iversity

The Open

Un

Open Research Online

The Open University's repository of research publications
and other research outputs

Antagonism of the Integrated Stress Response By
Tick-Borne Encephalitis Virus

Thesis

How to cite:

Nascimento Alves, Lais (2022). Antagonism of the Integrated Stress Response By Tick-Borne Encephalitis
Virus. PhD thesis The Open University.

For guidance on citations see FAQs!

(© 2022 Lais Nascimento Alves

@w https://creativecommons.org/licenses /by-nc-nd /4.0/

Version: Version of Record

Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.21954 /ou.r0.00014589

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data |policy on reuse of materials please consult the policies

page.

oro.open.ac.uk


http://oro.open.ac.uk/help/helpfaq.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/doi:10.21954/ou.ro.00014589
http://oro.open.ac.uk/policies.html

The Open
University

Antagonism of the Integrated Stress Response by Tick-Borne

Encephalitis Virus

Lais Nascimento Alves

A thesis submitted in fulfillment of the requirements of the Faculty of Life Sciences of the

Open University for the degree of Doctor of Philosophy
&

International Centre for Genetic Engineering and Biotechnology (ICGEB)

Director of Studies: Alessandro Marcello, PhD
External Supervisor: Paolo Maiuri, PhD

Trieste, Italy

April 2022






ABSTRACT

Flaviviruses are a large family of viruses of increasing importance for human health. The
host response to infection is critical to determine the outcome of the disease, particularly at
early stages. In addition, they are known to rearrange the endoplasmic reticulum (ER)
membrane to form characteristic replication vesicles. Membrane rearrangements and
accumulation of viral proteins in the ER during replication lead to the activation of diverse
cellular stress responses.

The integrated stress response (ISR) is a cellular program to restore homeostasis after
exposure to different stresses, including viral infection. It can reversibly stall protein
translation through phosphorylation of the translation initiation factor 2o (eIF2a). The direct
effect is the formation of cytoplasmic structures called stress granules (SG), clusters of
stalled mRNA, initiation factors, and RNA-binding proteins. SG have also been proposed to
signal innate immune responses and are directly targeted by several viral proteins. The
kinetic of the unfolded protein response (UPR) and ISR activation following Tick-Borne
Encephalitis Virus (TBEV) infection have been described by our group (Carletti and Zakaria
et al., 2019). Both occur early upon infection, before activation of interferon  (IFNB) and
interferon-stimulated genes (ISG). However, few SG are observed at late stages. Stimulation
of infected cells with an activator of the UPR induces an earlier and stronger innate response
and formation of SG.

Further, analysis of the kinases that induce elF2a phosphorylation by the generation of
knocked-down cells showed that late formation of the TBEV-induced functional SG is
PERK independent but PKR dependent. These observations indicate that the UPR response
per se cannot induce SG during TBEV infection. Interestingly, PKR activation is
concomitant with IFNP induction and requires unmasking and detection of viral RNA
intermediates. Furthermore, it was also found that the NS4B and NS5 proteins of TBEV can
inhibit PKR activation after Poly(I:C) transfection and thus prevent SG formation. Finally,
cells deficient in SG formation showed a modest increase in viral replication and a lower
level of IFN mRNA.

To conclude, I have defined the most relevant kinase involved in SG formation following
TBEV infection and identified NS4B and NS5 as viral factors involved in the modulation of
this pathway.
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1.1. Flaviviruses

The Flaviviridae family comprise enveloped, positive single-stranded RNA viruses that
share similarities in morphology, genome organization and replication strategy. The genus
called Flavivirus, within this family, consists in more than 70 viruses that can be transmitted
to humans through arthropod vectors bite (Figure 1). It includes mosquito-borne viruses like
Yellow Fever virus (YFV), Dengue virus (DENV), Japanese Encephalitis virus (JEV), West
Nile virus (WNV) and Zika virus (ZIKV), and tick-borne viruses such as Langat virus
(LGTV) and Tick-Borne Encephalitis virus (TBEV) (Dobler, 2010; Grabowski et al., 2016;
K. L. Mansfield et al., 2009; Neyts et al., 1999).

Flavivirus

.. Tick-borne
Edge-hl" Seabird
Yellow Mammalian

fever

Entebbbe
. t
Mosquito- .
borne - S8 \‘?‘g‘: . Modoc
Dengue gy \ IR/ éﬁﬁﬁ;ﬂ Unknown
Kedougou | omivaeshe : P vector
KEDypES: Fehaee?
2 S WA Rio
Spondweni _srovoas L B Bravo
2YAF01335
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Ntaya “%@%{
won3®
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\k\x o
Hepatitis C | 98 -
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g
§ e S
e £5E
Hepacivirus h
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0.1

Figure 1. The Flaviviridae family. Phylogeny of the conserved sequences in the RNA-
dependent RNA polymerase of classified members of the family Flaviviridae (ICTV,
2011).
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Many factors such as urbanization, globalization and bird migration can lead to the spread
of viruses to new geographic areas (J. S. Mackenzie et al., 2004). Many Flaviviruses can
cause a variety of diseases in humans, including encephalitis and hemorrhagic fever (Gould
& Solomon, 2008). For example, ZIKV infection of pregnant women has been reported to
be associated with microcephaly in fetuses (Brady et al., 2019; Cugola et al., 2016).

