by various pattern recognition receptors
(PRRs), which leads to the production and release of type I interferons (IFNs), pro—
inflammatory cytokines, and chemokines. Type | IFNs which are produced by several
types of cells stimulate the expression of hundreds of genes, known as IFN-stimulated
genes (ISGs) in self and neighbouring cells, which induce an antiviral state (Kallfass et
al., 2013, Jewell et al., 2007, Lazear et al., 2019).

Despite that, as previously mentioned the defence mechanisms by the innate

immune system are a formidable barrier to influenza and SARS-CoV-2 viruses.
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3.2.1 Innate recognition of Influenza and SARS-CoV-2 virus

infection

The innate immune system detects viral infections through the recognition of
pathogen—associated molecular patterns (PAMPS) by pattern recognition receptors
(PRRs). PAMPs are infectious agent products, and more specifically protein,
protein/lipid complexes, and viral nucleic acid, which are specific to the infectious
agent or, on the other hand, atypically located within the cell and accumulate during
infection. During virus infection PAMPs accumulate at different compartments within
the infected cell, including at the cell surface, inside endosome or free in the cell cytosol
(Janeway 1989, Kell et al., 2015). The major sensor for Influenza infection is the RIG-
| like receptor (RLR), retinoic acid-inducible gene | (RIG-I) recognizing 5'—
triphosphate dsRNA (5 ppp—dsRNA) panhandle (Kato et al., 2006). RIG-I detects virus
that is present within the cytosol of infected cells (cell-intrinsic recognition). RIG-1 is
indispensable for FLUAV recognition and clearance since, high or lethal doses of
influenza A virus in mice that are deficient in RIG-I have revealed, delayed recovery
and lower survival compared to the wild type mice (Kandasamy et al., 2016). On the
other hand, SARS-CoV-2 virus is sensed by the RLRs RIG-I and melanoma
differentiation—associated protein 5 (MDADJS) (Bortolotti et al., 2021, Yang et al., 2021).
Also, in—vitro studies show that both MDAS and RI1G-1 detect SARS-CoV-2 infection
and are upregulated due to the infection (Thorne et al., 2021, Yamada et al., 2021).

3.2.1.1 RIG-I like receptors

The human genome encodes three RLRs, RIG-I, melanoma differentiation
associated gene 5 (MDADJ), and laboratory of genetics and physiology 2 (LGP2). These
are DExD/H box—containing RNA helicases and ubiquitously expressed in the
cytoplasm (Yoneyama et al., 2005). These RLRs commonly have a central helicase
domain with ATP-ase function and a C—terminal domain (CTD) critical for RNA
recognition. RIG-I and MDADS5 also contain a tandem caspase recruitment domain
(CARD) in their N-terminal region, which is required for associating with the adapter
molecule mitochondrial antiviral-signalling protein (MAVS, also known as IPS-1,
VISA, and Cardif), which also contains a single CARD at its N-terminus. The
interaction between the CARDs of RIG-I/MDAS5 and MAVS leads to the recruitment

of downstream signalling proteins, to activate transcription factors Interferon
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Regulatory Factor (IRF-3/7) (Yoneyama et al., 2015, Rehwinkel and Gack., 2020, Paz
et al., 2006).

More specifically, IRF3 and IRF7 are potent transcription factors that upon
signal transduction are phosphorylated and activated. Phosphorylated IRF3 and IRF7
form homo-— and heterodimers that accumulate in the nucleus, where they attach to
target sequences to initiate gene transcription. Activated IRF3 and/or IRF7 direct IFN—
B transcription (Panne 2008). In most cell types, IRF3 is constitutively expressed while
IRF7 expression remains low until induced by IFN in a positive feedback loop (Sato et
al. 1998). All these ultimately lead to the transcriptional activation of IFN and interferon
stimulated genes (ISGs) (Rehwinkel and Gack., 2020). An example of RIG-I

recognition of FLUAV and downstream interferon signalling is shown (fig. 6).

-ﬁ_ Virion

Endocytosis

VRNP release

5ppp dsRNA
panhandle

Figure 5: Influenza virus infection is detected by RIG-I host sensor that

recognize unique features associated with the infection.
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Within infected cells, vRNPs in the cytosol are recognized by RIG-I (Kato et al., 2006), which,
through the activation of MAVS and downstream IRF3, leads to the induction of type I IFN and ISGs
(Panne 2008, Sato et al. 1998, Paz et al., 2006).

IFN—B that is produced and secreted as a result of the RLR cascade, binds to the
membrane interferon—a/p receptor (IFNAR) in an autocrine or paracrine (nearby cells)
manner to initiate Janus kinase/signal transducer and activator of transcription (JAK—
STAT) signalling and also the interferon—stimulated gene factor 3 (ISGF3)-dependent
expression of interferon stimulated genes (ISGs). The JAK family, which are tyrosine
kinase non—receptor proteins, phosphorylate STAT proteins to induce downstream IRF
signalling inducing inflammation and immune fitness (Hu et al., 2021). In addition,
interaction of phosphorylated STAT1 and STAT2 with IRF9, forming ISGF3, activates
the transcription of over 300 antiviral 1SGs (Michalska et al., 2018). This signalling
serves to amplify the IFN response by increasing the expression of IFN in a positive
feedback loop. ISGs include those encoding proteins with antiviral activity such as the
ISG56, PAMP receptors including all three RLRs and transcription factors such as IRF7
(Loo et al. 2008, Poeck et al. 2010). The result of ISG expression is the induction of
cellular conditions and immune regulation that cooperate to control infection and the
establishment of an antiviral state.

Since RIG-I acts as a major host sensor for virus infections in the cytoplasm

(Yoo et al., 2014), its structure and function has been studied extensively.

3.2.1.1.1 RIG-I structure and function

RIG-I protein is composed of three major domains: the C—terminal domain
(CTD), the ATP-helicase domain and the two CARD domains, which compose the N
terminus (fig. 6A) (Louber et al., 2015). Several studies have shown that when not
bound to its ligand i.e. its inactive state, RIG-I exists in a closed conformation, such
that the helicase domain segregates the CARD domains. Upon recognition of the proper
ligand, RIG-I hydrolyzes ATP and undergoes a series of allosteric changes that
eventually release the CARD domains free (Wang et al., 2010, Jiang et al., 2011, Civril
et al., 2011, Kowalinski et al., 2011, Beckham 2013). The list of RIG—I-activating
ligands becomes bigger through the recent years and includes 5—ppp single—stranded
RNA, 5—ppp RNA in a panhandle structure (fig. 6B), 5-pp(diphosphate) dsRNA viral

genome. In addition, internal RNA sequences, such as poly—-U/A-rich areas, blunt—
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ended 5-p dsRNA or 5-OH (no phosphate) and 3—-OH, various 3—ppp RNASs, both
single and double stranded, and occasionally 5-capped mRNAs are recognized.
Moreover, RIG—I was shown to prefer RNAs with length that are less than 300 base
pairs, although this also seems to be variable, perhaps depending on other structural
features of the RNA (Kato et al., 2006, Pichlmair et al., 2006, Goldeck et al., 2006,
Kato et al., 2008, Schmidt et al., 2009, Baum et al., 2010).

On the other side, towards the N-terminus of RIG-I, the pincer motif (also
called the bridging domain or regulatory element) is also regulating RIG-1 activation
(Kowalinski et al., 2011). The pincer motif interacts with both Hell and Hel2 domains

and connects the CTD domain to the helicase (Leung and Amarasinghe 2012).

At the N-terminal domain, the CARD domains, are indispensable for the
signalling capacity of RIG-I (Kowalinski et al., 2011). Evidence show that the CARD
domain has auto—inhibitory function forming an interaction with the helicase domain.
Interestingly, the C—terminus of CARD2 makes contacts with Hel2i, suggesting that
the aforementioned interaction contributes to the formation of a rigid inactive
conformation (Kowalinski et al., 2011). These CARD-helicase interactions may also
prevent access to MAVS directly or by blocking RIG-I for posttranslational
modifications (Gack et al., 2007, Zeng et al., 2010), which are important for
downstream signalling. Contrary to that, when RIG-I is in active state, the CARDs
form a 2CARD tetramer to induce filament formation with MAVS CARD and

downstream signalling activation (Wu and Hur 2015).

A)
1 CARDS Hel1 Hel2i Hel2 pincer CTD 925
ligands
B) FLUAV nucleocapsid

(dsRNA panhandle)
RIG-I : — —_

Figure 6: RIG-I and the associated activation machinery.
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Primary structure of RIG-I. RIG-I contains repeated caspase recruitment domains (CARDs), a DExD/H
box—containing RNA helicase domain composed of helicase Hell, Hel2i, Hel2, and pincer domains and
the C—terminal domain (CTD). RIG-I recognizes 5'-triphosphate (ppp)—containing panhandle double—
stranded RNA (Kato et al., 2006). Recognition of substrate  RNAs induces ATP-dependent

conformational changes of RIG-I (Kowalinski et al., 2011).

RIG-I's helicase domain consists of the RecA-like Hell and Hel2 domains
belonging to the SF2 helicase family, with helicases presenting a structural similar
catalytic core and playing central role in the DNA and RNA metabolism (Fairman—
Williams et al., 2010). The helicase domain consists of an ATP binding and hydrolyzing
domain, an insertion domain Hel2i and the pincer (Wu and Hur 2015). Unlike other
DEXxD/H box helicases where RNA binding catalyzes the ATP binding site to obtain
the active conformation, the ATP binding site in RIG—I remains open and structurally
dynamic following RNA binding. This is possible by the ATP binding site being formed
by the two Hel domains, which are relatively far apart (Rawling and Pyle 2014,
Fairman-Williams et al., 2010). ATPase binding and hydrolysis is required for full
activation of RIG-I and expression of IFN (Anchisi et al., 2015).

ATP binding of RIG-I is adequate for interaction with dSRNA (Devarkar et al.,
2018). Upon successful interaction with PAMPs, the helical arm relocates and the two
helicase domains are brought together to form an active ATPase site (Civril et al.,
2011). RIG-I then catalyzes ATP to break the 5'ppp dsRNA interactions. ATP is then
hydrolyzed to forward translocation of RIG—I to the opposite dsSRNA end, after which
the RIG-I is oligomerized (Devarkar et al., 2018). On the other hand, ATP hydrolysis
drives rapid disassociation of RIG-I from host RNA features. Even though ATPase
activity primarily acts on the translocation upon interaction with PAMP (dsRNA), it
may be directed towards rapid disassociation from host dsSRNA and degradation of
RNA-DNA hybrids (Brisse and Ly 2019).

Mutations in the helicase domain, indicate its central role in signalling.

321111 RIG-I mutants

As previously described, besides the CARDs domains which are dispensable
for signalling (Kowalinski et al., 2011), the ATP-ase and ATP-binding activity of
RIG-I are essential for its signalling function. A widely used and studied RIG-I mutant,
K270A, which shows reduced ATP binding activity (Rawling et al., 2015), is deficient
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on inducing immune response (Lassig et al., 2015, Yoneyama et al., 2005). RIG-I
ATPase activity is inhibited in the absence of PAMP (dsRNA). The importance of this
is apparent when a defect in ATP breakdown may result in constitutive signal
transduction and autoimmune diseases. The ATP-hydrolysis—deficient RIG-I, E373Q,
is retained in an ATP-bound state, which senses self-RNAs. More specifically, this
E373Q mutant senses and is activated by 28s rRNA (Lassig et al., 2015). On the other
hand, in another study, the IFN—promoter activation capacity of another RIG-I helicase
mutant, T409A/S411A was tested. The authors found out that, this mutant resulted in a
limited response to promoter activation upon challenge with RIG-I ligands (Louber et
al., 2015). On the other side, the signalling capability of mutants K270A and
T409A/S411A are highly dependent on the nature of ligand upon challenge, with single
stranded RNA being inhibitory and double stranded RNA inducing signalling (Kumar
et al., 2009).

Despite the fact that the innate immune system is complex and upon activation
induce the expression of several antiviral factors and antivirals exist, the number of
Influenza and SARS—CoV-2 still remains a burden. Thus, studies have focused on

finding potential novel antivirals against these viruses.

3.3 Compound prediction disrupting PB2—NP interaction of FLUAV

Influenza NP and PB2 proteins are, in different levels, conserved among the
different subtypes and both have many functions which are indispensable for the viral
replication (Patel and Kukol 2017, Subbarao et al., 1993, Portela and Dingard 2002, Hu
et al.,, 2017, Biswas et al., 1998). Thus, compounds that would interrupt PB2-NP
interactions might have a broad range antiviral activity. An in silico screening of
potential compounds that fit in PB2, disrupting the FLUAV polymerase function or
interaction with other proteins was done (Patel and Kukol 2017). Fifteen ligand—
binding potential targets, which represent favorable binding protein regions with small
organic molecules were predicted, many of which were located in highly conserved
areas of PB2. The binding affinities of 1738 Food and Drug Administration (FDA)—
approved small molecule drugs were screened against the PB2 target site surrounding
a region of highly conserved amino acids. The top hit drug was Paliperidone, with the
chemical structure and docking models showing that the nitrogen atom of the central

pyridine ring of Paliperidone is able to form a hydrogen bond with the oxygen atom of
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Glu241 of PB2 protein, and the drug—protein complex is maintained via hydrophobic
interaction with sixteen surrounding residues of the target site (Patel and Kukol 2017)
(fig. 7A). This site of PB2 was predicted to be interacting with NP protein (Poole et al.,
2004).

3.4 Compound prediction disrupting SARS-CoV-2 3CLpro

Regarding SARS—CoV-2, a screening of potential inhibitors against 3CLpro
protein was carried out, due to its essential role as the major processor of viral RNA
(Mousavizadeh and Ghasemi 2020). Docking models revealed a high affinity of
Paliperidone binding to 3CLpro in silico. According to this study, interacting residues
of 3CLpro with Paliperidone were Thr25, Ser46, Leul4l, Gly143, Glul66, GIn189,
and the catalytic dyad residues composing the active site of the protease His41, Cys145
(fig. 7B). With this in silico analysis, the authors suggested Paliperidone as one of many
potential inhibitor candidates against SARS—CoV-2 through interaction with 3CLpro
protein (Gul et al., 2020).

A)

Figure 7: Predicted binding of Paliperidone to Influenza PB2-NP binding
domain and SARS-CoV-2 3CLpro.

A) Docking models of one of top hit compounds targeting the PB2 protein: Paliperidone
identified by virtual screening. Interacting PB2 residues are color—labelled (Modified from Patel and
Kukol 2017). B) Docking models of one of top hit compounds targeting the SARS—-CoV-2 3CLpro.
Interacting residues are labelled (Modified from Gul et al., 2020).

3.5 Paliperidone

Paliperidone (fig. 8) (R076477, Invega; Johnson & Johnson Pharmaceuticals,
L.L.C., Titusville, NJ) is an atypical antipsychotic FDA—approved drug. The molecular
formula is C23H27FN403 and the molecular weight is 426.49. Its chemical name is
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(£)-3-[2-[4—(6—Fluoro-1, 2-benzisoxazol-3-yl)-1-piperidinyl] ethyl]-6, 7, 8, 9—
tetrahydro—9-hydroxy—2-methyl-4Hpyrido [1, 2-a] pyrimidin—4—one. Paliperidone
(or 9—hydroxyrisperidone) is the major and active metabolite of risperidone (Risperdal,
Johnson & Johnson Pharmaceuticals, L.L.C.) (Mannens et al., 1993, Megens and
Awouters 1994). Paliperidone is a centrally active dopamine D2 and serotonin 5-HT2A
antagonist, as demonstrated in both in vitro and in vivo animal and human studies
(Karlsson et al., 2005). Paliperidone is also active as an antagonist at al— and a2—
adrenergic receptors and H1 histamine receptors. Paliperidone has no affinity for
cholinergic muscarinic or al— and a2-adrenergic receptors (Megens and Awouters
1994, Schotte et al., 1996, Karlsson et al., 2005).

[*C]paliperidone
OH

Figure 8: Chemical representation of Paliperidone

Paliperidone metabolism is limited in vitro. Paliperidone was metabolized to a
very limited extent in humans, rabbits, dogs and mice liver matrices, whereas it was
extensively metabolized in Wistar rat liver matrices and Sprague—Dawley rat
hepatocyte suspensions. The major compound observed in primary hepatocyte cultures
was Paliperidone (20-90%) (Invega, INN—paliperidone EMEA 2007).

Regarding toxicity, single doses of Paliperidone have been investigated in mice
and rats via oral and intravenous routes of administration. Sedation and ptosis were
consistently noted across rodent species. On the other hand, side effects after repeated
dose used in humans against schizophrenia are described as mild, rare and are, enhanced
prolactin release, associated with changes in the following tissues: pituitary gland,
mammary gland, endocrine pancreas, female genital tract, male accessory sex organs
and adrenal glands. This was also found in repeat dose toxicity and carcinogenicity
studies in mice rats and dogs. In dietary carcinogenicity studies, in mice, predominantly
at the highest dose level, non—neoplastic histopathological changes were observed in
the pituitary gland, female genital tract, and female mammary glands, male endocrine

pancreas and male accessory sex organs. In rats, non-neoplastic changes were found in
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the pituitary gland, male and female mammary glands, and male and female genital
tract were seen at all dose levels. As for immunotoxicity, there were no adverse effects
indicating the safety of the drug (Invega, INN—paliperidone EMEA 2007).