1.1.1. Tick-Borne Encephalitis Virus

TBEV can cause the tick-borne encephalitis disease (TBE) and the number of cases is
increasing over the years around Europe (ECDC, 2021). This is influenced by several
socioeconomic, behavioral, and ecological factors (Donoso Mantke et al., 2008; Randolph,
2008). The risk of contracting TBEV increases with a lifestyle that involves recreational or
occupational outdoor activities where ticks are abundant (Donoso Mantke et al., 2008;
Randolph, 2008; Sumilo et al., 2008). As TBEV is mostly transmitted to humans via bites
of TBEV infected ticks, yearly incidence of TBE is highly dependent on tick activity. In
Europe, TBEV is transmitted to humans primarily by Ixodes ricinus tick species, particularly
during the nymph and adult stage (Figure 2) (K. L. Mansfield et al., 2009). TBEV persistence
in tick populations is highly dependent on co-feeding of larvae and nymphs on small rodents,
where the virus can be passed between the ticks (Randolph et al., 1999). Humans are entirely
accidental and dead-end hosts and do not contribute to TBEV persistence within the tick
populations (Lickova et al., 2021) (Figure 2). In rare occasions, TBEV can also be
transmitted via the ingestion of contaminated milk from an infected animal (Suss, 2011)
(Figure 2).

TBE is typically a biphasic disease with a mild febrile illness during the first phase, and
moderate to severe neurological manifestations during the second phase (Bogovic & Strle,
2015). Although TBEV primarily targets neurons in the central nervous system, other cell
types can be infected (Gelpi et al., 2005, 2006). For example, cells residing in the skin have
been shown to be susceptible to TBEV, potentially facilitating the spread of TBEV to
peripheral tissues via the lymphatic system early after the tick bite (Labuda et al., 1996;
Thangamani et al., 2017). As most patients experience only mild symptoms at the first stage,
they typically do not seek medical care. It is believed that TBEV enters the central nervous
system during this phase and many potential mechanisms of TBEV entry have been

proposed, as reviewed by (Maximova & Pletnev, 2018).

18



/—‘t

Transmission N hs
-y by co-feeding on ymp
(%S small rodents
Larvae ., '
Q—,‘/
>

/
TP
Yod

Adults
Eggs
' Tick bites
™)

-~ a Accidental host
Large domesticated \—/

animals Ingestion of

contaminated
milk

Figure 2. TBEV transmission cycle. The life cycle of ticks and the TBEV transmission
routes within the tick population, animals, and humans. Created with BioRender.com

TBE is endemic in Europe and Asia and different virus strains are spread across the two
continents. In Europe, the annual notification rate is around 0.7 cases per 100,000 people,
with the highest incidence in Lithuania (around 25 cases per 100,000 population) followed
by the Czech Republic (around 7 cases per 100,000 population) (ECDC, 2021). Five
subtypes of TBEV are known: the European, the Siberian, the Far Eastern, the Baikalian and
the Himalayan, that are classified based on the amino acid sequence of the envelope protein
(Abdiyeva et al., 2020; Dai et al., 2018; Demina et al., 2010; Tkachev et al., 2017). The
European TBEV subtype causes the disease with low mortality, and the most recent Europe-
wide report estimated the case-fatality in TBE patients to be 0.7% (ECDC, 2021). In Italy,
the incidence of TBE is confined to the North-Eastern (autonomous provinces of Trento and
Bolzano, and the regions of Veneto, and Friuli-Venezia-Giulia (Rezza et al., 2015; Ricco et
al., 2020).

The low incidence in Europe may be explained by the availability of a TBE vaccine (Heinz
et al., 2013). The vaccine’s efficiency is highlighted by a successful national immunization
program in Austria, that was initiated in 1981 and reduced the incidence of TBE to around
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one-fifth compared to pre-vaccination era (Heinz et al., 2007; Kunz, 2003). In Europe, there
are two available TBE vaccines: FSME-Immun (Pfizer) based on the Neuddrfl TBEV strain
and Encepur (GSK) based on the K23 TBEV strain (Amicizia et al., 2013). These are
formaldehyde inactivated whole-virus vaccines with alum adjuvant and comparable dosing
and administration schedules. The conventional immunization schedule for TBE vaccination
consists of a primary immunization with three doses within a one-year period, followed by

booster doses every 3 to 5 years (Amicizia et al., 2013).

Unlike the yellow fever vaccine, which provides a lifelong immunity to the YFV (WHO,
2015), the TBE vaccine must be frequently readministered to maintain protection, although
in some cases antibody persistence has been shown to last for up to 10 years after booster
vaccination (Konior et al., 2017). Even though TBE vaccine is immunogenic in the majority
of individuals and leads to seroconversion (Demicheli et al., 2009), vaccination
breakthroughs have been reported, a phenomenon particularly common in older individuals
(Andersson et al., 2010; Hansson et al., 2020; Lotri¢-Furlan et al., 2017).

1.1.2. Flavivirus life cycle
1.1.2.1. Entry

Mature virions are small, with around 50 nm of diameter and their surface contains two
proteins: E (envelope) and M (membrane). E glycoprotein is the main antigenic determinant
and mediates binding of the virus to the host membrane receptor and fusion during virus
entry (Billoir et al., 2000; Daep et al., 2014).

The entry of Flavivirus to cells occurs through receptor-mediated endocytosis (Lindenbach
& Rice, 2003). Previous studies have reported that glycosaminoglycans serve as attachment
factors for several Flaviviruses in different cell types (H.-L. Chen et al., 2010; Y. Chen et
al., 1997; Germi et al., 2002; Kozlovskaya et al., 2010; E. Lee & Lobigs, 2008; Mandl et al.,
2001). Inthe case TBEV, the heparan sulfate was reported to be the main receptor to mediate
viral entry (Kroschewski et al., 2003). Flaviviruses enter host cells by clathrin-dependent
endocytosis (Chu & Ng, 2004; Nawa et al., 2003; Ng & Lau, 1988; van der Schaar et al.,
2008) in which clathrin coated pits on the plasma membrane invaginate to form clathrin-
coated vesicles inside the cell. The clathrin coat dissociates, and the virus-containing vesicle
is transported within the cytoplasm and fused with other vesicles to form an early endosome
(Smit et al., 2011; van der Schaar et al., 2008). Viruses subsequently traffic to a pre-
lysosomal endocytic compartment where low pH induces fusion between virus and host cell

membranes to release the viral nucleocapsid (Smit et al., 2011).
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1.1.2.2. Genome structure

Flavivirus genome consists of a single, positive-strand RNA of approximately 11 kb. Unlike
cellular messenger RNA (mRNA), Flavivirus genomes lack the 3’ polyadenylate tail
(Wengler et al., 1978). The genome encodes a long open reading frame flanked by 5’
noncoding region (NCR) or untranslated region (UTR) and a 3> NCR (or 3’ UTR) (Markoff,
2003) (Figure 3). The 3’ NCR is relatively longer than the 5° NCR and shows a significant
heterogeneity in length and sequence even among closely related strains (Gritsun & Gould,
2006a, 2006b, 2007). Both the 5’ and 3’ NCR can be divided into a highly conserved core
element (C5” and C3’, respectively) and a variable part (V5’and V3, respectively) (Gritsun
& Gould, 2006a, 2007; Wallner et al., 1995). Deletions on the C3° NCR were shown to
produce attenuated TBEV mutants that cannot revert to wild-type sequence, whereas viruses

with removed V3’ NCR retain levels of infectivity compared to wild type viruses (Mandl et
al., 1998).

Although there is a lack of sequence conservation at the 5° NCR, common secondary
structures in the region called 5’-stem loop was been shown to be conserved among
Flaviviruses (Brett D. Lindenbach Heinz-J & C. Rice, 2007). The 3' NCR is not
polyadenylated however it forms a loop structure. This secondary structure induces the
formation of a subgenomic flavivirus RNA (sfRNA) through degradation by the cellular 5'-
3" exoribonuclease XRN1. This process leads to cytosolic accumulation of 0.3 to 0.5 kb
nuclease-resistant sSfRNA that were reported to regulate multiple cellular pathways to
facilitate Flaviviral pathogenicity in mosquito and mammalian cells (Eiermann et al., 2020;
Manokaran et al., 2015; J. P. Mansfield et al., 1997; Pijiman et al., 2008).

The 5" and 3" NCR contain complementary sequences that help genomic cyclization through
long distance base pairing to form a panhandle structure. The sequences and organization of
flavivirus 5”- and 3’NCRs differ between the mosquito-borne, tick-borne, and no-known-
vector viruses. However, several conserved regions, RNA secondary structures, and
sequence repeats are common among flaviviruses, and the 5”- and 3’"NCRs are important for
replication, translation initiation, and packaging of the viral RNA (Chiu et al., 2005; Holden
& Harris, 2004; Markoff, 2003).

1.1.2.3.Translation and polyprotein processing

The translation is performed by the host cell machinery and produces a single large
polyprotein with approximately 3,400 amino acids. This precursor is a multi-transmembrane

domain protein and it is located on the membrane of the endoplasmic reticulum (ER). The
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polyprotein is co- and post-translationally cleaved by cellular and viral proteases into three
structural proteins named capsid (C), envelope (E) and pre-membrane (prM), and seven non-
structural proteins named non-structural protein 1 (NS1), NS2A, NS2B, NS3, NS4A, NS4B,
NS5 that are involved in viral replication, virus assembly and immune response evasion
(Kuno et al., 1998; Saiz et al., 2016) (Figure 3).

5 UTR Open reading frame 3"UTR

m'GpppA.

NS4A NS4B

Cytoplasm
mmp NS3/NS2B == Signal peptidase == Furin > Unknown

Figure 3. Schematic diagram of Flavivirus polyprotein organization and processing.
Top panel: representation of the Flavivirus genome with approximately 11 kb. Simplified
open reading frame showing RNA secondary and tertiary structures within the non-coding
regions (NCR) is indicated. Bottom panel: schematic representation of the organization of
structural and nonstructural proteins in the endoplasmic reticulum (ER) membrane
predicted from biochemical and cellular analyses, which is then processed by cellular and

viral proteases, indicated by arrows. Adapted from (Barrows et al., 2018).

1.1.2.3.1. Structural proteins
Capsid protein

Small (approximately 11 kDa) dimeric cytosolic Flaviviral protein that is translated at the
N-terminus of the polyprotein. It has four structurally conserved a-helices and an internal
hydrophobic domain that presumably interacts with viral membranes while the other side
interacts with the viral RNA. Maturation to a soluble protein happens after cleavage from
the prM signal sequence by the viral encoded NS3/2B protease (Murray et al., 2008).
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prM glycoprotein

This is an approximately 26 kDa glycoprotein which is the precursor of the membrane (M)
protein. It folds rapidly and acts as the chaperone of the Envelope by assisting in the proper
folding and secretion of the E protein. The prM protein has been implicated, together with
several host factors in the Flavivivirus life cycle, in virus entry, secretion and egress from
the cell. The dissociation of its pr peptide by furin yields mature virions (Duan et al., 2008;
Murray et al., 2008).