4 Objective of this work
Human viral respiratory pathogens FLUAV and SARS—CoV-2 are a significant

burden on human health. Their pathogenicity is a result of both virus—mediated cell
death and excessive reaction of the IFN response. Both pathogens are sensed by the
innate immune sensor RIG—I which shows both direct and signalling antiviral activity.
Even though antivirals are available, infection number remain still a burden. Thus, the
search for new antivirals was the objective of this work. Those can be of a chemical
nature or even be the sensor RIG-I itself, but optimized in order not to lead to excessive

IFN response.

Thus Paliperidone, an FDA approved drug against schizophrenia, which was
predicted in silico to disrupt NP-PB2 binding of FLUAV on one side and disrupt the
enzyme function of 3CLpro of SARS-CoV-2 on the other side, was evaluated against
these viruses. Furthermore, a set of RIG-I mutants were tested initially for their
capability of signalling and the RIG-1 ACARD, being signalling deficient, was
evaluated against FLUAV and SARS—CoV-2 for its antiviral activity in two different
in vitro systems. Gaining insights into the mechanism of action and antiviral effect of
both Paliperidone and RIG-1 ACARD is of interest for further development of antivirals

against these pathogens.
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5 Materials and methods

5.1 Materials

5.1.1 Viruses

Table 1: Viruses

Abbreviation | Virus Description Origin
A/PR/8/34 Influenza Influenza virus, isolate from | Pichlmair et al.,
virus Puerto Rico 2006
A/WSN/33 Influenza Influenza virus, isolate from | Weber et al,
PB2 627E virus United Kingdom, encoding | 2015
glutamic acid in position 627 of
PB2 protein (avian adapted)
A/WSN/33 Influenza Influenza virus, isolate from | Weber et al,
PB2 627K virus United Kingdom, encoding | 2015
lysine in position 627 of PB2
protein (mammalian adapted)
A/HAM/2009 | Influenza Influenza virus, isolate from | Weber et al.,
virus Hamburg, Germany 2015
SARS-CoV- | Severe SARS-CoV-2 patient isolate | EPI_ISL 406862
2 acute 984,
respiratory | BetaCoV/Munich/BavPat1/2020,
syndrome from Christian Drosten, Charité
coronavirus | Berlin
2

5.1.2 Eukaryotic cell lines

Table 2: Eukaryotic cell lines

alveolar basal

epithelial cell line

Name Organism Type and Origin | Reference
A549 Homo sapiens, | lung, Wouerth et al., 2020
human adenocarcinomic
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A549 CTRL KO | Homo sapiens, | lung, Willemsen et al.,
human adenocarcinomic 2017
alveolar basal
epithelial cell line,
lenticrispr non—
targeting  control
knockout
A549 RIG-1 KO | Homo sapiens, | lung, Willemsen et al.,
human adenocarcinomic 2017
alveolar basal
epithelial cell line,
lenticrispr  RIG-I
knockout
A549 MDA5 KO | Homo sapiens, | lung, Willemsen et al.,
human adenocarcinomic 2017
alveolar basal
epithelial cell
line,lenticrispr
MDAJS knockout
A549 MAVS KO | Homo sapiens, | lung, Willemsen et al.,
human adenocarcinomic 2017
alveolar basal
epithelial cell line,
lenticrispr MAVS
knockout
HEK293 Homo sapiens, | kidney, embryonic | Wuerth et al., 2020
human cell line
HEK293 RIG-I | Homo sapiens, | kidney, embryonic | Weber et al., 2015
KO human cell line, zinc finger

nuclease  editing

targeting RIG-I
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cells

bronchial cells
isolated from non—
smoking  donors

(see section 5.2.1)

Huh7 Homo sapiens, | liver, hepatocyte— | Schoen et al. 2020
human derived carcinoma
cell line
A549 CTRL KO | Homo sapiens, | lung, Schilling et al.,
human adenocarcinomic 2020
alveolar basal
epithelial cell line,
lenticrispr non—
targeting  control
knockout
A549 RIG-1 KO | Homo sapiens, | lung, Schilling et al,
human adenocarcinomic 2020
alveolar basal
epithelial cell line,
lenticrispr  RIG-I
knockout
MDCK Canis  familiaris, | Kidney, epithelial | Weber et al., 2015
dog cell line
Primary  human | Homo sapiens, | Lung, Mueller et al., 2020
airway bronchial | human differentiated

5.1.3 Prokaryotic cells

Table 3: Prokaryotic cells

Name Organism Genotype Origin
DH10B Escherichia coli, F— mcrA A(mrr— | Thermo Fisher
bacterium hsdRMS-mcrBC) | Scientific,
@80lacZAM15 Schwerte
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AlacX74 recAl
endAl araD139 A
(ara—leu)7697 galU
galK A— rpsL(StrR)

nupG
TOP10 Escherichia coli, F— mcrA (mrr— | Thermo Fisher
bacterium hsdRMS-mcrBC) | Scientific,
80lacZM15 lacX74 | Schwerte

recAl aral39 (ara—
leu)7697
galUgalKrpsL
(StrR) endAl
nupG>

5.1.4 Cell culture and transfection reagents

Table 4: Eukaryotic cell culture reagents

Name

Supplier

CCM34

Viro Vet Diagnostik GmbH, Giessen
Dulbecco’s modified Eagle’s medium (D
MEM)

+ 17.8 mg/l L-alanine

+ 0.7 g/l glycine

+ 75 mg/l L—glutamic acid

+25 mg/1 L—proline

+ 0.1 mg/I1 biotin

+ 25 mg/1 hypoxanthine

+ 3.7 g/l sodiumbicarbonate

Cell culture medium (CCM34+10%
FBS+1X P/S/Q)

CCM34

+10% FBS

+ 1% penicillin—streptomycin (P/S)
+ 1% L—glutamine (Q)

DMEM (Dulbeccos’s modified Eagle

medium)

Gibco, Thermo Fisher

Schwerte

Scientific,
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FBS (Fetal Bovine Serum) BioChrom GmbH, Berlin

2X MEM (Temin's modification), no | Gibco, Thermo Fisher Scientific,

phenol red Schwerte

OptiMEM Gibco, Thermo Fisher Scientific,
Schwerte

Penicillin—Streptomycin—-Glutamine Gibco, Thermo Fisher Scientific,

(P/S/Q; 100X) Schwerte

Puromycin Sigma-Aldrich, Steinheim

2X Trypan blue (0.4% Trypan blue in | Merck, Darmstadt

H>0, sterile filtered)

0.05% Trypsin—-EDTA (1X), phenol red | Gibco, Thermo Fisher  Scientific,
Schwerte

Trypsin—-EDTA-Solution, pH 7.4 ViroVet Diagnostik GmbH, Giessen

Table 5: Transfection reagents

Name

Supplier

EndoFectin™ Max

Genecopoeia, Rockville, MD, U.S.A.

TransIT®-LT1

Mirus Bio LLC, Madison, WI, U.S.A.

Table 6: Prokaryotic cell culture reagents

Name Composition Supplier

Infectious medium CCM34 medium Vet  Viro  diagnostic
+ 5% Penicillin— | GmbH, Giessen
Streptomycin-Glutamine | Gibco, Thermo Fisher
+ 0.2% BSA Scientific, Schwerte
+ 1 pg/ml  L-1-| Sigma-Aldrich,
tosylamido—2—phenylethyl | Steinheim
chloromethyl ketone | Sigma-Aldrich,
(TPCK)-treated trypsin Steinheim

LB agar 1.5% agar Roth, Karlsruhe
in LB medium
LB medium 10% tryptone/peptone Roth, Karlsruhe

5% yeast extract
0.5% NaCl, pH 7.0

Roth, Karlsruhe
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in ddH20

Sigma-Aldrich,
Steinheim

SOC medium 0.5% yeast extract Roth, Karlsruhe
2% tryptone/peptone Roth, Karlsruhe
10 mM NacCl Sigma-Aldrich,
2.5 mM KCI Steinheim
10 mM MgCI2 Roth, Karlsruhe
10 mM MgSO4 Fluka, Seelze
20 mM glucose Fluka, Seelze
in ddH20 Fluka, Seelze

5.1.5 Buffers and solutions
Table 7: Buffers for Western blotting

Name Composition Supplier

10% APS 10% APS in H20 Sigma-Aldrich, Steinheim

10% SDS 10% SDS in H20 Roth, Karlsruhe

10X Tris buffered saline
(TBS)

200 mM Tris, pH 7.6
1.37 M NacCl
in ddH20

Roth, Karlsruhe
Sigma-Aldrich, Steinheim

4X SDS sample buffer

114 mM tris—HCI, pH 6.8
4.6% SDS

23% glycerol

20% B—mercaptoethanol
3.4 mM bromophenol blue
in ddH20

Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Sigma—Aldrich, Steinheim

Blocking buffer (BSA)

5% bovine serum albumin
(BSA) in 1IX TBS-T

Sigma-Aldrich, Steinheim

Standard, Broad Range
(11-245 kDa)

Blocking buffer (milk) 10% milk powder in 1X | dm Drogeriemarkt,
TBS Giessen
Color Prestained Protein | n.a. Cell Signalling

Technology, Frankfurt
a.M.

Mild stripping buffer

200 mM glycine

Roth, Karlsruhe
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0.1% SDS
1% Tween20
in ddH20, pH 2.2

Roth, Karlsruhe
Serva
GmbH, Heidelberg

Electrophoresis

RIPA 50 Mm Tris—HCI pH 7.5, | Roth, Karlsruhe
0.15 M NacCl, Sigma-Aldrich, Steinheim
1% NP40 Thermo Fisher

Rotiphorese® PAGE n.a. Roth, Karlsruhe

Matrixpuffer plus

SDS running buffer 25 mM tris Roth, Karlsruhe
192 mM glycine Roth, Karlsruhe
0.1% SDS Roth, Karlsruhe
in ddH20

Transfer  buffer  (for | 48 mM tris Roth, Karlsruhe

semidry blotting) 39 mM glycine Roth, Karlsruhe
1.3 mM SDS Roth, Karlsruhe
20% methanol Roth, Karlsruhe
in ddH20

Wash buffer (TBS-T)

0.1% Tween20 in 1X TBS

Serva Electrophoresis

GmbH, Heidelberg

Table 8: Buffers for Immunostainings

Name

Composition

Supplier

IF blocking buffer

2% BSA
5% glycerol
0.2% Tween20 in 1X PBS

Sigma-Aldrich, Steinheim
Roth, Karlsruhe
Serva Electrophoresis

GmbH, Heidelberg

IF fixation solution

4% PFA in 1X PBS

Roth, Karlsruhe

IF permeabilization buffer

0.5% Triton—X 100 in 1X
PBS

Sigma—Aldrich, Steinheim

IF wash buffer

0.05%
PBS

Tween—-20 in 1X

Sigma-Aldrich, Steinheim

Table 9: Other buffers

Name

Composition

Supplier
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Crystal violet staining | 0.75% crystal violet
solution 3.75% formaldehyde
20% ethanol, absolute

1% methanol

Sigma-Aldrich,
Steinheim

Roth, Karlsruhe
Roth, Karlsruhe

in ddH20 Roth, Karlsruhe
1X Phosphate buffered | 137 mM NaCl Sigma—Aldrich,
saline 2,7 mM KCI Steinheim
PBS 10 mM NaHPO4 Roth, Karlsruhe
1,76 mM KH2PO4 Merck, Darmstadt
in ddH20, pH 7.4 Merck, Darmstadt

5.1.6 PCR reagents

Table 10: Polymerases

Name

Supplier

JumpStart™ Taq DNA Polymerase with
MgClI2

Sigma-Aldrich, Steinheim

KOD Hot Start DNA Polymerase

Merck, Darmstadt

Phusion® High—Fidelity DNA

Polymerase

New England Biolabs, Frankfurt a.M

Table 11: Restriction enzymes

Name Supplier

BamHI-HF New England Biolabs, Frankfurt a.M
Dpnl New England Biolabs, Frankfurt a.M
Kpnl-HF New England Biolabs, Frankfurt a.M
Xhol New England Biolabs, Frankfurt a.M

Table 12: Other PCR reagents

Name

Supplier

Deoxynucleotide (dNTP) Solution Mix,
10mM each

New England Biolabs, Frankfurt a.M

CutSmart Buffer

New England Biolabs, Frankfurt a.M
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5.1.7 gPCR primers

Table 13: gPCR primers
Gene Alias Assay Name/Sequence Cat No.
Symbol
SARS- qPCR SARS- | ACAGGTACGTTAATAG | Cormanetal., 2020
COV-2 E | CoV(-2) Egene | TTAATAGCGT
gene_F
SARS- gPCR SARS- | FAM- Cormanetal., 2020
COV-2 E | CoV(-2)Egene | ACACTAGCCATCCTTA
gene_P probe CTGCGCTTCG-BBQ
SARS- qPCR SARS- | ATATTGCAGCAGTACG | Cormanetal., 2020
COV-2 E | CoV(-2)Egene | CACACA
gene_R reverse primer
GAPDH glyceraldehyde | Hs GAPDH_2_SG QT01192646
—3—phosphate
dehydrogenase
IFIT1 1SG56 Hs_IFIT1_1 SG QT00201012
IRF3 Hs_IFIT1_1 SG QT00201012
IRF7 Hs IRF7_1 SG QT00210595
QPCR FLUAV M | GGACTGCAGCGTAGAC
FIUA/PR8_ | segment GCTT
M For forward
QPCR FLU M | CATCCTGTTGTATATGA
FIUA/PR8_ | segment reverse | GGCCCAT
M Rev
RRN18S Ribosomal 18s | Hs_RR18s QT00199367
RNA
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5.1.8 Antibodies

Table 14: Antibodies

Target Species Mono/Polyclon | Company/source | Product
al number

AKT-pan (40D4) | Mouse monoclonal Cell-signalling 2920

Alexa Fluor 488 | Donkey polyclonal Invitrogen/Molec | A21202

Donkey anti— ular Probes

mouse 1gG

Beta—tubulin Rabbit polyclonal abcam ab6046

Flag M2 Mouse monoclonal Sigma F3165

Influenza A | Mouse monoclonal abcam ab43821

Virus

Nucleoprotein

[9G8]

Mouse IgG HRP | Rat monoclonal BioMol 18-8817-33

conjugated

(Mouse

TrueBlot®

ULTRA), clone

eB144

p53 (Ab-6) | Mouse monoclonal Calbiochem OP43

(Pantropic) (DO-

1)

Rabbit 1gG HRP | Mouse monoclonal BioMol 18-8816-33

conjugated

(Rabbit

TrueBlot®),

clone eB182

RIG-I (Alme-1) | Mouse monoclonal AdipoGen ag—20b—

0009
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SARS-CoV Rabbit Polyclonal biomol 200-401—-

Nucleocapsid (N) A50

Protein

Caspase—3 Rabbit polyclonal Cell Signalling Cat#9662

GAPDH Mouse monoclonal abcam ab8245

Influenza A virus | Rabbit polyclonal Genetex via | GTX125989

NP BIOZOL

(nucleoprotein)

Influenza A virus | Rabbit polyclonal Genetex via | GTX125926

PB2  antibody, BIOZOL -25

19G,

Unconjugated

IRF3 Mouse monoclonal Biolegend 655701

p21 (187) Mouse monoclonal Santa Cruz sc-817

Peroxidase— Goat polyclonal Thermo Fisher "0031430

conjugated Goat 1892913

anti-Mouse 1gG new ref
31430"

Peroxidase— Goat polyclonal Thermo Fisher "0031460

conjugated Goat 1892914

anti—Rabbit 19G NCI1460
new ref
31460"

Phospho—AKT Rabbit polyclonal Cell-signalling 9271

(ser473)

5.1.9 Primers
Table 15: Primers
Name Description | Sequence
3 RIG_DC FusRev | Binds to 3" | CCGCTTTACTTGTACACTCGAGTCA

of ACARD-
RIG-I to

TTTGGACATTTCTGCTGG
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clone into
pE GIP (pL

646)