Envelope glycoprotein

The envelope (E) is a protein of approximately 53 kDa and the major surface glycoprotein
in Flaviviruses. The E protein induces a protective immune response and the domain 111 of
this protein is the target of neutralizing antibodies. Its major function in the flaviviral life
cycle is mediating binding of the virus to the host receptors and the fusion of the virus onto
the host cell membrane. The proper folding and secretion as well as its stability in low pH
conditions depend on its co-expression with the prM protein (Bollati et al., 2010; Duan et
al., 2008; Heinz et al., 1991).

1.1.2.3.2. Non-structural proteins
NS1 glycoprotein

The flavivirus NS1 is a highly conserved glycoprotein, approximately 46 to 55 kDa
depending on its glycosylation status. It contains two or three N-linked glycosylation sites.
It is localized in the ER lumen by a signal sequence located at the C-terminus of the E
protein. NS1 is thought to be involved in the viral RNA replication process and the
development of disease. NS1 is considered a major viral immunogen and found in the blood
during early stages of infection as a viral marker of infection (Avirutnan et al., 2007; Murray
et al., 2008). | was reported that NS1 of all DENV serotype can induce dysfunctions of the
endothelial barrier, causing increased permeability and leading to vascular leak. It was also
shown in the same work that this effect could be inhibited by treatment with anti-NS1 mouse

serum or monoclonal antibody against NS1 (Beatty et al., 2015).
NS2A

This is an approximately 22 kDa, hydrophobic membrane non-structural protein that is a
product of the processing of the NS2 portion of the flaviviral polyprotein. The actual function

of NS2A is not entirely known but has been suggested to function as a scaffold protein that
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organizes the replication complex (Barrows et al., 2018). It has been suggested that NS2A,
alone or in complex with NS3, may be involved in genome transport (Apte-Sengupta et al.,
2014). Moreover, the NS2A protein of DENV has been shown to assist on viral RNA

encapsulation and virion formation (Mufioz-Jordéan et al., 2003).
NS2B

A small membrane associated protein of approximately 14 kDa. Its main known function is
to serve as a cofactor of the viral protease NS3 forming the NS3/2B complex. This
interaction between the two proteins is essential for optimal protease activity during
infection. The cofactor activity of NS2B is encoded in a conserved hydrophilic region of 40
residues flanked by hydrophobic regions that mediate membrane association, suggesting a
possible role of the protein in modulation of membrane permeability during infection (Brett
D. Lindenbach Heinz-J & C. Rice, 2007). NS2B of JEV and DENV have been shown to be
associated with lipid rafts, a feature which makes them possess membrane-destabilizing
properties (Garcia Cordero et al., 2014; Gopala Reddy et al., 2018). NS2B of JEV has been
shown to contribute to replication and virion assembly through interaction with NS2A, and
its transmembrane domains playing a fundamental role in both (X.-D. Li et al., 2016).

NS3

This is a multifunctional, modular protein of approximately 70 kDa involved in processing
of the polyprotein and in viral RNA replication. NS3 serves as the viral protease in the
complex NS2B by processing the precursor polyprotein and therefore in the maturation of
viral proteins. It harbors an NTPase-dependent RNA helicase activity in its C-terminus that
may play a role in genome replication and VRNA synthesis (Barrows et al., 2018; K. Li et
al., 2014). The C-terminal portion of NS3 shows significant homology with members of the
DEAD box family of RNA helicases and its activity is believed to be involved in RNA
synthesis by unraveling the secondary structures present at the 3°‘UTR of the Flavivirus
genomes, to facilitate polymerase processivity during elongation, or to separate double-
stranded RNA (dsRNA) intermediates generated during viral (Brett D. Lindenbach Heinz-J
& C. Rice, 2007; Warrener et al., 1993).

NS4A

It is a small (approximately 16 kDa), hydrophobic transmembrane protein and one of the
products of the processing and cleavage of the NS4 portion of the polyprotein that yields
NS4A and NS4B proteins. The two proteins are linked by a fragment of approximately 23
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amino acids that form the 2K-linker peptide. NS4A has been suggested to be a major driver
of ER rearrangements in DENV infection (Miller et al., 2007) where the replication factories
are assembled, and has a role in replication (Lindenbach & Rice, 1999). NS4A may also help
in the organization of luminal, transmembrane and cytoplasmic components of replication
complexes (RC) (Barrows et al., 2018). It is believed that NS4A of WNV facilitates the
formation of RC by recruiting both viral and host cell proteins to cholesterol-rich

microdomains within the ER to ease RC biogenesis (Mikulasova et al., 2021).
NS4B

This is a transmembrane protein of approximately 27 kDa linked to NS4A by the 2K-linker
peptide. The linker specifically leads NS4B into the ER membrane where it has been shown
to localize at sites of replication as well as in the nucleus (Barrows et al., 2018). It has also
been shown to interact with NS3 suggesting an interaction with the replication complexes,
and probably has a role in replication. NS4B has also been implicated in ER rearrangements
induced by WNV infection (Kaufusi et al., 2014). It was recently reported a pan-serotype
DENYV inhibitor that targets the NS4B-NS3 interaction. It was reported to be remarkably
efficient and binds with great affinity to DENV NS4B with very low cytotoxicity and high

barrier for viral resistance (Kaptein et al., 2021).
NS5

This is the largest (around 103 kDa), most conserved multifunctional protein that is
indispensable in viral replication. It contains at its C-terminal the RNA dependent RNA
polymerase and a methyltransferase at its N-terminus that catalyzes the methylation in the
genome capping process (Bollati et al., 2010; Murray et al., 2008). These processes are
suggested to be vital for viral genome replication in complex with NS3 (Barrows et al., 2018)
as well as viral genome stability (Murray et al., 2008) and are therefore central to the
regulation and coupling of RNA synthesis and virion morphogenesis. In addition, NS5 has
been proposed as IFN antagonist. A study on DENV, TBEV and JEV demonstrated that NS5
antagonizes IFN signaling by hindering the Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) transduction pathway (Ashour et al., 2009; Best et al.,
2005; R.-J. Lin et al., 2006).