3'_RIG_FusRev-AK

Binds to 3’
of WT-
RIG-I to
clone
pE GIP (pL
646)

into

CCGCTTTACTTGTACACTCGAGTCA
TTTGGACATTTCTGCAGG

FLAG-DC-RIG-I-F

Binds to 5’
Flag tagged
of ACARD-
RIG-I to
clone
pE GIP (pL
646)

into

GCAGCCCGGGGGATCCACCGGTCGC
CACCATGGATTATAAGGATGATGAT
GATAAAGGTGATTATAAGG

FLAG-Rev

For

amplificatio
n of the
vector

backbonepE
GIP (pL646)
with FLAG

tag

AGATGAAGAACCGCCACCTTTATCA
TCATCATCCTTATAATC

GST-Fwrd_fus

For cloning
GST into the
vector pE
GIP (pL
646)  with
FLAG tag

GGCGGTTCTTCATCTTCCCCTATACT
AGGTTATTGGAAAATTAAGGGC

GST-Rev—Fus

For cloning
GST into the

vector pE

ACTTGTACACTCGAGTTATTTTGG
AGGATGGTCGCCACCACC
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GIP  (pL

646)  with
FLAG tag
huRIG-I seq primer | intern  seq | GATTGAAGGAAATCCTAAAC
(1938-1957) fwd Primer  for
huRig-I (nt
1938-1957)
huRIG-I seq primer | intern  seq | AACAGCAGAAATCTGTATTCTCAAA
(911-935) fwd Primer  for
huRig-I (nt
911-935)
fwd
huRIG-I seq primer |intern  seq | TTTGAGAATACAGATTTCTGCTGTT
(911-935) rev Primer  for
huRig-I (nt
911-935)
rev
pEF-BOS for primer | for GGGATTTCTTGTCTCCCACG
sequencing
pEF-BOS
vector
pEF-BOS rev primer | for GGAGAGCGGGCGGGT
sequencing
pEF-BOS
vector
pEGIP_Fwrd For CTCGAGTGTACAAGTAAAGCGGCCG
amplificatio | CG
n of the
vector
backbone pE
GIP (pL
646)  with

FLAG tag
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wt RIG_FLAG_F A | Binds to 5" | GCAGCCCGGGGGATCCACCGGTCGC
K Flag tagged | CACCATGGACTACAAAGACCATGAC
of WT- | GGTG
RIG-I to
clone into
pE GIP (pL
646)
5.1.10 Plasmids
Table 16: Plasmids
Name System | Description Source
pE 2xFLAG | Cell AmpR, template pE DC RIG-I | This work
GST amplification of the vector containing
the FLAG tag fused with amplified GST
from pVax GST Strep.
pE DC RIG-I | Cell AmpR, Template pEF-BOS-2xFlag— | This work
RIG-I DeltaCARD cloned into pE GFP
backbone after restriction removal of
GFP with BamH1 Bsrgl
pE GIP (pL | Lentivir | PuroR, Lentiviral vector for stable | Zou et al., 2009
646) al integration of GFP expression cassette
system | with puromycin selection.Addgene
pE WT RIG- | Cell Template pl.18 3xFlag huRIG—I cloned | This work
I into pE GFP backbone after restriction
removal of GFP with BamH1 Bsrgl
pEF-BOS cell AmpR, pEF-Bos vector, cDNA was | Kageyama et
RIG-I inserted into Xbal-Clal restricted sites, | al., 2011
K270A—Flag Flag tagged
pEF-BOS cell AmpR, pEF-Bos vector, RIG-I cDNA | Kageyama et
RIG-I  wt- was inserted into Xbal-Clal restricted | al., 2011
Flag sites, Flag tagged
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pEF-BOS- | cell AmpR. pEF-BPS containing human | This work
2xFlag— RIG-I delta CARD mutant synthesized
RIG-I by BIOCAT
DeltaCARD
pEF-BOS- | cell AmpR. pEF-BPS containing human | This work
2xFlag— RIG-I double mutant K27A/E373Q.
RIG-I Synthesized by BIOCAT
K270A/E373
Q
pEF-BOS- | cell AmpR. pEF-BPS containing human | This work
2xFlag— RIG-I double mutant . T409A/S411A
RIG-I synthesized by BIOCAT
T409A/S411
A
pEGFP-N1 | REP KanR, EGFP fusion vector, Clontech
pl.18 3xFlag | cell AmpR, contains human RIG-I, 5
huRIG-I 3xFlag. Cloned by PCR amplification of
plasmid pEF-BOS RIG-1 wt-Flag and
cloned into BamHI/Xhol digested pl.18
by In—Fusion cloning.
pLP1HIV Lentivir | Modified from ViraPowerTM Kit Thermo Fischer
al
system
pPLP2REV Lentivir | Modified from ViraPowerTM Kit Thermo Fischer
al
system
pLP3 VSV Lentivir | Modified from ViraPowerTM Kit Thermo Fischer
al
system
pRRL-SIN- | Lentivir | AmpR, Control plasmid for lentiviral | Zufferey et al.,
CMV GFP al system 1998
system
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pVax GST | GST Provided by Gleyder Roman Sosa and
Strep Strep Andreas Schoen
ctrl

5.1.11 Commercial reagents

Table 17: Commercial reagents

Name

Supplier

4’ 6-diamidino—2—phenylindole (DAPI)

Sigma-Aldrich, Steinheim

Acrylamid/Bis (Rotiphorese® Gel 30 (37.5:1))

Roth, Karlsruhe

Agar

Merck, Darmstadt

Agarose

SERVA, Heidelberg

Ammonium persulfate (APS)

Sigma-Aldrich, Steinheim

Ampicillin sodium salt (50 mg/ml)

Sigma-Aldrich, Steinheim

Avicel

FMC BioPolymer,
Philadelphia, PA, U.S.A.

Complete Protease Inhibitor Cocktail Tablets

Roche/Merck, Darmstadt

Crystal violet

Sigma-Aldrich, Steinheim

Dimethylsulfoxide (DMSO)

Sigma-Aldrich, Steinheim

Dynabeads™ Protein G for Immunoprecipitation

Thermo Fisher Scientific,

Schwerte

Ethanol, absolute

Roth, Karlsruhe

Ethanol, denatured

Roth, Karlsruhe

Ethidium bromide

Promega, Walldorf

Ethylenediaminetetraacetic acid (EDTA)

Roth, Karlsruhe

FluorSave Reagent

Merck, Darmstadt

Formaldehyde (37%) Roth, Karlsruhe
Glycerol Roth, Karlsruhe
Glycine Roth, Karlsruhe

Hydrochoric acid (HCI)

Roth, Karlsruhe

Immobilon® ECL Ultra Western HRP Substrate

Merck, Darmstadt

Isopropanol

Sigma-Aldrich, Steinheim

L—-1-tosylamido—2—phenylethyl
ketone (TPCK)-treated trypsin

chloromethyl

Sigma—Aldrich, Steinheim
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Methanol

Roth, Karlsruhe

Milk powder

dm Drogeriemarkt, Giessen

N,N,N’,N’—tetramethylethylenediamine (TEMED) | Sigma—Aldrich, Steinheim

NaOH Sigma-Aldrich, Steinheim
Neutral Red Merck, Darmstadt

NP—40 (Igepal®) Sigma—Aldrich, Steinheim
Paliperidone Sigma-Aldrich, Steinheim

Paraformaldehyde

Roth, Karlsruhe

Retinoic acid

Sigma-Aldrich, Steinheim

Sodium bicarbonate (7.5%)

Sigma-Aldrich, Steinheim

Sodium chloride (NaCl)

Sigma-Aldrich, Steinheim

Sodium dodecyl sulfate (SDS)

Merck, Darmstadt

Substrate

SuperSignal™ West Femto Maximum Sensitivity Thermo Fisher Scientific,

Schwerte

Triton X-100

Sigma-Aldrich, Steinheim

TrueBlue™ Peroxidase Substrate

SeraCare, Milford USA

Tween—-20

Sigma-Aldrich, Steinheim

Yeast extract

Merck, Darmstadt

—Mercaptoethanol

Sigma-Aldrich, Steinheim

5.1.12 Kits

Table 18: Commercial kits

Name

Supplier

Dual Luciferase Reporter Assay system

Promega, Walldorf

Dynabeads® Antibody Coupling Kit

Thermo Fisher Scientific, Schwerte

E.Z.N.A.® Gel Extraction Kit

Omega bio-tek, Norcross, GA,
US.A.

E.Z.N.A.® Plasmid DNA Midi Kit

Omega bio—tek, Norcross, GA,
U.S.A.

Premix Ex Taq™ (probe qRT-PCR)

Takara, Saint-Germain—en-Laye,

France
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Eraser

PrimeScript™ RT reagent Kit with gDNA

Takara, Saint-Germain—en-Laye,

France

QIAamp® Viral RNA Mini Kit

Qiagen, Hilden

Rapid DNA Ligation Kit

Thermo Fisher Scientific, Schwerte

RNeasy® Mini Kit

Qiagen, Hilden

RNase H Plus)

TB Green™ Premix Ex Taq™ II (Tl

Takara, Saint-Germain—en—Laye,

France

ViraPowerTM Kit

Thermo Fisher Scientific, Schwerte

ZymoPure™ Plasmid Midiprep Kit

Zymo Research, Freiburg

5.1.13 Consumables and other materials

Table 19: Plasticware

Name

Supplier

Biosafety container (Biotainer 1.8 I)

E3 Cortex, Mitry—Mory, France

Cell culture flasks, 25 — 175 cm?2

Greiner Bio—One, Frickenhausen

Cell culture plates, 6—, 12—, 24—, and 96—

well

Greiner Bio—One, Frickenhausen

Collagen I1V—coated trans well plates
CLS3470-48EA

Corning Costar, Wiesbaden

Cryotubes

Sarstedt, Nuembrecht

Dispensertips PD-Tips, BIO-CERT®

Brand, Wertheim Bestenheid

Graduated TipOne® Filter Tip (sterile),
0.1-1000 pl

Starlab, Hamburg

MicroAmp™ Fast Optical 96-Well
Reaction Plate,

0.1ml

Thermo Fisher Scientific, Schwerte

MicroAmp™ Optical Adhesive Film

Thermo Fisher Scientific, Schwerte

Microscope slide

Roth, Karlsruhe

Parafilm Kobe, Marburg
PCR tubes, 0.2 ml Biozym, Hessisch Oldendorf
Petri dishes Sarstedt, Nuembrecht

Pipet tips, Tip—One, 0.1 — 1000 pl

Starlab, Hamburg

Polypropylen tubes (Falcon), 15 — 50 ml

Sarstedt, Nuembrecht
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PVDF

Transfer Membrane

Membrane: Immobilon®-P

Millipore, Schwalbach

Reaction tubes, 1.5 ml

Sarstedt, Nuembrecht

Reaction tubes, 2 m

Eppendorf, Wesseling—Berzdorf

Screw cap tubes, 1.5 ml

Sarstedt, Nuembrecht

5.1.14 Instruments

Table 20: Instruments

Name

Supplier

(Wide) Mini—Sub® Cell GT agarose gel

chamber

Bio—Rad, Feldkirchen

2720 Thermal Cycler

Applied Biosystems,
Scientific,Schwerte

Thermo Fisher

Allegra® X-15R Centrifuge

Beckman Coulter, Krefeld

Allegra® X—30R Centrifuge

Beckman Coulter, Krefeld

ChemiDoc XRS+

Bio—Rad, Feldkirchen

Color Sprout Plus Mini Centrifuge

Biozym, HessischOldendorf

DNA gel chamber

Bio—Rad, Feldkirchen

DS-11+ Spectrophotometer

DeNovix, Wilmington, DE, U.S.A

EVOS® XL Core Imaging System

Thermo Fisher Scientific, Schwerte

Handy Step electronic

Brand, Wertheim Bestenheid

Heat block

Steute, Loehne

IKAMAG REO S6 Magnetic Stirrer

Ika, Staufen

INCU—-Line bacterial incubator

VWR, Darmstadt,

Labotect Incubator C200

Labotect, Goettingen

Leica DFC3000 G fluorescence camera

Leica, Wetzlar

Microfuge® 20R Centrifuge

Beckman Coulter, Krefeld

Mini-PROTEAN® Tetra System

Bio—Rad, Feldkirchen

MSC-Advantage

cabinet

biological  safety

Thermo Fisher Scientific, Schwerte

Olympus 1X70 Inverted Fluorescence
Phase Contrast Microscope

Olympus, Tokyo, Japan

PowerPac™ basic

Bio—Rad, Feldkirchen
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Precision scale

Sartorius, Goettingen

REAX top vortex mixer

Heidolph, Schwabach

Scale PB602

Mettler—Toledo, Giessen

SimpliAmp™ Thermal Cycler

Life

Scientific,

Technologies, Thermo

Schwerte

Fisher

StepOnePlus Real-Time PCR System

Applied Biosystems, Thermo
Scientific,

Schwerte

Fisher

T100™ Thermal Cycler

Bio—Rad, Feldkirchen

ThermoMixer F1.5

Eppendorf, Wesseling—Berzdorf

Trans—Blot® Turbo Transfer System

Bio—Rad, Feldkirchen

TriStar2 Multimode Reader LB 942

Berthold, Bad Wildbad

Vacuum system Integra VVacusafe

Integra, Biebertal

Waterbath

Memmert, Schwabach

5.1.15 Software
Table 21: Software

Name Supplier
BlastN NCBI
BlastP NCBI
Clustal Omega EMBL

GraphPad PRISM 8.0.2

GraphPad Software, LLC

GraphPad PRISM 9.0.2

GraphPad Software, LLC

Image Lab 5.2.1

Bio—Rad

Instrument Control and Evaluation

(ICE) software

Berthold

Ligation Calculator

http://www.insilico.uni—

duesseldorf.de/Lig_Input.html

Microsoft  Office
PowerPoint 2016

Word, Excel,

Microsoft

SnapGene viewer

GSL Biotech LLC

StepOne software v2.3

Life Technologies Corporation
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5.2 Methods

5.2.1 Cells

Human A549 WT and CRISPR/Cas9—mutated knockout cells A549 CTRL KO,
A549 RIG-1 KO, A549 MDA5 KO, A549 MAVS KO (puromycin sensitive)
(Willemsen et al., 2017), A549 WT, A549 RIG-I KO (puromycin resistant) (Schilling
et al., 2020), and HEK 293T, HEK 293T RIG-I KO as well as canine MDCK and
human HuH7 cells were cultivated as described (Weber et al., 2015). Cells were
cultivated in sterile plastic flasks or plates at 37°C in a 5% CO2 atmosphere and
passaged in cell culture medium CCM34 with 10% fetal bovine serum (FBS) and 1X
penicillin—streptomycin—glutamine (P/S/Q). The set of cells A549 WT, A549 RIG-I
KO (Schilling et al., 2020) stable transfected with glutathione—s—transferase (GST),
RIG-I WT or RIG-I DC were cultivated in cell culture medium with 0.5 ug/mi
puromycin. When 90-100% confluency was reached, cells were passaged as follows:
cells were washed once with PBS, to remove FBS which inactivates trypsin activity,
and incubated with trypsin-EDTA solution. Upon detachment, cells were resuspended
in cell culture medium and either passaged or seeded for further use. When passaged,
for 1:10 dilution, cells were resuspended in total volume of 10 ml, 9 ml were discarded
and 1 ml was resuspended in fresh cell culture medium. For seeding, cells were pelleted
by centrifugation at 800xg for 5 min, and the supernatant were discarded. Afterwards,
cells were resuspended with cell culture medium, counted in Neubauer chamber, and

seeded for the desired cell number.

Primary human airway epithelial cells, prepared from cryo—preserved normal
human bronchial epithelial cells of non-smoking donors, were obtained from Lonza
(CC-2540). The undifferentiated cells were seeded on collagen 1\VV—coated trans well
plates (Corning Costar) and grown in a mixture of DMEM (Thermo Fisher) and BEGM
(CC-3170, Lonza) supplemented with retinoic acid (75 nM, Sigma Aldrich) with
medium exchange every second day. After reaching confluence, the cells were
cultivated under air-liquid interface conditions for at least four additional weeks for
full differentiation into pseudostratified human airway epithelia. Medium from the
basolateral compartment was renewed every second day and the apical surface was

washed weekly with PBS.
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5.2.2 Infections

Before infection, the cells were washed once (immortalized cell lines) or at least
twice (primary airway epithelial cells, to remove mucus) with phosphate—buffered
saline (PBS) and inoculated for 1 h with virus dissolved in infectious medium (CCM34
medium containing 5% Penicillin—-Streptomycin-Glutamine, 0,2% BSA and 1 pg/ml
L—1-tosylamido—2—phenylethyl chloromethyl ketone (TPCK)-treated trypsin)
(immortalized cell lines) or in PBS (primary airway epithelial cells) for Influenza
infection. For SARS—-CoV-2, HuH7 cells were washed once with phosphate—buffered
saline (PBS) and inoculated for 1 h with virus dissolved in Opti-MEM™ | Reduced
Serum Medium. For the infections proper amount of virus using the multiplicity of
infection (MOI) was applied. MOI of 1 means 1 infectious particle per cell. Then the
inoculum containing the virus was added to the cells, which were gently rocked for
every 15 min to ensure even distribution of the inoculum, and after 1 hour the inoculum

was removed and replaced with fresh medium for further incubation at 37°C.

5.2.3 Production of viral stocks

A/PR/8/34, AIHAM/2009, A/WSN/33 PB2 627 E/K were propagated on
MDCK cells. Cells were seeded in T175 flasks and infected one day after with 0.01
MOI. Upon infection, infectious medium was added. Cell supernatants were collected
2 days post infection and stored at —80°C. Influenza stocks were titrated by plaque assay
on MDCK cells. SARS-COV-2 virus and infections were performed by Dr Shalamova
L.