1.1.2.4. RNA replication and membrane rearrangements

During replication of the genomic RNA, the viral RNA-dependent RNA polymerase (RdRP)

NS5 synthesizes a negative-strand RNA, which serves as a template for the synthesis of

25



additional positive-strand RNA; this process is typically marked by the production and
accumulation of dsRNA (Apte-Sengupta et al., 2014; Paul & Bartenschlager, 2015). The
newly synthesized positive-strands can be subsequently used for several purposes: for further
translation of viral proteins, for the synthesis of new negative-strand RNA, or to be

incorporated into new viral particles.

Flavivirus replication occurs in close association with virus-induced vesicles that are
membrane invaginations of the rough ER. The replication vesicles (RV) serve as physical
support where the replication complexes are anchored for the coordinated accumulation of
components required for efficient replication (Gopal et al., 2022; Miorin et al., 2012).
Moreover, RV ensure minimal or no exposure of viral nucleic acids to the host immune
system by shielding the viral genome from cellular pattern-recognition receptors and
nucleases. The actual mechanism of membrane remodeling is still unknown (J. M.
Mackenzie & Westaway, 2001; Miorin et al., 2012; Overby et al., 2010; Rajah et al., 2020).
These invaginations of ER membranes retain an open connection to the surrounding
cytoplasm via pores that are possibly required for importing host factors and nucleotides
necessary for RNA replication and the export of new viral genomes (Miorin et al., 2013;
Welsch et al., 2009).

Studies show strong involvement of viral proteins, such as NS4A and NS4B, in remodeling
of membranes in DENV, WNV and ZIKV infections (Kaufusi et al., 2014; D. L. Lin et al.,
2019; Miller et al., 2006). The oligomerization of NS4A and its interaction with NS4B may
be the sustenance force to membrane rearrangements (Miller et al., 2006; Stern et al., 2013;
Zou, Xie, etal., 2015). It has been suggested that DENV NS4B is N-glycosylated at residues
58 and 62 and can be found in glycosylated and unglycosylated forms during infection.
Mutation on the glycosylation sites lead to instability of RV and lower viral replication
(Gopal et al., 2022).

However, it has also been suggested that additional viral proteins may also play a role in the
rearrangements that are induced in the morphogenesis of RV. One such protein may be NS1
that has been shown to dimerize and bind to and remodel membranes in vitro (Akey et al.,
2014) and it likely interacts with the NS4A-NS4B complex (Lindenbach & Rice, 1999; Youn
et al., 2012). In addition, there is a possibility that NS2A might also be involved in the
induction of flavivirus replication organelles (Y. S. Chang et al., 1999; Kiimmerer & Rice,
2002; Xie et al., 2015).

26



A recent publication demonstrated that a human cell line stably expressing the TBEV non-
structural proteins (except for NS5) can trigger an ER dilation with the formation of peculiar
invaginations resembling RV in size and shape. This indicates NSP alone can induce the
morphological changes observed during infection without the presence of viral RNA
replication (Yau et al., 2019).

1.1.2.5. Assembly and budding

The process of replication is closely related and somewhat intertwined with that of virus
assembly both spatially and temporally. Additionally, it has been suggested that only
actively replicated RNA gets packaged and this plays a role in the infectivity of the virus
(Khromykh et al., 2001). The RNA genome is packaged by the Capsid protein in
nucleocapsids on the cytoplasmic side of the ER membrane, a process coordinated with the
viral envelope assembly that is acquired by budding of the nucleocapsid into the ER.
Nucleocapsids are then transported into the lumen of the endoplasmic reticulum at the

replication vesicle pore during formation of the prM-E lipid envelope (Roby et al., 2012).
1.1.2.6. Maturation and virion release

Assembled, immature virions are trafficked to the Trans-Golgi Network (TGN) where they
undergo reversible conformational changes due to the low pH rendering them accessible to
furin, a cellular protease abundant in the TGN and responsible for the proteolytic cleavage
of the prM and the ultimate dissociation of its pr peptide. This event is the hallmark of virion
maturation and marker for infection-competent virions. Mature virions finally bud out of the
cell by exocytosis (I.-M. Yu et al., 2008). Only properly cleaved progeny virions, with a
nucleocapsid containing a full genome copy can successfully infect other cells in proceeding
rounds of infection (Barrows et al., 2018; Roby et al., 2012) (Figure 4).
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Figure 4. Flavivirus life cycle, an overview. The virus attaches to the host cell receptor
and is internalized by receptor-mediated endocytosis and trafficked to early endosomes.
Low pH in the endosome induces fusion between the virus and the host membrane
resulting in genome release. Following, the viral RNA is translated into a single
polyprotein that is cleaved by viral and host proteases before commencing the replication
process. Packaging of newly synthesized RNA genomes occurs on the surface of the ER,
and viral assembly initiates when the nucleocapsid buds into the ER. The immature virions
further are transported to the trans-Golgi, where Furin-mediated cleavage of prM to M
generates mature infectious particles that are released by exocytosis. Adapted from
(Pulkkinen et al., 2018).
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1.2. Interaction of Flavivirus with cellular antiviral systems

To control and defend against viruses, host cells are equipped with an elaborate network of
antiviral pathways. Not surprisingly, flaviviruses have evolved ways to evade and modulate

these cellular defenses.
1.2.1. The interferon response

The interferon (IFN) system consists of a family of autocrine and paracrine proteins that
stimulate a network of signaling cascades that confer crucial protection for infected cells.
Thus far, the immunological functions of IFNs are not only implicated in regulation of innate
antiviral defenses, but also regulation of adaptive immunity as well as cancer progression
(reviewed in (Borden et al., 2007)).