5.2.4 Viral titer determination through plaque assay

The plaque assay is a method to determine the virus concentration by the
number of plaque forming units (PFU) produced in a cell monolayer. Plaque assay was
performed to determine the viral titer of stocks or infected cell supernatants. Virus
containing samples were serially diluted (1/10) and used to infect MDCK cells and 24
hours later, the medium was exchanged with 1.5%—Avicel solution per well (1X MEM
containing 1.5% Avicel, 5% FBS, 1X P/S/Q, 1 pg/ml TPCK-treated trypsin). Avicel
prevents the spread of newly produced viral particles across the monolayer by allowing
only infection of the neighboring cells. This leads to the formation of the so—called
plaques, which are cell-free dots in the well. Depending on the following staining

method, cells were incubated for 24 hours (immunostaining) or 48 hours (crystal
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violet). Immunostaining as described previously (Matrosovich et al., 2006), is a method
to detect plaques through antibodies detecting viral proteins. Briefly cells, were washed
with PBS to remove Avicel solution and fixed with 4% PFA at 4°C for 20 minutes
followed by 15 minutes incubation with IF permeabilization buffer RT (room
temperature). Wells were then incubated with primary antibody (1:2000 in IF blocking
buffer) detecting viral protein for 60 minutes rocked. Cells were then washed 3 times
with IF wash buffer and incubated with the secondary antibody specific to the species
of the primary one (1:2000 in IF blocking buffer) 60 minutes rocked. Then, cells were
washed with IF wash buffer followed by 30 minutes incubation with TrueBlue™
Peroxidase Substrate which stains the plagques blue. The reaction was stopped with tap
water washes and plates were dried completely before plaque determination. For the
case of crystal violet detection, cells were washed with PBS and stained with crystal
violet solution (0.75% crystal violet, 3.75% formaldehyde, 20% ethanol, 1% methanol
in ddH»0) for 20 minutes. For the determination of the viral titer the following form

was used.

Titer (in PFU (plaque forming units)/ml) = plaque number / (dilution factor *

inoculum volume (in ml))

5.2.5 Inhibitor treatments

Paliperidone (PP) was dissolved in infectious medium for Influenza or cell
culture medium for SARS-CoV-2 infections. Cells were treated with PP (10 pg/ml
when Influenza followed, 1 pg/ml and 10 pg/ml when SARS-CoV-2 infections
followed, stocks dissolved in DMSO) at 1 h post—infection (immortalized cell lines), or

at 1 h and at 48 h post infection (primary cells).

5.2.6 Cell viability assay

Cell viability assays are used to measure the fitness of the cells and consequently
the toxicity of chemical compounds. For the course of this study, neutral red staining
was used which is a eurhodin dye, which is incorporated into the lysosomes of live
cells, while dead cells or those undergoing cell death cannot incorporate the dye
(Repetto et al., 2008). Briefly, cells were treated with different concentration of PP for
24 h. Medium was removed and 40 pg/ml neutral red, diluted in cell culture medium,
was added for 1 h at 37° C. Cells were then fixed with 4% paraformaldehyde in PBS,
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followed by incubation with neutral red destain solution (1% acetic acid solution

containing 30% ethanol). Optical density determined at wavelength A=540 nm.

5.2.7 Real-time gPCR

Real-Time quantitative Reverse Transcription PCR is a method that enables
reliable detection and measurement of RNA transcripts in a sample of interest. This is
possible upon binding of fluorescent probes to the single stranded DNA or dyes by
intercalating between the bases of DNA molecules. This leads to the release of energy
as fluorescence, with the fluorescence intensity being directly dependent on the
concentration of double stranded DNA, which is measured upon each cycle of PCR.
The fluorescence intensity is plotted to a ARn, which is the fluorescent signal at each
time point, to the number of PCR cycles. A signal that is above a threshold is considered
as signal of the amplified DNA and is defined as threshold cycle (CT). In order to

calculate the relative fold gene expression of samples the 2*~(AACT) method is used.
AACT = ACT (treated sample) — ACT (untreated sample)

Where A means the difference of two numbers. The ACT of a sample is defined
as the difference of the CT values of the gene of interest and the housekeeping gene,
which is typically a constitutively expressed gene. Upon calculation of the upper
equation, in order to calculate the fold gene expression, the following equation is used:

Fold gene expression = 2°~(AACT)

For the course of this study, total RNA was isolated from cells using the RNeasy
Mini Kit (Qiagen) which uses the system of silica—membrane spin—column technology.
Upon determination of the RNA concentration with a DS-11+ Spectrophotometer,
Two-step probe gRT-PCR or Two—step SYBR® green qRT—PCR followed. For both
two-step qRT-PCR, RNA isolated from cell lysates was first transcribed into copy
DNA (cDNA). For this, the PrimeScript™ RT reagent Kit with gDNA Eraser from
Takara was used according to manufacturer’s instructions. With this kit, potentially
contaminating genomic DNA is eliminated in a first step, followed by reverse
transcription of the RNA into cDNA by a reverse transcriptase in a second step.
Polymerase chain reaction with the SYBR Premix Ex Taq (Tli RNaseH Plus) master
mix with the following protocol were performed (table 22).
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Table 22: Polymerase chain reaction conditions with the SYBR Premix Ex
Tag (Tli RNaseH Plus)

Initial Denaturation 95°C 30sec
Denaturation 95°C 5 sec 40 cycles
Anneal and elongation 60°C 30sec
Melt curve stage 95°C 15sec
60°C 15sec
+ 0.3°C increase
95°C 15sec

The Premix Ex Taq (Probe gPCR) master mix was used with the following
protocol (table 23).

Table 23: Polymerase chain reaction conditions with the Premix Ex Taq
(Probe gPCR)

Initial Denaturation 95°C 20sec
Denaturation 95°C 1 sec 40 cycles
Anneal and elongation 60°C 20sec

Values were normalized against GAPDH (in the course of Influenza infection)
and 18S ribosomal RNA (in the course of SARS-CoV 2) using the AACT method
(Livak and Schmittgen 2001).

5.2.8 Viral polymerase activity (RdRp activity) (minigenome assay)
Transcription and replication of Influenza virus genome is accomplished by the
viral RNA-dependent RNA polymerase (RdRp). The activity of the polymerase can be
examined through minigenome assays, where fluorescence—encoding reporter viral
RNAs are replicated by the in situ reconstituted viral polymerase (TeVelthuis et al.,
2018, Lutz et al., 2005). For the course of this study HEK 293T cells were transiently
transfected with viral polymerase encoding constructs, PB1 (250 ng), PA (25 ng), NP
(250 ng), and dual luciferase expressing reporter constructs, firefly luciferase—encoding
viral RNA (50 ng) and Renilla luciferase reporter gene (18.75 ng). Furthermore,
constructs encoding the avian signature PB2 627E (250 ng), or mammalian PB2 627K
(250 ng) were transiently transfected to reconstitute the polymerase function. 4 hours

later, media was removed and media containing PP (10 pg/ml) was used as treatment.
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24 hours later, cells were lysed in 1X PLB, and Firefly and Renilla luciferase levels
were measured with Dual Luciferase Reporter Assay System (Promega) and a LB 942
TriStar2 multimode reader (Berthold Technologies) according to manufacturer’s
recommendations. Firefly Luciferase was normalized to Renilla luciferase transfection

control and DMSO (Dimethyl sulfoxide) stimulation levels were set as 100%.

5.2.9 Immunoblotting

SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis) is a
method that allows separation of proteins by mass on a matrix, which is a
polyacrylamide gel. Furthermore, SDS is used to confer to the proteins charge and a
similar charge to mass ratio with a concomitant protein denaturation induced by heat
and B—mercaptoethanol. Upon loading of the denatured protein solution and application
of constant electric charge, the proteins migrate towards the anode, with the speed being
dependent on the mass of each protein. Due to the fragile nature of the matrix, the
proteins are transferred to a PVDF (polyvinylidene difluoride) membrane using electric
current. The negatively charged proteins move towards the anode where the membrane
is situated, leading to the transfer of proteins to a thin membrane. After blocking of the
membrane with a dilute solution of proteins, most commonly used are non—fat dry milk
and BSA (bovine serum albumin), to avoid non—specific binding, the primary antibody,
produced from certain animal species, against a certain protein of interest and a
secondary antibody are applied. The secondary antibody is species—specific, dependent
on primary antibody, and is linked with the horseradish peroxidase. A chemo—
luminescent substrate is cleaved by horseradish peroxidase producing luminescence,
which can be detected using photographic film or camera. Thus, the signal can be
analyzed by densitometry to specifically quantify the amount of a target protein.

For the course of this study, cells were scraped off in PBS, centrifuged for 5
min at 800 g, and lysed using 0.5% Triton X—100 in PBS for 10 min at 4°C. After 10
min centrifugation at 10,000 g (4°C), supernatants were boiled for 5 min in sample
buffer (62.5 mM Tris—HCI pH 6.8, 25% Glycerol, 2% SDS, 0.01% Bromophenol Blue,
5% B—Mercaptoethanol), separated by SDS-PAGE 10 or 12% separating gel and 3%
stacking gel (prepared as table 24) and transferred to a PVDF membrane using a

semidry blot transfer apparatus (Bio—Rad).
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Table 24: Casting polyacrylamide gel protocol

Reagent 3% stacking gel | 10% separating | 12%  separating
(for 2 gels volume | gel (for 2 gels | gel(for 2 gels
in ml) volume in ml) volume in ml)

ddH20 2.56 4.1 3.4

Rotiphorese® Gel | 0.4 3.3 4

30 (37.5:1)

Rotiphorese®— 1 2.5 2.5

PAGE Matrix

Buffer

plus

10% APS solution | 0.04 0.1 0.1

TEMED 0.004 0.006 0.006

After incubation with 10% nonfat milk in Tris—buffered saline (TBS; 10 mM
Tris, pH 8.0, 150 mM NacCl) for 60 min, the membrane was washed once with TBS /
0.1% Tween—20 (TBS-T) and incubated with the respective antibodies at 4°C for 18 h.
Membranes were washed three times in TBS—T for 10 min each and incubated with a
1:10,000 dilution of horseradish peroxidase—conjugated anti-mouse (Thermo Fisher,
31430) or anti—rabbit (Thermo Fisher, 31460) antibodies for 1 h. Blots were washed
with TBS-T three times and once with TBS and developed with the ECL system
(Super—Signal™ West Femto Chemiluminescent Substrate) according to the

manufacturer’s protocols.

5.2.10 RIG-I activation assays

Upon recognition to its ligands, RIG-I undergoes a conformational switch
followed by oligomerization. By limited protein digestion with trypsin, the
conformational switch of RIG-I and thus protection from the digestion by the
emergence of fragment that is resistant to digestion can be visualized through
immunoblotting (Weber and Weber 2014). Thus briefly, upon cell lysis and protein
isolation, half of each lysate was left untreated (input control) while the other half was
subjected to limited protease digestion. Thereby, samples were digested for 10 min with
0.2 png/ul TPCK-treated trypsin (Sigma—Aldrich) at 37°C. Then 4—fold sample buffer
(200 mM Tris—HCI pH 6.8, 8% SDS, 40% glycerol, 25% B—Mercaptoethanol, 0.4%
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Bromophenol Blue) was added and samples were boiled for 5 min at 100°C. Samples
were subjected to 12% SDS-PAGE and immunoblot analysis using mouse monoclonal
anti-RIG—I antibody (Adipogen ALME-1). Band intensities were quantified on a
ChemiDoc system (Bio—Rad) using Image Lab 5.2.1 (Bio—Rad). Activated RIG-I

represents the ratio of trypsin—resistant RIG-I to undigested RIG-I.

5.2.11 Co-immunoprecipitation assay

The co—immunoprecipitation assay is used to identify protein—protein
interactions by targeting a protein with a specific antibody. With the usage of beads, an
antibody can immobilize the target protein with its potential interactors. Upon elution
and western blot, these potential interactors can be identified. So briefly, for the course
of this study, cells were seeded in 6 well plate format (1*10° each well) and 6 hours
post infection were scraped off with PBS followed by centrifugation for 5 min at 800 g.
Pellets were resuspended in RIPA buffer (50 mM Tris—HCI pH 7.5, 0.15 M NaCl, 1%
NP40) containing protease inhibitors (cOmplete protease inhibitor cocktail, Roche,
04693116001) and incubated for 10 min at 4°C and stored at —20°C. For coupling, 25
ul of Dynabeads™ Protein G for Immunoprecipitation per sample were resuspended in
RIPA buffer and incubated with the corresponding antibodies using the so—called
sandwich method. During this, the beads are coupled initially with the proper secondary
antibody overnight 4°C with slow tilt rotation, followed by the primary antibody
overnight at 4°C with slow tilt rotation, with final incubation with the supernatants also
overnight at 4°C with slow tilt rotation. Thus, supernatants were immunoprecipitated
using mouse monoclonal anti—p53 (Calbiochem, OP43), rabbit polyclonals anti-NP
(Genetex GTX125989) and anti—PB2 (Genetex GTX125926) as described (Krischuns
et al., 2018). Mouse monoclonal anti—p53 (1:1000) and rabbit polyclonals anti—NP
(1:1000), anti—PB2 (1:200), and anti—beta tubulin (Abcam, ab6046), (1:1000) were

used for immunoblotting.

5.2.12 Immunofluorescence

Immunofluorescence is an assay that enables the visualization of a protein in
cells. With the use of a fluorescence microscope and immunostaining and by using
fluorophores, the location and distribution of certain proteins can be detected and
visualized. Thus, for the course of this study, and to detect the expression of the protein
in stably expression cell lines, cells (1*10° cells per well) were seeded and in the
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following day were rinsed with ice—cold PBS and fixed with 4% paraformaldehyde for
20 min at room temperature followed by permeabilization with 0.5% Triton X-100
solution. The cells were subjected to immunofluorescence staining with FLAG-M2
(1:500) antibody diluted in PBS containing 1% FCS solution for 1 h at room
temperature. The cells were then washed with cold 1% FCS in PBS three times for 5
min each, and incubated with Alexa Fluor 488 Donkey anti-mouse IgG (1:200)
(Invitrogen) at room temperature for 1 h. For nuclear staining, cells were incubated with
4' 6—diamidino—2—phenylindole (DAPI) which is a DNA-specific fluorescent probe
(1:1000) (Sigma) (Kapuscinski 1995). Cells were evaluated on a qualitative fluorescent
microscope (1X70; Olympus, Tokyo, Japan) and photomicrographs were taken using a
monochromatic camera (DFC3000G; Leica, Wetzlar, Germany). Fluorescence
intensities from images of three randomly selected microscopic fields of cells were
acquired (LAS.X.13, Leica).

5.2.13 Transfections

Transient transfection is used to introduce nucleic acids into the cells, which are
not incorporated into the genome and thus are available for a short period of time.
Although transient transfection leads to a limited—-time expression of proteins, the high
copy number of the transfected material leads to high expression of the target translated
protein. In this study, transient transfection was performed with TransIT-LT1
according to the manufacturer’s protocol (Mirus Bio LLC). Briefly, HEK 293T cells
were seeded and in the following day, the required plasmid amount (diluted in
Optimem™ I Reduced Serum Medium) was mixed with 3ul of TransIT-LT1 per 1 mg
of DNA in serum free medium for 15 min. This mix was gently applied to the attached
cells and cells were incubated for 1 (minigenome) or 2 (RIG—I mutants antiviral assay)
days at 37°C.

5.2.14 Generation of stable cell lines

In order to accomplish constant and long—term expression of a certain protein,
lentiviral stable cell line system is used. Besides the advantage of the constant
expression there is also universal expression of the incorporated nucleic acid, with the
elimination of expression variance since the nucleic acid is incorporated into the cell’s
chromosome. Furthermore, cells that have not taken up the nucleic acid of interest can
be excluded through antibiotic selection, since generated stable cell lines express
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antibiotic resistant genes. Thus, stable cell lines expressing the genes of interest from
an integrated lentiviral vector (Clontech, Thermo Fischer, Zufferey et al., 1998). Briefly
a mix of plasmids pLP1HIV, pLP2REV, pLP3 VSV with either pE 2xFLAG GST, pE
WT RIG-I or pE DC RIG-1 were transiently transfected to HEK293T cells. Upon 2
days of incubation, supernatants containing newly produced virions carrying the gene
of interest, were isolated and used to infect A549 WT and RIG-I KO cells (Schilling et
al., 2020) for 2 days. Selection of transduced cells was accomplished through

puromycin resistance. Cells were then cultured under constant puromycin selection.

5.2.15 Plasmid DNA isolation

To prepare a working stock of plasmid DNA for various experimental
applications, bacteria expressing the plasmid of interest were picked from the LB—agar
plates or glycerol stocks (stored at —80°C) with a 10 ul pipette tip and used to inoculate
a 50 ml LB medium solution containing 100 ng/ml ampicillin. After overnight
incubation at 37°C while rotating at approx. 120 rpm, the bacteria culture was
transferred to a 50 ml falcon tube and pelleted for 30 min at 4,000xg at 4°C. Plasmid
DNA isolation was carried out with the E.Z.N.A.® Plasmid DNA Midi Kit from Omega
bio—tek according to manufacturer’s instructions. Plasmid DNA concentration was

measured with a DS-11+ Spectrophotometer.

5.2.16 Cloning and prokaryotic cell culture

For the transfection experiment, both transient and stable, as well as the
polymerase activity assay, the gene of interest have to be incorporated in a bacterial
vector backbone. Thus, with molecular cloning the desired gene of interest is fused into
a vector backbone to produce the construct of interest. Initially, the gene of interest is
amplified using PCR. The primers used were designed to be complementary on the
respective end of the gene of interest (15-20 nucleotides) including a restriction site for
a certain restriction enzyme, followed by a buffer sequence to enable better restriction

enzyme binding. Here the Phusion® polymerase system was used (table 25).

Table 25: Phusion® system master mix

Reagent Volume for one reaction (pl)
ddH.0 12.3
5X Phusion® HF buffer 4
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dNTPs (2 mM) 2

Primer, forward (20 uM) 0.5
Primer, reverse (20 uM) 0.5
Phusion® DNA Polymerase 0.2
Template DNA (2 ng/pl) 0.5
DMSO 0.5

With the PCR conditions given in table 26.

Table 26: Phusion® system PCR conditions

Initial denaturation 98°C 30sec
Denaturation 98°C 10sec
Annealing Depending ofTm  of
primers 30sec 35 cycles
Elongation 72°C Depending of the
length of gene of interest
Final elongation 72°C 10 min
Hold 4°C

Primer Melting Temperature (Tm) is defined as the temperature which induces
annealing of a dsDNA molecule to ssDNA. In order to remove any template DNA
samples were digested with Dpnl restriction enzyme (table 27) for 90 minutes at 37°C,

followed by enzyme inactivation for 20 minutes at 80°C.

Table 27: Dpnl restriction digestion conditions

Reagent Volume for one reaction (ul)
10X CutSmart buffer 2

DNA 17

Dpnl 1

Afterwards, the product of the reaction and the corresponding vector were
digested with restriction enzymes to create appropriate ligation “sticky” (5’ or 3’
overhang) or blunt (no overhang) ends (table 28) for 90 minutes at 37°C, followed by
enzyme inactivation for 20 min at 65°C. These enzymes act as a defense mechanism
for bacteria and archaea, by recognizing and cleaving a target sequence, often
comprised by 4-8 base pairs (usually palindromic).
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Table 28: Restriction enzymes digestion mix

Reagent Volume for one reaction (ul)
Nuclease free ddH>0 Up to 20 ul

Cutsmart buffer (10X) 2

Restriction Enzyme 1 20 Units

Restriction Enzyme 2 20 Units

DNA 1 ug

To insert the amplified and cut DNA sequence into the linearized backbone
vector, the Rapid Ligation DNA kit was used (table 29) for 5 minutes 22°C, with
optimal ratio of insert/vector being 3:1 using the Ligation Calculator tool
(http://www.insilico.uni—duesseldorf.de/Lig_Input.html).

Table 29: Ligation master mix

Reagent Volume for one reaction (ul)
Linear vector DNA Dependent on ng amount
Insert DNA Dependent on ng amount

5X ligation buffer 4 ul

T4 DNA ligase 1l

ddH20 Up to 20 pl

The product of the ligation was, afterwards, transformed into Escherichia coli
(E. coli) bacteria. Bacteria were carefully thawed on ice and 2ul of the ligation reaction
was added to the bacteria solution followed by 30 min incubation on ice. Cells were
then heat shocked at 42°C for 30 sec and 400 pl LB medium was added followed by
incubation of 60 min at 37°C while shaking at 400 rpm. 200 ul of this reaction was
plated on LB agar plates containing 100 ng/ml ampicillin to promote the amplification
of only the expected bacteria containing the construct of interest. Bacterial plates were

incubated overnight at 37°C.

In order to confirm that the proper insert was inserted into the vector backbone
and amplified in bacteria, a colony PCR was performed (table 30, 31). Depending on
the construct, a set of primers was used, preferably those which were used for

amplification.
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Table 30: Colony PCR master mix

Reagent Volume for one reaction (pul)
ddH:0 15.2

10X buffer 2

dNTPs (2mM each) 2

Primer 1 (10 uM) 0.2

Primer 2 (10 uM) 0.2

Template (colony) Colony

Jumpstart Taq polymerase 0.4

Table 31: Colony PCR conditions

Initial denaturation 94°C 60 sec
Denaturation 94°C 30 sec
Annealing Depending of Tm of
primers 30sec 30 cycles
Extension 72°C Depending of the
length of gene of interest
Final extension 72°C 10min
Hold 4°C

Colonies were picked using a 10ul tip and swirled into the PCR reaction.
Afterwards the reaction was loaded with 6X orange DNA loading dye and separated on
agarose gel (1% in 1X TAE buffer) for approx. 45 min at 100 V. As a ladder sequence
the O'GeneRuler™ [ kb Plus DNA Ladder was used.

In order to further confirm the positive colonies from the previous step,
constructs were sequenced through Sanger sequencing. For this, colonies were
incubated overnight in LB medium and DNA was isolated (see 5.2.15) the following
day. The resulting DNA was sent to Microsynth Seqlab using the single tube
sequencing service in a tube containing 1.35 mg of DNA and 1.5 ul of corresponding
primer (10 mM). The resulting sequences were analyzed with SnapGene viewer and the
BlastN suite.
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5.2.17 Statistical analysis

For statistical analyses, an independent two—tailed paired Student’s t test was
used. P values lower than 0.05 were considered statistically significant. Calculations
were performed using Microsoft Excel software. Graphpad Prism and Microsoft Excel
softwares were used for plotting the graphs and the EC50 calculator online tool (AAT

Bioquest) was used to calculate the EC50 values.
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6 Results
6.1 Effect of Paliperidone on the viability of cells

Paliperidone was suggested as an ideal lead for new antivirals against FLUAV,
as it was predicted in silico to target the evolutionary conserved sites of PB2 (Patel and
Kukol 2017). Thus, the hypothesis that Paliperidone might have antiviral activity
against FLUAV was tested. Initially, the tolerance of cells to Paliperidone had to be
determined. In order to accomplish this, the Neutral Red Dye, an eurhodin dye, which
is incorporated into the lysosomes of live cells (Repetto et al., 2008), was used after a
spectrum of concentrations from 2.34 uM to 0.492 mM (1 pg/ml to 200 pg/ml) of
Paliperidone in A549, MDCK and (0.5 pg/ml to 100 pg/ml) of Paliperidone in HUH7
cells. The time points represent the longest time points used for the next experiments.
Thus, for A549 cells, 24 hours of incubation was examined while in MDCK cells 72
hours and HuH7 cells 48 hours of incubation were used. Since the concentrations that
reduced cell viability indicate toxicity, they were not further investigated. As shown in
fig. 9, Paliperidone could be administered to the A549 and HuH7 cells without showing
toxic effect up to the concentration of 50 pg/ml, while in MDCK cells 25 pg/ml
concentration could be used. Interestingly, but not significantly in some replicate
experiments a higher viability compared to the untreated cells was observed suggesting

that at these concentrations Paliperidone does not seem to be toxic to these cells.
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Figure 9: Effect of Paliperidone on cell viability.

A549 (A), MDCK (B) or HuH7 (C) cells were treated with the indicated amount of Paliperidone
for 24 (A), 72 (B) or 48 (C) hours, and subjected to cell viability assay with the Neutral Red dye. Mean

values with standard deviation from three biological replicates are shown.

Thus, the potential antiviral activity of Paliperidone against A/PR/8/34 was
examined. In a preliminary experiment the non—toxic concentrations of Paliperidone
were tested in A549 cells and early viral replication through RNA levels of M segment
A/PR/8/34 were assessed. To test this RNA was isolated from cells at 6 hours post
infection, as it has been shown that at this time point, infected cells begin to produce
new influenza viruses (Baccam et al., 2006). The cells were infected for 1 h at a
multiplicity of infection (MOI) of 1, and then treated with the indicated concentrations
of Paliperidone to reflect therapeutic conditions. 6 h later levels of viral RNA were
determined. As a marker for the de novo synthesized viral RNA, the positive—strand
sequence (MRNA and antigenome) of the viral genome segment 7 was determined,
while the newly produced viral RNA was examined with the negative strand of segment
7. Paliperidone was solubilized in DMSO and thus was used as control. In this study,
preliminary data showed that Paliperidone has inhibitory effect on influenza A
replication at a concentration of 10 ug/ml (fig. 10). Thus, this concentration was chosen
for further investigations.

(+) strand RNA M segment (A/PR/8/34) (-) strand RNA M segment (A/PR/8/34)
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Figure 10: Effect of Paliperidone on the early infection phase of FLUAV
strain A/PR/8/34.

gRT-PCR analysis of M segment levels (positive and negative strand) of A/PR/8/34. A549 cells
were infected with A/PR/8/34 (MOI 1, lhour) and were untreated () or treated with DMSO or
Paliperidone (5, 10, 25, 50 pg/ml). 6 hours later RNA was isolated from A549 cells for qRT-PCR
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analysis. Relative values from one replicate are shown, with the DMSO set to 100%. Individual values

from one biological replicate are shown.

6.2 Effect of Paliperidone on the early infection phase of FLUAV
strain A/PR/8/34

Since, in a preliminary experiment Paliperidone proved to inhibit early viral
replication of A/PR/8/34 (fig. 10), a broad examination of its inhibitory effect was
assessed. Initially, early viral replication through RNA levels of M segment and protein
synthesis of NP were assessed 6 hours post infection. The cells were infected for 1 h at
a multiplicity of infection (MOI) of 1, and then treated with 10 ug/ml Paliperidone, and
6 h later levels of viral RNA and protein were determined. As a marker for the de novo
synthesized viral RNA, the positive-strand sequence (MRNA and antigenome) of the
viral genome segment 7 was determined, while the newly produced viral RNA was
examined with the negative strand of segment 7. Protein synthesis was examined with
the levels of NP protein. As shown in fig 11. Paliperidone, at early infection, diminishes
significantly only the synthesis of the negative strand of the M segment RNA, with NP
and PB2 protein levels being also diminished compared to the DMSO control.
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Figure 11: Effect of Paliperidone on the early infection phase of FLUAV
strain A/PR/8/34.

A) gRT-PCR analysis of M segment levels (positive and negative strand) of A/PR/8/34. A549
cells were infected with A/PR/8/34 (MOI 1, 1hour) and were untreated (-) or treated with DMSO or
Paliperidone (10 pg/ml). 6 hours later RNA was isolated for qRT—PCR analysis. Mean and individual
values from eight biological replicates are shown. DMSO was set as 100%. Two—tailed paired Student’s
t test indicated significance* p<0.05. B) Western Blot analysis of NP and PB2 protein levels normalised
to B—tubulin. A549 cells were infected with A/PR/8/34 (MOI 1, 1hour) and were treated with DMSO or
Paliperidone (10 pg/ml). 6 hours later total protein lysate was isolated for Western blot analysis for the
indicated antigens. Representative blot of staining is shown. Numbers indicate the molecular weight of
the protein in kilo Dalton (kDA). Bands were quantified with Image Lab 5.2.1 software. Mean and
individual values from seven for NP and three for PB2 biological replicates are shown. DMSO was set

as 100%. Two-tailed paired Student’s t test indicated significance * p<0.05.

RIG-1 is the major sensor for FLUAYV infection. Upon recognition of its ligands
(triphosphorylated (5'ppp) dsRNA), RIG-I is activated undergoing conformational
switch, activating downstream signalling (Weber et al., 2015). To examine if the early
antiviral effect of Paliperidone affects RIG-I recognition of FLUAV and concomitantly
its activation and signalling, the RIG—I activation was assessed though conformational
switch assay. The cells were infected for 1 h at MOI of 1, then treated with 10 pg/ml
Paliperidone, and 1 h later levels of the trypsin resistant fragment of RIG—I, indicative
of a conformational switch, was examined. As shown in fig.12, paliperidone induces
RIG-I activation in mock conditions, Despite that fact, even though a pattern of
induction regarding RIG-I trypsin resistant fragments under infection with
Paliperidone treatment was observed, compared to DMSO treatment, this was not
statistically significant. Conclusively, while Paliperidone shows significant inhibitory
effect against A/PR/8/34, it does not cause any effect on RIG-I activation itself during

infection.
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Figure 12: Effect of Paliperidone on RIG-I activation.

Western blot analysis of RIG-I conformational switch assay. A549 cells were infected with
A/PR/8/34 (MOI 1, 1hour) and were treated with DMSO or Paliperidone (10 pg/ml). 1 hour later total
protein lysate was isolated for Western blot analysis for the indicated antigens. In order to quantify RIG—
I trypsin resistant fragments were divided to total RIG-I protein. Representative blot of staining is shown.
Numbers indicate the molecular weight of the protein in kilo Dalton (kDA). Bands were quantified with
Image Lab 5.2.1 software. Mean and individual values from seven biological replicates are shown.
DMSO was set as 100%. Two—tailed paired Student’s t test indicated significance * p<0.05.

6.3 Effect of Paliperidone on interferon signalling

Paliperidone showed early inhibitory effect against A/PR/8/34 (fig. 10, 11). On
the other side, even though a trend of RIG-I activation during infection was observed,
this was not significant (fig. 12). Activation of RIG-I leads to the initiation of
interferon signalling which ultimately lead to the production of ISGs (Panne 2008, Loo
et al. 2008). Thus, next, the potential effect of Paliperidone on interferon signalling was
tested. Therefore, the cells were infected for 1 h at MOI of 1, then treated with 10 pg/ml
Paliperidone, and 6 h later the mRNA levels of IRF3, IRF7 and ISG56 and the protein
levels of IRF3 were tested. As shown in fig 14. no significant effect was observed in
any interferon regulatory or stimulated gene tested after Paliperidone treatment,

compared to the DMSO control.

65



A)

RIG-I dependent gene (ISG56) IRF7 mRNA

150+ 6004
L] ]

400

2004

relative expression in %
relative expression in %

P m
L)
N .
DMSO PP DMSO PP - DMSO PP DMsO PP
AIPR/8I34 . AIPRIBI34
IRF3 mRNA
400+
i 3004 o® .
5
2
£ 2004
H
'—: 1004 . | s
) -
DMSO PP DMSO PP
AJIPRIBI34
B) IRF3 protein
2.0
[ ]
1.54 mock A/PR/8/34
: °
@ L] kDADMSO PP DMSO PP
: 10 IRF3 Ol —
% ] 46
: H
] tubulin |
0.5 iz p— A—
° 0
0.0
DMSO PP DMSO PP

A/PR/8/34

Figure 13: Effect of Paliperidone on interferon signalling during the early
infection phase of A/PR/8/34.

A) gRT-PCR analysis of 1SG56, IRF7 and IRF3 mRNA levels. A549 cells were infected with
A/PR/8/34 (MOI 1, 1hour) and were untreated () or treated with DMSO or Paliperidone (10 pg/ml). 6
hours later RNA was isolated for gRT-PCR analysis. Mean and individual values from seven (ISG56)
and four (IRF7/3) biological replicates are shown. DMSO was set as 100%. B) Western blot analysis of
IRF3 protein levels. A549 cells were infected with A/PR/8/34 (MOI 1, 1hour) and were untreated () or
treated with DMSO or Paliperidone (10 pg/ml). 6 hours protein lysate was isolated for WB analysis for
the indicated antigens. Representative blot of staining is shown. Numbers indicate the molecular weight
of the protein in kilo Dalton (kDA). Bands were quantified with Image Lab 5.2.1 software. Mean and
individual values from five biological replicates are shown. Two—tailed paired Student’s t test indicated

significance * p<0.05.
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6.4 Effect of Paliperidone on other HIN1 strains

Since Paliperidone inhibits early viral RNA replication and protein synthesis of
FLUAV HI1NL1 strain A/PR/8/34, its potential effect against other HLN1 strains was
evaluated. To do this, the cells were infected for 1 h at a multiplicity of infection (MOI)
of 1, then treated with 10 pg/ml Paliperidone, and 6 h later levels of viral and cellular
interferon regulatory gene RNAs and protein were determined. Cellular interferon
regulatory genes which were tested, were IRF3/7, while protein synthesis was
examined with the levels of NP protein. The strains examined were a) A/HAM/2009
pandemic strain, b) A/WSN/33 bearing the mammalian adaptation signature in PB2
segment in position 627K (A/WSN/33 PB2 627K), and c) A/WSN/33 bearing the avian
adaptation signature in PB2 segment in position 627E (A/WSN/33 PB2 627E).
Contrary to its inhibitory effect observed for A/PR/8/34, Paliperidone inhibited only
NP protein synthesis of A/HAM/2009 compared to the DMSO control without affecting
the RNA synthesis (fig. 14B). Furthermore, Paliperidone showed inhibitory effect
against the strain A/WSN/33 PB2 627K but only on the synthesis of negative strand of
M segment RNA levels (fig. 14A) without affecting protein levels compared to the
DMSO control. No effect was observed on IRF3/7 mRNA and IRF3 protein levels (fig.
14).
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Figure 14: Effect of Paliperidone on the early infection phase of other HIN1

strains.