1.2.1.1. Types of interferon

Thus far, three types of IFNs have been identified: Type-I, -1I, and -111 (Figure 5). In humans,
Type-I IFNs include IFN-a, -B, -¢, -k, and —®, which interact with IFN receptor 1 (IFNARI)
and IFNAR2; Type-Il IFN only consists of IFN-y, which binds to IFN-y receptor 1 (I
FNGR1) and IFNGRZ2; and Type Il IFNs are the four isoforms of IFN-A, whose cognate
receptors are IFN-A receptor 1 (IFNLR1) and interleukin 10 receptor 2 (IL10R2) (Borden et
al., 2007) (Figure 5).

Despite sharing similar signaling molecules, different IFNs play distinctive roles in
regulating resistance to infections. For instance, Type-I IFNs are produced by diverse cell
types including immune cells, fibroblasts, endothelial cells and epithelial cells and they are
thought to provide the first line of defense against a wide range of viral infections by
activating the production of antiviral molecules (Borden et al., 2007). In contrast, Type-II
IFNs are secreted from a subset of immune cells including T lymphocytes, macrophages and
natural killer cells (Saha et al., 2010). Their main function is to activate and recruit
leukocytes to sites of infection and promote clearance of intracellular pathogens such as
viruses (Saha et al., 2010). The receptors for Type-I11 IFNs are largely confined to cells of
the epithelial origin including respiratory, intestinal, and reproductive tract epithelial cells
(Bayer et al., 2016; Sommereyns et al., 2008), suggesting that the Type-11l IFN response is
important for limiting viral infections in anatomical compartments lined with mucosal

barriers.
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Figure 5. The Type I, I, and 11l interferon signaling pathways. The IFN system
includes three types of IFN: Type-1 (e.g., IFN-a and —8), Type-1l (IFN-y and —®) and
Type-I1l (IFN-A1, 2, 3 and 4). IFN signaling is initiated upon binding of IFNs to their
cognate receptors. Specifically, Type-1 IFNs bind to IFN-a receptor 1 (IFNARI1) and
IFNARZ2; Type-Il IFNs bind to IFN-y receptor 1 (I FNGR1) and IFNGR2; and Type IlI
IFNs bind to IFN-A receptor 1 (IFNLR1) and interleukin 10 receptor 2 (IL10R2). This
leads to activating phosphorylation of the JAK kinase family (JAK1 and TYK?2), which
phosphorylate the downstream transcription factors STAT1 (signal transducer and
activator of transcription protein 1) and STAT2. During Type-I1 and —I1l IFN response,
activated STAT1 and STAT2 dimerize and form a complex with the transcriptional
activator IRF9 (IFN-regulatory factor 9), with which they stimulate the expression of IFN-
stimulated genes (ISGs) through the ISRE (IFN-stimulated response element) promoter.
During Type-1l1 IFN response, phospho-STAT1 form a homodimer, which translocates
into the nucleus to promote transcription of ISGs through the GAS (IFN-gamma-activated
sequence) promoter. Production of diverse ISGs confers protection and resistance to viral
infections through their specific functions in limiting viral entry, replication as well as
spread. Adapted from (Sadler & Williams, 2008).
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1.2.1.2. The IFN intrinsic response

The IFN response is composed of two phases: an initial induction stage where detection of
pathogens activates the expression and release of IFNs (intrinsic response); and a
downstream signaling stage where binding of IFNs to their cognate receptors triggers the
production of a wide range of antiviral molecules. Consequently, through the release of
IFNs, an infected cell can “signal” its neighbors to generate an effective antiviral state
against a wide range of pathogens (Borden et al., 2007; A. J. Lee & Ashkar, 2018).

Several pathogen pattern recognition receptors (PRRs) have been identified in detecting
flavivirus-specific pathogen-associated molecular patterns (PAMPs), although their
effectiveness in inducing an antiviral response varies depending on the cell type and virus.
Three types of RNA sensors recognize distinct non-self RNA structures of flaviviruses: the
Toll-like receptor (TLR) family (TLR3 and TLR7), the retinoic acid inducible gene (RIG-
I)-like receptor (RLR) family (RIG-I and melanoma differentiation-antigen 5 (MDAD5)) and
the dsRNA-activated protein kinase PKR (Diamond & Gale, 2012; Ye et al., 2013).

TLR3 and TLR7, which are present mainly in endosomes, dsRNA and single-stranded RNA
(ssRNA) of viral origin, respectively (H. Kato et al., 2011). RIG-1 and MDADS are cytosolic
RNA helicases (H. Kato et al., 2011). RIG-I recognizes structures within the 5' triphosphate
termini of dsSRNA, as well as short dsSRNA and uridine (U)- or adenosine (A)-rich viral RNA
motifs (Anchisi et al., 2015; H. Kato et al., 2011; Schuberth-Wagner et al., 2015). Similarly,
MDAS5 binds long dsSRNA and AU-rich viral RNAs (H. Kato et al., 2011; Runge et al., 2014).
PKR is both a cytosolic PRR that detects viral dSRNA and an ISG capable of controlling
viral replication by blocking translation of viral genome (Diamond & Gale, 2012). The PRR
function of PKR is activated upon binding to viral dsSRNA, which leads to its dimerization
and subsequent autophosphorylation. Precisely how PKR mediates IFN induction is unclear,
but it has been proposed to facilitate activation of IRF3 by interacting and possibly
facilitating RLR-signaling (Pham et al., 2016). However, the role of PKR in IFN induction
during flavivirus infection remains controversial. While activation of this kinase induces
production of IFNs against WNV infection (Diamond & Gale, 2012), studies of DENV
suggest that it is dispensable for IFN-mediated inhibition of viral replication (Diamond &
Harris, 2001).