A) gRT-PCR analysis of M segment levels (positive and negative strand) of A/HAM/2009,
A/WSN/33 PB2 627K and A/WSN/33 PB2 627E. A549 cells were infected with A/PR/8/34 (MOI 1,
1hour) and were untreated (—) or treated with DMSO or Paliperidone (10 pg/ml). 6 hours later RNA was
isolated for gRT—PCR analysis. Mean and individual values from three biological replicates are shown.
DMSO was set as 100%. Two-tailed paired Student’s t test indicated significance * p<0.05. B) Western
Blot analysis of NP protein levels normalised to f—tubulin. A549 cells were infected with A/HAM/2009,
A/WSN/33 PB2 627K variant and A/WSN/33 PB2 627E variant (MOI 1, 1hour) and were treated with
DMSO or Paliperidone (10 pg/ml). 6 hours later total protein lysate was isolated for Western blot analysis
for the indicated antigens. Representative blot of staining is shown. Numbers indicate the molecular
weight of the protein in kilo Dalton (kDA). Bands were quantified with Image Lab 5.2.1 software. Mean
and individual values from five biological replicates are shown. Two-tailed paired Student’s t test
indicated significance * p<0.05. C) gRT-PCR and WB analysis of IRF7, IRF3 mRNA and IRF3 protein
levels. A549 cells were infected with AIHAM/2009, A/WSN/33 PB2 627K variant and A/WSN/33 PB2
627E variant (MOI 1, 1hour) and were untreated (-) or treated with DMSO or Paliperidone (10 pg/ml).
6 hours later RNA was isolated for qRT-PCR analysis and protein lysate was isolated for WB analysis
for the indicated antigens. Bands were quantified with Image Lab 5.2.1 software. Mean and individual

values from three biological replicates are shown.
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Surprisingly, Paliperidone did not show any inhibition in both strands of RNA
M segment levels and NP protein synthesis of A/WSN/33 PB2 627E. This insensitivity
of the avian adapted strain to Paliperidone on RNA and protein levels led to the
hypothesis that Paliperidone can affect the polymerase activity of only mammalian
adaptation bearing strains. Thus, the activity of viral polymerase of strains carrying the
avian and mammalian signature was tested through minigenome assay. In this assay
fluorescence—encoding reporter viral RNAs are replicated by the in situ reconstituted
viral polymerase (TeVelthuis et al., 2018, Lutz et al., 2005). To do this, cells were
transiently co—transfected with constructs encoding the viral polymerase, construct
encoding viral RNA tagged with firefly luciferase encoding gene and a Renilla
expressing construct. 4 hours later cells were treated with Paliperidone (10 mg/ml) and
24 hours later the expression of both luciferases was examined indicating the replication
of viral RNA (firefly) and control for transient transfection (Renilla). As shown in fig.
15, Paliperidone was unable to affect the activity of the polymerase carrying the avian
adapted signature, while the activity of the mammalian adapted signature polymerase

was reduced.
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Figure 15: Effect of Paliperidone on the viral RNA-dependent RNA

polymerase activity of HIN1 strains.

Minigenome analysis of viral polymerase activity, of PB2 627E variant and PB2 627K variant.
HEK 293T cells were transiently transfected with viral polymerase encoding constructs, PB1, PA, NP,
and luciferase expressing reporter genes, Firefly encoding viral RNA, Renilla reporter gene.
Furthermore, constructs encoding the avian signature PB2 627E, or mammalian PB2 627K were
transiently transfected to reconstitute the polymerase function. 4 hours later media was removed and
media containing PP (10 pg/ml) was used as treatment. 24 hours later, firefly and Renilla luciferase levels

were determined using Dual Luciferase Reporter Assay System (Promega) and a LB 942 TriStar2
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multimode reader (Berthold Technologies). Firefly luciferase was normalized to Renilla luciferase. Mean
and individual values from six biological replicates are shown. DMSO was set as 100%. Two—tailed

paired Student’s t test indicated significance * p<0.05.

Conclusively, Paliperidone does not exert any effect against the avian adapted
strain A/WSN/33 PB2 627E. Nevertheless, interestingly, Paliperidone inhibits both
mammalian adapted strains A/WSN/33 PB2 627K and A/HAM/2009 in viral RNA and
protein level, without any effect on the interferon signalling. Furthermore, Paliperidone
fails to affect the polymerase activity of the avian adapted strain, in contrast with the
mammalian adapted strain where polymerase activity is significantly inhibited by
Paliperidone.

6.5 Effect of Paliperidone on the full viral replication cycle
Paliperidone inhibits the viral RNA replication, protein synthesis of different
H1N1 strains (fig. 11, 14) as well as the viral polymerase activity (fig. 15). Therefore,
next, the effect of Paliperidone in viral growth kinetics was examined. Thus, MDCK
cells were infected with the four previously mentioned H1N1 virus strains (A/PR/8/34,
A/HAM/2009, A/WSN/33 PB2 627K and A/WSN/33 PB2 627E) and treated with
Paliperidone. Supernatants were collected in time course manner (8, 24, 48, 72 hours
post infection) and titrated with immunoplaque assay. As shown in fig. 16 Paliperidone

showed inhibitory effect only in early infection (8 hours) against strain A/PR/8/34.
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Figure 16: Effect of Paliperidone on the viral replication cycle in MDCK

cells.

Canine MDCK cells were infected with A) A/PR/8/34, B) AIHAM/09, C) A/WSN/33 PB2 627
K, D) A/WSN/33 PB2 627 E at an MOI of 0.01, and 1 h later treated with 10 pg/ml Paliperidone or the
DMSO control. At the time points indicated, supernatants were harvested and titrated by immunoplaque
assay. Titers of the earliest measurable time point were set to 100%. Mean and individual values from

four biological replicates are shown. Two-tailed paired Student’s t test indicated significance * p<0.05.

Even though viral growth is optimal in MDCK cells (Krammer et al., 2018),
this does not represent the natural infection conditions (Peteranderl et al., 2016) with
one example being that these cells are deficient in the antiviral type | interferon (IFN)
(Seitz et al., 2010). To continue the analyses using conditions closer to the infection in
humans, primary bronchial cells derived from patient donors were employed, a system
found to have the best predictive value for the in vivo situation (llyushina et al., 2012).
The strain to infect the cells was A/PR/8/34, the HIN1 strain with the most obvious
sensitivity towards Paliperidone at the early infection phase. Indeed, also in primary
human bronchial cells, Paliperidone delays the replication of A/PR/8/34 at 8 and 24
h.p.i, (fig. 17). At later time points, however, the antiviral effect seems slightly reversed
(48 and 72 h.p.i.), although statistical significance was not reached. Thus, also under ex
vivo conditions, Paliperidone inhibits the replication of FLUAV A/PR/8/34 until 24

hours post infection.
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Figure 17: Effect of Paliperidone on the viral replication cycle in human

primary bronchial cells.
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Cells were infected at an MOI of 1, Paliperidone treatment and subsequent analyses were done
as described for figure 15. Titers of the earliest measurable time point were set to 100%. Mean and
individual values from four biological replicates are shown. One-tailed unpaired Student’s t test

indicated significance * p<0.05.

6.6 Influence of Paliperidone on PB2-NP binding

Paliperidone was predicted to dock into a deep pocket on PB2 that is
evolutionary conserved and overlaps with a domain important for NP binding (Patel
and Kukol 2017). Therefore, using strain A/PR/8/34 where the early inhibitory effects
were observed, by co—immunoprecipitation assays, the in silico finding of the PB2—-NP
complex disassembly (Patel and Kukol 2017) was examined in vitro. A549 cells were
infected for 6 h at an MOI of 1, lysed, and the viral proteins were immunoprecipitated
using antisera directed against either NP or PB2. As shown by immunoblotting (fig.
18A), both viral proteins were detectable in the input control, as expected, and
Paliperidone treatment reduced their signals. Interestingly, application of Paliperidone
resulted in less PB2 in the NP immunoprecipitates, and conversely there was less NP
in the PB2 immunoprecipitates. Along these lines, quantification of the immunoblot
signals from independent experimental replicates, normalized to the signal of the
respective immunoprecipitated viral protein, revealed that Paliperidone reduces the
binding of PB2 to NP, whereas the ratio of the two proteins in the input lysates remained
unaffected (fig. 18B). Thus, as predicted in silico (Patel and Kukol 2017), Paliperidone
indeed disturbs the interaction of FLUAV A/PR/8/34 PB2 with NP.
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Figure 18: Influence of Paliperidone on PB2-NP interaction.

A) Human A549 cells were infected at an MOI of 1, and 1 h later treated with 10 pg/ml
Paliperidone or the solvent DMSO as control. A further 6 h later, total protein was extracted and 10% of
lysate was used as input while p53 pulldown was used as a negative control pulldown. Representative
blots of stainings are shown. B) Ratios of quantified immunoblot signals for PB2 and NP. Bands were
quantified with Image Lab 5.2.1 software. Mean and individual values from seven (input and NP
pulldown) and three (PB2 pulldown) biological replicates are shown. DMSO was set as 100%. Two—

tailed paired Student’s t test indicated significance * p<0.05.

6.7 Involvement of RIG-I

It was previously shown that a destabilization of the polymerase complex
renders FLUAV more prone to be sensed and inhibited by RIG—I immediately after the
viral nucleocapsids have entered the cell (Weber et al., 2015). Given that Paliperidone
interferes with the binding of PB2 to NP, as well as the observation that its antiviral
activity seems to be restricted to the early phase of infection, the hypothesis of RIG—I
involvement in the effect of Paliperidone were examined. In order to investigate this,
A549 cell lines bearing CRISPR/Cas9—generated knockouts either in RIG—I, the related
PRR MDAD5, or the adapter molecule MAVS that relays the antiviral signalling initiated
by RIG-I and MDAG5 to the induction of the IFN promoter were used. Cells were
infected for 1 h at MOI of 1, then treated with 10 pg/ml Paliperidone, and 6 h later
levels of viral RNA and protein were determined. As a marker for the de novo
synthesized viral RNA, the positive-strand sequence (MRNA and antigenome) of the
viral genome segment 7 was used, while the newly produced viral RNA was examined
with the negative strand of segment 7. Protein synthesis was examined through the
levels of NP. According to fig. 19 while in MDA5 KO cells Paliperidone showed
inhibitory effect regarding the positive strand of M segment compared to the vehicle
control, knock out all three proteins abolished the inhibitory effect of Paliperidone
against FLUAV regarding the negative strand of M segment. On the other hand,
examination of NP protein levels showed, that Paliperidone boosts NP protein synthesis
when RIG-I1 is absent, while in MDA5 KO cells Paliperidone did not exert any
inhibitory effect. In contrast, knock out of MAVS led to inhibition of synthesis of NP
protein levels under Paliperidone comparable to the inhibition shown in A549 CTRL
KO cells compared to the vehicle control. Conclusively, RIG-I is involved in the
inhibitory effect of Paliperidone against A/PR/8/34, while MDA5 and MAVS are
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partially involved in the inhibitory effect in RNA (negative strand) (fig. 19A), and
protein (fig. 19B) respectively.
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Figure 19: Involvement of RIG-I.

A) gRT-PCR analysis of M segment levels of A/PR/8/34. A549 control KO (CTRL KO), A549
RIG-1 KO (RIG-I KO), A549 MDA5 KO (MDA5 KO) and A549 MAVS KO (MAVS KO) cells were
infected with A/PR/8/34 (MOI 1, lhour) and were treated with DMSO or Paliperidone (10 pg/ml). 6
hours later RNA was isolated for gqRT-PCR analysis. Mean and individual values from four biological
replicates are shown. DMSO was set as 100%. Two—tailed paired Student’s t test indicated significance
* p<0.05. B) Western Blot analysis of NP protein levels. A549 control KO (CTRL KO), A549 RIG-I
KO (RIG-1 KO), A549 MDA5 KO (MDAJ5 KO) and A549 MAVS KO (MAVS KO) cells were infected
with A/PR/8/34 (MOI 1, 1hour) and were treated with DMSO or Paliperidone (10 pg/ml). 6 hours later
total protein lysate was isolated for Western blot analysis for the indicated antigens. Representative blot
of staining of NP is shown. Numbers indicate the molecular weight of the protein in kilo Dalton (kDA).
Bands were quantified with Image Lab 5.2.1 software. Mean and individual values from four biological
replicates are shown. DMSO was set as 100%. Two-tailed paired Student’s t test indicated significance
* p<0.05.

6.8 Influence of Paliperidone on cell signalling proteins.

Paliperidone is a centrally active dopamine D2 and serotonin 5-HT2A
antagonist (Karlsson et al., 2005). D2 receptors modulate many signalling pathways,

some of which are the PISBK/AKT, adenylate cyclase, phospholipases, ion channels,
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mitogen activated protein (MAP) kinases, and the Na*/H" exchanger (Huff et al., 1998).
AKT is known between others as a regulator of cell survival by regulating apoptosis
(Lietal., 2019) and senescence (Rossig et al., 2001, Shtutman et al., 2017). p21 protein
is a senescence marker, inducing cell cycle arrest (Shtutman et al., 2019). It is known
that Paliperidone reverts the chemically induced inhibition of AKT in neuronal cells
(Peng et al., 2013, Peng et al., 2014). On the other hand, several studies indicated that
AKT is modulated and required by FLUAV (Ehrhardt et al., 2007, Hirata et al., 2014,
Murray et al., 2012.). According to a study (Ma et al., 2022), p21 exhibited Influenza
inhibiting effect, by binding to FLUAV s PA protein and competing out its binding to
PB1. Thus, in order to test the effect of Paliperidone on these cellular signalling
mediators during infection, A549 cells were infected for 6 h at an MOI of 1, lysed and
the levels of AKT and p21 were tested. Paliperidone exerted a minor but not significant
increase in AKT levels (phosphorylated/total) and a significant inhibition p21 levels
compared to the vehicle control under infection. These indicate that paliperidone

enhances cell survival but inhibits the anti-FLUAV p21 protein (fig. 20).
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Figure 20: Influence of Paliperidone on cell survival signalling molecules.

Western Blot analysis of A) phospho— AKT normalized to total (pan) AKT and B) p21 protein
levels normalised to B—tubulin. A549 cells were infected with A/PR/8/34 (MOI 1, 1lhour) and were

75



treated with DMSO or Paliperidone (10 pg/ml). 6 hours later total protein lysate was isolated for Western
blot analysis for the indicated antigens. Representative blot of staining is shown. Numbers indicate the
molecular weight of the protein in kilo Dalton (kDA). Bands were quantified with Image Lab 5.2.1
software. Mean and individual values from three (A), six (B) biological replicates are shown. DMSO

was set as 100%. Two—tailed paired Student’s t test indicated significance * p<0.05.

6.9 Effect of Paliperidone on SARS-CoV-2

Paliperidone was suggested as a potential inhibitor candidate against SARS—
CoV-2 as it was predicted, in silico, that it has high affinity binding to 3CLpro, the
main protease of SARS-CoV-2, leading to the enzymatic inhibition (Gul et al., 2020).
Thus, its potential antiviral activity against SARS—CoV-2 was examined. Initially, viral
replication through RNA levels of E gene and protein synthesis of N were assessed 48
hours post infection. Furthermore, at 48 hours post infection the effect on full viral
replication cycle was determined. The cells were infected for 1 h at MOI of 0.005, then
treated with a range of Paliperidone concentrations (1, 10 pg/ml), and 48 h later levels
of E gene, N protein and viral titers were determined. Paliperidone inhibited viral
transcription of E gene (fig. 21A), but failed to affect titer levels of SARS-CoV-2 (fig.
21B) and N protein (fig. 21C).
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Figure 21: Effect of Paliperidone on SARS-CoV-2.
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A) qRT-PCR analysis of E gene levels of SARS-CoV-2. HuH7 cells were infected with SARS-
CoV-2 at an MOI of 0.005, and 1 h later treated with the indicated amount of Paliperidone or the solvent
DMSO as control. At 48 hours post infection, RNA was isolated and levels of E gene was determined by
gRT-PCR. Mean and individual values from four biological replicates are shown. DMSO was set as
100%. Two-tailed paired Student’s t test indicated significance * p<0.05. B) Western blot analysis of N
protein levels of SARS-CoV-2. HuH7 cells were infected with SARS-CoV-2 at an MOI of 0.005, and
1 h later treated with the indicated amount of Paliperidone or the solvent DMSO as control. At 48 hours
post infection, total protein lysates were isolated and protein levels were determined by SDS PAGE and
Western blotting for the indicated antigens. Representative blot of staining is shown. Numbers indicate
the molecular weight of the protein in kilo Dalton (kDA). Bands were quantified with Image Lab 5.2.1
software. Mean and individual values from three biological replicates are shown. DMSO was set as
100%. C) Full viral replication analysis of SARS-CoV-2. HuH7 cells were infected with SARS-CoV-
2 at an MOI of 0.005, and 1 h later treated with the indicated amount of Paliperidone or the solvent
DMSO as control. At 48 hours post infection, supernatants were isolated and titrated by plaque assay.

Mean and individual values from three biological replicates are shown. DMSO was set as 100%.

To conclude, in this study, Paliperidone exhibited early inhibitory effect against
H1N1, which was strain dependent. This inhibitory effect did not affect the interferon
signalling, whatsoever, even though it was RIG—I dependent. On the other hand, the in
silico prediction (Patel and Kukol 2017) on Paliperidone inhibiting the interaction of
NP with PB2 proteins was proved here in vitro affecting also viral polymerase activity.

Furthermore, Paliperidone exhibited minor effect against SARS-CoV-2.

6.10 Effect of RIG-I mutants on A/PR/8/34

RIG-I is the major sensor for FLUAV infection (Weber et al., 2015), as well as
recently proved to also sense SARS—-CoV-2 (Yamada et al., 2021). RIG-I shows both
direct antiviral activity and induction of interferon signalling (Chan and Gack 2015).
Thus, in this study, the direct antiviral activity through signalling—deficient RIG-I was
examined against both viruses in another complementary approach. In this approach,
since evidence show that the signalling deficient RIG-I mutant K270A shows
inhibitory effect against FLUAV (Weber et al., 2015, Yao et al., 2015), here this and
other signalling altered RIG-I mutants, were tested for their inhibitory capacity against
A/PR/8/34. These RIG-I mutants tested here were the signalling deficient RIG-I
ACARD, and the ATP binding/ATP—-ase deficient helicase mutants RIG-1 K270A,
RIG-1 K270A/E373Q, and RIG-1 T409A/S411A (fig. 22) (Lassig et al., 2015, Louber
etal., 2015, Kumar et al., 2009).
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Figure 22: RIG-I constructs tested and their respective mutations.

Constructs expressing RIG-1 WT= WT, RIGI-I K270A= KA, RIG-I K270A/E373Q= KAEQ,
RIG-I T409A/S411A= TASA, RIG-I ACARD=DC were used for following analysis.

Cells were transfected with constructs containing the wild type or mutant RIG—
I and upon 2 days cells were infected with A/PR/8/34 strain for 6 hours before cellular
RNA was isolated. Initially, these mutants were tested for their inhibitory capability
against A/PR/8/34 and signalling capacity. As a marker for the de novo synthesized
virus RNA, the positive-strand sequence (MRNA and antigenome) of the viral genome
segment 7 was examined, while the newly produced viral RNA was examined with the
negative strand of segment 7. The RIG-I dependent gene 1SG56 was used as a RIG-I
mediated signalling indicator. As shown in fig. 23 as expected RIG-I WT and K270A
reduced the levels of M segment. In addition, all RIG—I mutants showed the same or
even better inhibitory effect on the levels of M segment compared to the GFP control.
On the other hand, examination of the levels of ISG56 upon transfection and infection,
showed that the K270A show minor ISG56 induction. Contrary to that, both the double
mutants induced ISG56, while the ACARD mutant did not induce the RIG-I dependent
gene in both mock and infected cells (fig. 23A).
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Figure 23: Effect of RIG-I mutants on A/PR/8/34.

A) gRT-PCR analysis of M segment levels (positive and negative strand) of A/PR/8/34 and
cellular ISG56 levels. HEK 293T RIG-I KO cells transiently transfected with expressing constructs
green fluorescence protein (GFP), RIG-I WT= WT, RIGI-I K270A= KA, RIG-I K270A/E373Q=
KAEQ, RIG-I T409A/S411A= TASA, RIG-1 ACARD=DC were infected with A/PR/8/34 (MOI 1,
1hour). 6 hours later RNA was isolated for qRT—PCR analysis. Mean and individual values from three
biological replicates are shown. GFP was set as 100%. Two—tailed paired Student’s t test indicated
significance * p<0.05. B) Western Blot analysis of RIG—I expression. HEK 293T RIG-I KO cells
transiently expressing green fluorescence protein (GFP) transfection RIG-I WT= WT, RIGI-I K270A=
KA, RIG-I K270A/E3730Q= KAEQ, RIG-I T409A/S411A= TASA, RIG-1 ACARD=DC were infected
with A/PR8/34 (MOI 1, 1hour). 6 hours later total protein lysate was isolated for immunoblot analysis
for the indicated antigens. Numbers indicate the molecular weight of the protein in kilo Dalton (kDA).

Representative blot is shown.
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Even though the RIG-1 mutants K270A/E373Q, and T409A/S411A inhibited
A/PR/8/34 on RNA levels (fig. 23A), they show constitutive signalling activity. Thus,
for the course of this study the signalling deficient RIG-1 ACARD (DC) was assessed

against a set of viruses. For this approach, the lung—alveolar adeno—carcinoma cell line

A549 was used for a better representation of human lung infection. Thereby, WT A549

cells were compared to RIG-1 KO cells reconstituted with FLAG-tagged RIG-I WT or
RIG—I DC through lentiviral infection. A549 RIG-I KO cells reconstituted with the
unrelated FLAG—tag glutathione S—transferase (GST) was used as a control (fig. 24).
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Figure 24: Expression of target proteins in the generated stable cell lines.

A) A549 control (CTRL) cell line stably expressing GST and RIG-I KO cell line stably
expressing GST, RIG-1 WT, and RIG-I DC and HEK293T cells transiently transfected with constructs
expressing GST, RIG-I WT and RIG-I DC used as control for staining were seeded. 24h post
transfection cells were fixed with paraformaldehyde and stained using anti-FLAG tag primary antibody
and DAPI. Confocal microscopy was performed using Olympus 1X70 Inverted Fluorescence Phase
Contrast Microscope and the accompanying software. B) WB analysis of FLAG and RIG-I protein. A549
WT and RIG-I KO total protein lysates were isolated and levels of FLAG, RIG-I and tubulin proteins
were determined. 6 hours later total protein lysate was isolated for immunoblot analysis for the indicated
antigens. Numbers indicate the molecular weight of the protein in kilo Dalton (kDA). Representative blot
is shown from one biological replicate. A549 control cells line=CTRL, A549RIG-I KO cell line=RKO,
GST= glutathione-S—transferase, RIG-| WT=WT, RIG-I ACARD= DC



In order to test the effect of RIG-I against A/PR/8/34 on this system, briefly,
the stably expressing cells, mentioned before, were infected with A/PR/8/34 strain
(MOI 1) and 6 hours later RNA and protein were isolated. Furthermore, in a time course
manner (8, 24, 48 hours post infection) the effect of RIG—I on full viral replication cycle
was also determined. The cells were infected for 1 h at MOI of 0.001 and viral titers
were determined. These RIG—Is were tested for both their capability of being inhibitory
against A/PR/8/34 and signalling capacity. As a marker for the de novo synthesized
virus RNA, the positive—strand sequence (MRNA and antigenome) of the viral genome
segment 7 was tested, while the newly produced viral RNA was examined with the
negative strand of segment 7. The RIG-I dependent gene 1SG56 was used as a RIG-I
mediated signalling indicator. Protein synthesis was examined with the levels of NP
and PB2 protein. As shown in fig. 25A, although there was no significant reduction of
viral transcription of M segment from both RIG-1 WT and RIG-I DC compared to GST
control, the newly produced viral RNA was reduced by both RIG-I WT and RIG-I DC
compared to GST control (fig. 25A last graph). The RIG—I dependent gene was induced
in the RIG—1 KO when only RIG-1 WT was expressed. Both NP and PB2 protein levels
remained unaffected by both RIG-I"s compared to GST control (fig.25B). Furthermore,
the viral A/PR/8/34 titers remained unaffected by RIG-1 WT and RIG-I DC compared
to GST control (fig. 25C).
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Figure 25: Effect of RIG-I mutant A/PR/8/34.

A) gRT-PCR analysis of M segment levels (positive and negative strand) of A/PR/8/34 and
cellular ISG56 levels. Stably expressing GST or WT (wild type) RIG-I or DC (ACARD) RIG-I A549
control cell line (CTRL) or RIG-1 KO cells were infected with A/PR/8/34 (MOI 1, 1hour). 6 hours later
RNA was isolated for gqRT-PCR analysis. Mean and individual values from four biological replicates
are shown. CTRL GST or RIG-1 KO GST was set as 100%. Two-tailed paired Student’s t test indicated
significance * p<0.05. B) Western Blot analysis of NP and PB2 protein levels normalised to f—tubulin.
Stably expressing GST or WT (wild type) RIG-I or DC (ACARD) RIG—I A549 control cell line (CTRL)
or RIG-I KO cells were infected with A/PR8/34 (MOI 1, 1hour). 6 hours later total protein lysate was
isolated for Western blot analysis for the indicated antigens. Representative blot of staining is shown.
Numbers indicate the molecular weight of the protein in kilo Dalton (kDA). Bands were quantified with
Image Lab 5.2.1 software. Mean and individual values from six biological replicates are shown. CTRL
GST was set as 100%. C) Stably expressing GST or WT (wild type) RIG—I or DC (ACARD) RIG-I
A549 control cell line (CTRL) or RIG-I KO cells were infected at an MOI of 0.001. At the time points
indicated, supernatants were harvested and titrated by immunoplaque assay. Mean and individual values

from three biological replicates are shown. CTRL GST was set as 100%.

6.11 Effect of RIG-I mutants on avian signature strain A/WSN/33

Since RIG-I DC, like RIG-I WT, inhibits early viral RNA replication of strain
A/PR/8/34, its potential effect against other FLUAV virus was tested. Thus, the effect
of RIG-I on A/WSN/33 bearing the avian adaptation signature in PB2 segment at
position 627 (A/WSN/33 PB2 627E) was evaluated. The avian adaptive mutation PB2
627E is known to negatively impact NP binding but positively impact the RIG-I
activation (Labadie et al., 2007, Weber et al., 2015, Rameix—\Welti et al., 2009). Thus,
the cells were infected for 1 h at MOI of 1, and 6 h later levels of cellular ISG56, viral
RNA and protein were determined. As a marker for the de novo synthesized viral RNA,
the positive—strand sequence (MRNA and antigenome) of the viral genome segment 7
was used, while the newly produced viral RNA was examined with the negative strand
of segment 7. The RIG-I dependent gene 1SG56 was used as a RIG—I mediated
signalling indicator. Viral protein synthesis was examined through levels of NP protein.
In addition, the effect of RIG-I on full viral replication cycle was also determined at 1
and 2 days after infection. The cells were infected for 1 h MOI of 0.001, and at the
indicated time points, viral titers were determined. Again, ISG56 was induced in the
RIG-I KO when only RIG-I WT was expressed. Surprisingly, under these conditions,
viral RNA, protein and titer levels of A/WSN/33 PB2 627E were unaffected by RIG-I
WT and RIG-I DC (fig. 26)
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Figure 26: Effect of RIG-I mutant on avian strain A/WSN/33 PB2 627E.
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A) gRT-PCR analysis of cellular ISG56 levels and M segment levels (positive and negative
strand) of A/WSN/33 PB2 627E. Stably expressing GST or WT (wild type) RIG-I or DC (ACARD)
RIG-1 A549 control cell line (CTRL) or RIG-I KO cells were infected with A/WSN/33 PB2 627E (MOI
1, 1hour). 6 hours later RNA was isolated for qRT-PCR analysis. Mean and individual values from three
biological replicates are shown. CTRL GST was set as 100%. B) Western Blot analysis of NP levels
normalised to f—tubulin. Stably expressing GST or WT (wild type) RIG-I or DC (ACARD) RIG-I A549
control cell line (CTRL) or RIG—I KO cells were infected with A/IWSN/33 PB2 627E (MOI 1, 1hour). 6
hours later total protein lysate was isolated for Western blot analysis for the indicated antigens.
Representative blot of staining is shown. Numbers indicate the molecular weight of the protein in kilo
Dalton (kDA). Bands were quantified with Image Lab 5.2.1 software. Mean and individual values from
three biological replicates are shown. CTRL GST was set as 100%. C) Stably expressing GST or WT
(wild type) RIG—I or DC (ACARD) RIG-1 A549 control cell line (CTRL) or RIG-1 KO cells were
infected at an MOI of 0.001. At the time points indicated, supernatants were harvested and titrated by
immunoplaque assay. Mean and individual values from three biological replicates are shown. CTRL
GST was set as 100%.

6.12 Effect of RIG-I mutants on SARS-CoV-2 virus

Recently, RIG-I was described as a sensor of viral SARS-CoV-2 RNA,
inhibiting viral replication in an IFN—independent manner (Yamada et al., 2021).
Conversely, other reports indicate that even though RIG-1 senses SARS-CoV-2 RNA,
viral components hamper its downstream activation leading to infectivity (Kouwaki et
al., 2021, Chen et al., 2020). Thus, the effect of RIG—I was also tested against SARS—
CoV-2. For this, cells were infected for 1 h at a multiplicity of infection (MOI) of 0.5,
and 48 h later levels of viral RNA and protein were addressed. As a marker for viral
RNA, the E gene was assessed while protein synthesis was examined with the levels of
N protein. As shown in fig. 27 under these conditions, viral RNA and protein levels of
SARS-CoV-2 remained unaffected by RIG—I DC and RIG-1 WT compared to the GST

control.
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Figure 27: Effect of RIG-I mutant on SARS-CoV-2.

A) gRT-PCR analysis of E gene levels of SARS-CoV-2. Stably expressing GST or WT (wild
type) RIG-I or DC (ACARD) RIG-I A549 control cell line (CTRL) or RIG-I KO cells were infected
with SARS-CoV-2 (MOI 0.5, 1hour). 48 hours later RNA was isolated for gRT-PCR analysis. Mean
and individual values from three biological replicates are shown. CTRL GST was set as 100%. B)
Western Blot analysis of N protein levels normalised to p—tubulin. Stably expressing GST or WT (wild
type) RIG-I or DC (ACARD) RIG-I A549 control cell line (CTRL) or RIG—I KO cells were infected
with SARS-CoV-2 (MOI 0.5, 1hour). 48 hours later total protein lysate was isolated for Western blot
analysis for the indicated antigens. Representative blot of staining is shown. Numbers indicate the
molecular weight of the protein in kilo Dalton (kDA). Bands were quantified with Image Lab 5.2.1
software. Mean and individual values from three biological replicates are shown. CTRL GST was set as
100%.

To conclude, in this study, RIG-I signalling deficient mutant DC exhibited early
inhibitory effect against A/PR/8/34 in a transient transfection system. In this system
HEK293T cells were used, but due to their organ origin and fragility the A549 lung
adenocarcinoma cell line was used. With this cell line, a stable transfection system was
used. In this system RIG—I WT and DC inhibited only the early RNA replication of
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A/PR/8/34. Furthermore, both RIG-Is did not show any effect on H1IN1 strain
A/WSN/33 PB2 627E and SARS-CoV-2.
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7 Discussion

7.1 Influenza and SARS—CoV-2 viruses remain a burden

Despite the vaccinations against Influenza and SARS-CoV-2, the number of
infections is still a burden (Swierczynska et al., 2022, Iacopetta et al., 2022). In addition,
Influenza antivirals are available but have several limitations. Amantadine, the first
anti-Influenza drug (Huber et al., 1999, Tokimatsu and Nasu, 2000), an M2 ion—
channel blocker, had a dose—dependent effect but the therapy had to be initiated within
the first two days of infection (Tokimatsu and Nasu 2000). In addition, since 2006, due
to the emergence of amantadine—resistant strains, this therapeutic strategy is not
recommended (Dong et al., 2015). On the other hand, the current therapeutic strategy
against FLUAYV is neuraminidase inhibitors (Bassetti et al., 2019). Even though the
toxicity levels are low and the emergence of viral resistance is unlikely, the
administration has to be again within the first two days (Moscona 2005). Thus, antiviral
agents are most effective if administered early in the disease course, but have only a
modest impact upon the duration of clinical symptoms (McNicholl and McNicholl
2001).