1.2.1.3. Antagonism of the IFN signaling by Flavivirus

To ensure productive infections, flaviviruses have evolved strategies to evade the host cell

immunity. They can, for example, evade or delay detection by PRRs. For instance, as
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mentioned before, flavivirus replication takes place within an almost completely closed ER
membrane invaginations (Miorin et al., 2012; Overby et al., 2010; Welsch et al., 2009). This
membrane rearrangement is thought to provide a factory for genome replication and virion
assembly (Welsch et al., 2009), but it may also protect the replication intermediates from
detection by the cellular RNA sensors RLRs and PKR, thereby delaying activation of the
antiviral response (den Boon & Ahlquist, 2010; Miorin et al., 2012; Overby et al., 2010). In
addition, as demonstrated by WNV, flavivirus NS5 methylates the viral genome 5’-cap. This
avoids recognition by MDAS5 and therefore prevents the induction of MDAS5-mediated
antiviral signaling (Szretter et al., 2012; Zist et al., 2011).

Flaviviruses can also directly interfere with signal transduction initiated from PRRS to
suppress transcription of IFNs. For example, WNV NS1 blocks TLR3-induced transcription
of IFN-f and IL-6 (Wilson et al., 2008) while expression of the viral protein NS2A attenuates
production of IFN-a/p through a yet unknown mechanism (W. J. Liu et al., 2004). NS4B of
both DENV and WNYV inhibits activation of IRF3 and thereby reduces the expression of
IFN-B (Dalrymple et al., 2015). In human cells, the PRR-signaling adaptor molecule STING
is cleaved by DENV protease NS3/2B, thus disrupting IFN production (Aguirre et al., 2012;
Rodriguez-Madoz et al., 2010; C.-Y. Yu et al., 2012). In addition, DENV NS4A interacts
with the RLR-signaling adaptor protein MAVS and prevents it from interacting with RIG-I
(He et al., 2016). Viral RNA can also antagonize IFN responses as well. The sfRNA of
DENV was shown to blunt RIG-I-mediated IFN induction by binding to and destabilizing
Tripartite motif-containing protein 25 (TRIM25), a positive regulator of RIG-1 (Manokaran
et al., 2015).

Apart from blocking the expression of IFNs, flaviviruses can also hinder the IFNR-initiated
signaling pathways. For example, WNV infection results in depletion of IFNAR1 through a
non-canonical protein degradation pathway that may be mediated by viral non-structural
proteins (Evans et al., 2011). Since STAT1 and STAT2 are essential to produce I1SGs, a
common scheme employed by flaviviruses is to interfere with their activation. For example,
the non-structural proteins have been shown to prevent phosphorylation of STAT1 and/or
STAT2 during infection of WNV (Guo et al., 2005; W. J. Liu et al., 2004; Mufioz-Jordan et
al., 2005), DENV (Munoz-Jordan et al., 2003), JEV (Lin et al., 2006), YFV (Muiioz-Jordan
et al., 2005) and TBEV (Best et al., 2005; Werme et al., 2008). In addition, DENV NS5
targets STAT2 for proteasomal degradation(Ashour et al., 2009; Morrison et al., 2013).

Although many of these findings require further validation in more physiologically relevant
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systems (such as in primary cells), they have revealed several attractive candidates for novel

antiviral therapeutics.
1.2.2. Stress responses
1.2.2.1. Unfolded protein response

The ER quality control system ensures that only correctly folded proteins leave the ER via
the secretory pathway, with ER resident chaperones aiding and monitoring nascent protein
maturation (Braakman & Bulleid, 2011; Ellgaard & Helenius, 2003). There are two main
chaperone families responsible for protein folding in the ER: the lectin chaperones, which
interact with unfolded glycoproteins, and the binding immunoglobulin protein (BiP, also
known as GRP78 or HSPADS) that belongs to the heat shock protein (HSP) 70 family and
recognizes both, non-glycosylated and glycosylated proteins (Braakman & Bulleid, 2011;
Zhu & Lee, 2015).

Several intrinsic (such as a mutations control) and extrinsic (such as viral infection) events
can disrupt the ER protein-folding environment. An imbalanced load of proteins folding in
the ER and exceeding its capacity is referred to as ER stress, which results in the
accumulation of unfolded and misfolded proteins in the ER lumen (Rao & Bredesen, 2004).
To prevent undergoing apoptotic cell death and to overcome the ER stress condition, cells
trigger an adaptive response that has evolved to respond to accumulated misfolded proteins
in the ER called unfolded protein response (UPR). The UPR reorganizes a cell’s
transcriptional and translational program, aiming to resolve protein-folding stress and to
restore cellular homeostasis (Hetz et al., 2020). First, mRNA translation is transiently
attenuated to prevent the accumulation of more unfolded proteins. Second, the translation of
new proteins is decreased by degradation of ER membrane-associated mRNAs. Third, the
protein folding capacity as well as ER-associated degradation (ERAD) capacity are
increased by transcriptional upregulation of ER chaperones and ERAD components. Fourth,
if homeostasis cannot be restored, the terminal UPR is induced, resulting in apoptosis to
remove damaged cells and protect the organism (Hetz, 2012; Hetz et al., 2020) (Figure 6).