7.2 Paliperidone as a potential lead antiviral compound and its
limitations

This leads to an urgent need of more effective inhibitors against FLUAV.
Paliperidone, an FDA-approved drug against schizophrenia (PubChem. 2020), was
suggested as an ideal lead for new antivirals (Patel and Kukol 2017). This hypothesis
was addressed in this study using different strains of FLUAV H1N1. Indeed, for the
case of A/PR/8/34, Paliperidone was able to mildly inhibit early viral RNA and
consistently protein synthesis at 6 hours post infection and virus yields at 8 hours post
infection. The latter was also observed on a relevant ex vivo infection system based on
human primary bronchial cells until 24 hours post infection. However, this effect was
not observed on longer infection periods. Furthermore, Paliperidone was tested against
the avian adapted A/WSN/33 PB2 627E, the mammalian adapted A/WSN/33 PB2
627K and pandemic A/HAM/2009 strains. Under these conditions, Paliperidone
exerted inhibitory effect against strain A/WSN/33 PB2 627K only on the newly
produced viral RNA. Furthermore, Paliperidone was inhibitory against A/HAM/2009
only on the protein synthesis level failing to affect the avian adapted strain A/WSN/33
PB2 627E. This was in consistency with the viral polymerase activity data, where the
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mammalian polymerase activity was inhibited by Paliperidone in contrast with the
avian one. However, inhibition of virus titers was not observed. The early antiviral
effects of Paliperidone observed did not alter the levels of interferon signalling,
whatsoever. Mechanistically, in this study it was demonstrated that Paliperidone
disturbs the interaction between the A/PR/8/34 polymerase subunit PB2 and the
nucleoprotein NP, thus being in line with the in silico prediction that the compound
docks onto a domain on PB2 involved in NP binding (Patel and Kukol 2017). This exact
mechanism might explain the early and not later effect of Paliperidone in the course of
infection. This docking might be strong enough to keep Paliperidone molecules bound
to PB2 proteins, inhibiting Paliperidone to bind to other PB2 molecules. Repeated
administration of Paliperidone, which would be necessary to uphold the inhibition,
might lead to toxic effects due to minor or lack of metabolism of the compound within
the cells. On the other hand, it is, therefore, conceivable that concentrations of
Paliperidone, chosen to be below the toxicity threshold, were not sufficient for a
sustained antiviral effect. Nonetheless, these data validated the in silico predictions and
suggest that Paliperidone could serve as starting point for the development of new anti—

influenza drugs.

The question why other HIN1 strains were not as affected as A/PR/8/34
remains unclear. In silico prediction showed a hydrogen bond formed between a
nitrogen atom of Paliperidone and the oxygen atom of PB2 Glu241, and hydrophobic
interactions with additional 16 surrounding residues of the target site (Patel and Kukol
2017). Comparing those PB2 relevant sites between the FLUAV strain
A/VietNam/1203/2004 (H5N1) that was used for the structure modelling and the ones
investigated here (A/PR/8/34, AIHAM/2009, A/WSN/33) revealed almost 100% amino

acid sequence conservation (Fig. 28).
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Figure 28. Evolutionary conservation of the amino acids in PB2 proposed

to bind Paliperidone.

Alignment of PB2 amino acid sequences proposed to be critical for Paliperidone binding.
Sequences of FLUAV strains A/PR/8/34 H1N1, A/HAM/2009 HIN1, A/WSN/33 HIN1 and
A/VietNam/2004 H5N1 are shown. Putative Paliperidone—interacting PB2 residues are highlighted
depending on their degree of evolutionary conservation. Sequences were obtained from NCBI Protein

and analyzed with Clustal Omega tool.

It appears therefore unlikely that the PB2 sequence itself is responsible for the
observed differences in sensitivity, although a definite proof for Paliperidone binding
has yet to be provided. In line with this interpretation, also the avian adaptive mutation
PB2 627E, though known to impact NP binding and RIG-I activation (Labadie et al.,
2007, Weber et al., 2015, Rameix—Welti et al., 2009), did not sensitize the virus to
Paliperidone. Even though the residues with which Paliperidone interacts show high
conservation, the structural conformation of the protein might be altered due to the
change of amino acid at position 627 (Yamada et al., 2010). This, in connection with
the interaction of NP protein, showing variability between strains, might lead to the
steric hindrance of interaction of Paliperidone with avian adapted PB2 and ultimately
escaping inhibition by Paliperidone.

Even though PB2 proteins of the strains tested are highly conserved, the exact
site of Paliperidone blocking NP interacting with PB2 protein is unclear. Four domains
of NP were found to interact with PB2 (NP aa 1-161, 255-340, 340-465, 340-498)
with the interaction described as dynamic (Biswas et al., 1998). These regions of NP
show both highly conserved and variable residues (Kukol and Hughes 2014). In that
study the level of conservation of 4430 NPs tested was 59%, with variability of the
residues being at 21%. Therefore, NP protein residue variability might be responsible
for the differences in sensitivity of different strains to Paliperidone observed in this

study.

The effect of Paliperidone against A/PR/8/34 depends on the presence of the
virus sensor RIG—I. RIG-I is an RNA helicase that can recognize the “panhandle”
promoter of FLUAV nucleocapsids (Weber et al., 2015). This short double—stranded
sequence results from imperfect base pairing between the 5’ and 3’ ends of the viral

genomic RNA. Although the genome ends are normally hidden inside the tripartite
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polymerase structure (Pflug 2014), a certain background to activate RIG-1 is detectable,
and can be boosted by the PB2 627E mutation that lowers the affinity to NP, by or
biochemical interference (Weber et al., 2015). Despite the impact on PB2—NP binding,
no significant increase of RIG-I activation by Paliperidone was detected, perhaps
because the impact of the compound is too subtle to be detected by the conformational

switch assay.

Upon RIG-1 activation a signalling cascade is initiated leading to Interferon
and ISGs expression (Yoneyama et al., 2015, Rehwinkel and Gack 2020, Loo et al.,
2008, Poeck et al., 2010). Paliperidone did not alter interferon signalling regulators and
products (ISG56, IRF7/3). Interferon signalling might be protective but excessive
activation might be detrimental and lead to damage (Guo and Thomas 2017). To this
context, Paliperidone, even though leads to early inhibition of some H1N1 strains, does

not alter interferon signalling.

Besides the fact that Paliperidone was proved to disrupt the interaction
between NP and PB2 in vitro in this study, Paliperidone is a D2 and 5-HT2A receptor
antagonist. These receptors affect major signalling modulators in the cells such as AKT
signalling (Boyd and Mailman, 2012). Paliperidone, as an antagonist, reverts the D2
receptor—-mediated AKT inhibition, and this effect is shown in cellular models of
schizophrenia (Peng et al., 2014). On the other side, FLUAV manipulates a variety of
cellular signalling pathways with one being PI3K/AKT (Ehrhardt et al., 2007, Hirata et
al., 2014, Murray et al., 2012). AKT is known among others as a regulator of cell
survival by regulating apoptosis (Li et al., 2019) and senescence (Rossig et al., 2001,
Shtutman et al., 2017). p21 protein is a senescence marker, inducing cell cycle arrest
(Shtutman et al., 2019), and recently its FLUAV restricting and interferon inducing role
was described (Ma et al., 2022) (Figure 29).
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Figure 29: D2, 5-HT2A receptors and FLUAV affect major signalling

cascades.

Dopamine 2 receptor (D2R) and the serotonin receptor 5-HTAR supress and induce
AKT accordingly (Boyd and Mailman, 2012). The senescence marker p21 is phosphorylated
by AKT (Réssig et al., 2001, Shtutman et al., 2017) leading to cell cycle progression and cell
survival. FLUAYV also affects AKT (Ehrhardt et al., 2007, Hirata et al., 2014, Murray et al.,
2012) and induces p21, with latter being an inhibitor of FLUAV (Ma et al., 2022).

In this study here, Paliperidone did not exert any effect on levels of AKT but
induced cell survival under FLUAV infection (microscopic observation, data not
shown). Furthermore, Paliperidone was inhibitory on p21 levels, pinpointing a possible
explanation of the loss of effect on late infection, in accordance with the anti-FLUAV
effect of p21 (Ma et al., 2022). In addition, in connection with the NP residue
variability, this could synergize to the strain—specific effect of Paliperidone observed,

which is interesting for further examination.

To summarize, on this part of the study, Paliperidone inhibits on certain levels
H1N1 viruses early in the course of infection without affecting the interferon signalling.
This effect is accounted to its ability to fit in the NP binding domain of PB2, disrupting

the formation of the complex. Future research optimizing Paliperidone on its anti—

94



FLUAYV effect would be of interest and further tests should be put into consideration

on animals for its inhibitory capacity against FLUAV.

The COVID-19 pandemic, caused by the coronavirus SARS-CoV-2, has
become a global concern, with infections and death numbers continuing to grow
(accessed on August 9, 2022 WHO Coronavirus (COVID-19) Dashboard) even though
vaccines are available. Taking into account that SARS—-CoV-2 is still a burden, there
is still an urgent need to identify new compounds with potent anti-SARS-CoV-2
activity (Xu et al., 2021). Recently, antipsychotics were examined in cohort studies for
their anti-SARS—CoV-2 effect with the contradictory results. Evidence showed that
antipsychotics showed decreased chance of infection (Nemani et al., 2022) in
accordance with another study where lower prevalence of infection and less severe
outcomes in individuals treated with antipsychotics were observed (Canal-Rivero et
al., 2021). Contrary to that, in another study, mortality rate of SARS—CoV-2 was higher
in individuals prescribed with antipsychotics (Austria et al., 2021). A screening of
potential inhibitors against SARS-CoV-2 3CLpro protease was carried out, with
docking models revealing the high affinity of Paliperidone binding to 3CLpro in silico,
suggesting Paliperidone as a potential inhibitor candidate against SARS—-CoV-2 (Gul
et al., 2020). This viral-inhibitory hypothesis was addressed in vitro in this study. Even
though both Paliperidone concentrations tested here showed inhibition of viral RNA
levels, protein expression and viral yields remained unaffected. This minor effect might
indicate that concentrations of Paliperidone, chosen to be below the toxicity threshold,
were not sufficient for a sustained antiviral effect. It would be of interest to examine
cells treated with Paliperidone prior to infection, in order to mimic the antipsychotic
treatment before SARS-CoV-2 infection in vitro (Nemani et al., 2022, Canal-Rivero
et al.,, 2021 and Austria et al., 2021) and eventually examine the potential antiviral
effect. The steric hindrance mechanism of 3CLpro protease inhibition as described (Gul
et al. 2020) would be also of interest to be addressed. This would be possible by
assessing the 3CLpro enzyme activity (Mody et al., 2022, Heilmann et al., 2022) after
Paliperidone treatment.
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7.3 RIG-Idirect activity against FLUAV and SARS-CoV-2 and system
limitations

In the course of FLUAV and SARS—CoV-2 infection, the severity of the
disease is an interplay between the virulence and the excessive immune activation
produced as resistance from the host (Liu et al., 2016, Song et al., 2020). RIG-I is the
major sensor for FLUAYV infection (Weber, 2015). RIG-I recognition of its ligands and
subsequent activation leads to the production of chemokines and cytokines (Onomoto
etal., 2021), with excess activation leading to detrimental effects (Yamadaet al., 2018).
Evidence indicate that RIG—I has direct antiviral effect since RIG—I signalling deficient
mutants show FLUAYV restricting effects (Weber et al., 2015). Thus, this study, as a
complementary approach, focused on testing the antiviral capacity of signalling—
deficient RIG—I mutants, initially, against FLUAV. The mutants tested here were the
ligand dependent-signalling deficient K270A (Lassig et al., 2015, Yoneyama et al.,
2005), and the K270A/E373Q. Furthermore, the T409A/S411A, which signalling
capacity is ligand dependent (Louber et al., 2015) and the signalling deficient ACARD
were tested. Initially these constructs were tested for their signalling capacity and
inhibitory effect on RNA levels. Indeed, here, RIG—I helicase mutant K270A exerted
same levels of antiviral activity against A/PR/8/34 as RIG-I WT in RNA levels. This
is in accordance with another study (Weber et al., 2015) where K270A was inhibitory
against A/PR/8/34 on protein level. Furthermore, here, the same antiviral effect as RIG—
| WT was observed by the signalling deficient RIG-1 ACARD.

It is worth mentioning that K270A mutation exhibited minor signalling
capability, mainly under non—infection conditions. The same effect was also observed
in other studies (Louber et al., 2015 and Ranjith—Kumar et al., 2009) after stimulation
with RIG-I ligands. This effect might be explained by the fact that ATP binding
activity, which is absent in RIG-1 K270A is required for the specificity for RNA
recognition (Ldssig and Hopfner 2017). Also, in this study, the RIG-1 K270A/E373Q
showed constitutively active signalling in accordance with another study (Louber et al.,
2015) in which mutation at position E373Q led to constitutive signalling. For
T409A/S411A mutation studies show that depending on the stimulation there is both a
defect (Louber et al., 2015) but also capability of signalling (Ranjith—Kumar et al.,
2009) with the latter also observed here, indicating the dependence on the nature of

activating ligands. Moreover, in this study was shown that the CARDs domains are
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indispensable for signalling, in accordance with another study (Kowalinski et al., 2011).
Independent on the RIG-I signalling capacity, all constructs used here, interestingly,

were inhibitory, against A/PR/8/34 RNA transcription and replication.

The antiviral effect was observed in transiently transfected HEK 293T RIG—
KO cells. Even though HEK 293T cells are used for FLU vaccine, reverse genetics and
viral yields (Le Ru et al., 2010, Milian et al., 2017), their organ origin (kidney) as well
as their fragility, led to the change of cell system to the alveolar adenocarcinoma A549
cell line. Furthermore, for sustained expression of RIG-I, lentiviral-based stable
expression cell lines were used. Since here the mutation on RIG-I at position K270A
led to minor expression of the RIG—1-dependent gene ISG56, and the aim of this study
was to examine the potential direct antiviral activity and thus signalling—deficient RIG—
I mutations, RIG-1 ACARD was further evaluated in antiviral tests. Also, for the
following tests GST (Glutathione—S—transferase) was used as a control due to the
cytotoxicity and immunogenicity observed with GFP (Ansari et al., 2016). Even though
A/PR/8/34 RNA viral replication was also inhibited in this system, as in the transient
transfection system, the inhibitory effect was not observed in viral transcription, viral
protein and titer levels. This might be due to the nature of system used. The amount of
copy numbers of nucleotide material is high in the transient transfection, leading to high
protein expression. In contrast, in the stable expression system, single or low copy
numbers of genetic material found, lead to low protein expression. Thus, the lower
expression of RIG—I due to the stable transfection system itself, might not be enough to
exert the same antiviral effect as in the transient transfection system. Also, the virus
A/WSN/33 PB2 627E known for its sensitivity to RIG—I (Weber et al., 2015) was not
sensitive to any of the RIG-I constructs supporting the fact that the amount of protein
in this stable transfection system compared to the transient transfection system used in
Weber et al., 2015, is not enough to exert the antiviral effect.

Notably, the FLUAV strains used here contain functional NS1 protein. As the
major virulence factor of influenza viruses, NS1 targets posttranslational modification
of RIG-I, which is required for its activation (Jureka et al., 2020) and downstream
signalling (Rajsbaum et al., 2012). Thus, the surprising absence of inhibitory effect of
RIG—1 WT found here might be due the low levels of the protein expression in the stable

transfection system being incapable to overcome the inhibiting action of NS1.
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Recent evidence indicate that RIG—1 senses SARS-CoV-2 RNA. RIG-I's
inhibitory effect is still unclear with evidence indicating both inhibition (Yamada et al.,
2021) and exacerbation of the severity of infection through inflammation (Thorne et
al., 2021). Furthermore, other evidence indicate that absence of RIG—I leads to higher
viral replication of SARS-CoV-2 (Yang et al., 2021). Also, the virus itself exhibits
mechanisms to escape RIG-I-mediated immune response (Kouwaki et al., 2021)
indicating a possible antiviral role of RIG-I. RIG-I, expressed in a transient
transfection system was proved to be inhibitory against SARS—-CoV-2 in an IFN-—
independent manner (Yamada et al., 2021). In this study, in stable transfection system,
none of the RIG-I proteins expressed showed inhibitory effect against SARS-CoV-2.
This is once more an indication that the levels of expressed RIG-I in this stable
transfection system used here, were below threshold to show inhibitory effect. In
addition to that, the absence of antiviral effect of RIG-I WT observed here might be
due to the action of Orfob protein, which inhibits the interaction of RIG-I and MAVS
hindering IFN signalling (Kouwaki et al., 2021).

In conclusion, for the course of this study, the FDA—approved schizophrenia
drug Paliperidone was shown to disrupt the interaction of Influenza polymerase subunit
PB2 with the nucleoprotein NP, as predicted in silico (Patel and Kukol 2017). This led
to early inhibition of strain A/PR/8/34. Furthermore, effects were restricted to strains
carrying the mammalian signature at PB2 protein at position 627. The strain dependent
effect could be accounted to the residue variability of NP protein while the early effect
might be result of the relative low concentration used here together with the p21
Paliperidone induced inhibition. Furthermore, Paliperidone exhibited mild inhibitory
effect against SARS-CoV-2 as suggested in silico (Gul et al., 2020). These indicate
that Paliperidone might be of interest for further optimization and investigation for its
potential antiviral effect against FLUAV and SARS-CoV-2.

In another complementary approach, RIG-I's direct antiviral activity was
examined. Thus, RIG-I WT and signalling deficient RIG-I ACARD were examined for
their antiviral effect. Even though initial findings showed that these proteins are
inhibitory against A/PR/8/34 in a transient transfection system, they failed to show a
strong or any effect in a stable transfection system. That could be accounted to the fact
that the nature of the system used leads to lower levels of protein of interest expression.
This absence of effect was also observed with another FLUAYV strain and SARS—-CoV-
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2. This indicates that this system is not suitable for its use in antiviral assays. Besides
that, due to the initial data, it would be interesting to examine the effect of RIG-I WT
and ACARD, in a transient transfection system, against different strains of FLUAV and
SARS-CoV-2 virus.
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