The three main UPR signaling pathways are initiated by three ER transmembrane stress
sensors: inositol-requiring enzyme 1 (IRE1), protein kinase R-like ER kinase (PERK) and
activating transcription factor 6 (ATF6). The ER stress sensors consist of a luminal domain
that senses misfolded proteins, a transmembrane domain that anchors the sensors in the
membrane and a cytosolic domain that transmits signals to the nucleus (Johnston &

McCormick, 2019) (Figure 6). Normally, BiP is bound to the transmembrane ER stress
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transducers blocking their activation (Hetz et al., 2020). Moreover, the UPR can be
chemically activated by several compounds, such as tunicamycin (TM) that disrupts protein
maturation by blocking N-linked glycosylation (Azim & Surani, 1979; Hakulinen et al.,
2017; Yoo et al., 2018).
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Figure 6. The unfolded protein response in a nutshell. Following BiP dissociation,
ATF®6 is transported to the Golgi where the proteases S1P and S2P remove the luminal
and the transmembrane domain, respectively. The resulting N-terminal fragment is a
DNA-binding protein that translocates to the nucleus where it activates the transcription
of UPR target genes. IREL, on the other hand, oligomerize after BiP dissociation and
transphosphorylate other IRE1 molecules in the complex. Activated IRE1 performs a non-
conventional cytoplasmic splicing, excising a 26-nucleotide sequence from the X-box-
binding protein 1(XBP1) mRNA. This splicing event causes a shift in the reading frame
of XBP1 mRNA generating a new longer protein called XBP1 spliced form (XBP1s).
Once translated, XBP1s translocates to the nucleus where it binds to UPR elements
(UPRE) on the promoter of several UPR target genes. Dissociation of BiP from PERK
initiates its transphosphorylation, promoting PERK oligomerization. The kinase domain
of PERK phosphorylates the a subunit of the eukaryotic translation initiation factor-2
(elF2a) at Ser51, causing a global inhibition of translation, thus reducing also the amount

of newly synthesized proteins. Some mRNAs that contain an internal ribosome entry site
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(IRES) sequence in the 5” untraslated regions bypass the P-eIF2a translational block. The
most common is the transcription factor ATF4 which activates the transcription of pro-
survival genes as well as pro-apoptotic genes such as CHOP. Additionally, ATF4 is a co-
factor to GADD34, whose role is to dephosphorylate elF2a reversing protein synthesis
attenuation with a negative feedback mechanism. Adapted from (Johnston & McCormick,
2019).

1.2.1.1.1. UPR activation during Flavivirus infection

Viruses have evolved multiple mechanisms to manipulate the UPR, either to favor their

replication or to avoid detrimental effects by certain UPR pathways.

For example, DENV infections showed a time-dependent activation of all three UPR
pathways. During early time points PERK activation led to elF2a phosphorylation which
was rapidly reversed. Phosphorylation of eIF2a was reversed upon DENV infection even in
the presence of the potent ER stress inducer thapsigargin. At mid and late stage in the
replication cycle, the IRE1 and ATF6 pathways were activated, respectively. Additionally,
PERK-/- knockout MEFs showed higher DENV titers, illustrating the antiviral role of
PERK. DENV infection of IRE1-/- knockout MEFs yielded significantly lower infectious
viral titers, implying a pro-viral role of the IRE1 pathway for DENV replication (Pefia &
Harris, 2011). Although ATF6 was activated and translocated to the nucleus upon DENV
infection, an ATF6-/- knockout did not affect viral titers (Pefia & Harris, 2011; Umareddy
etal., 2007). A comparison of DENV-1 and DENV-2 revealed a serotype-specific activation
of UPR pathways with different intensities. DENV-1 induced GADD34 more strongly than
DENV2, whereas DENV-2 led to a slightly higher phosphorylation of elF2a and to higher
expression levels of XBP1s than DENV-1 (Umareddy et al., 2007).

In the case of WNV, activation of IRE1 was demonstrated by XBP1 mRNA splicing
(Ambrose & Mackenzie, 2011). Moreover, the small hydrophobic proteins NS4A and NS4B
enhance XBP1 splicing with undetectable unspliced XBP1 in transfected cells (Ambrose &
Mackenzie, 2011). WNV infection of XBP1-/- MEFs showed no difference in viral RNA,
protein or infectious virus compared to WT cells, suggesting that IRE1 signaling is
dispensable for WNV replication (Ambrose & Mackenzie, 2013). Furthermore, WNV
infection of ATF6-/- knockout MEFs resulted in reduced secretion of virions, implying a
pro-viral role for WNV replication (Ambrose & Mackenzie, 2013). Infected ATF6-/- cells

showed an increase in PERK-related factors with higher phosphorylation of elF2a and
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upregulated CHOP activity, suggesting that ATF6 may dampen PERK signaling (Ambrose
& Mackenzie, 2013).

Our laboratory has extensively studied the UPR and its interplay with innate immunity to
TBEV infection. After identifying that the IFN response is delayed during TBEV infection
(Miorin et al., 2012), we showed with a transcriptome analysis that UPR is among the earlier
responses activated during TBEV infection, before the IFN response. ATF6 and PERK and
IRE1 are all active at early time points, but cells with IRE1 silenced produce higher titers of
TBEV. Moreover, pre-activation of UPR with tunicamycin or thapsigargin leads to increased
antiviral state in TBEV-infected cells. Therefore, UPR is believed to destabilize the viral
replication vesicles in the ER membrane and expose dsRNA which, coupled with PRR-

mediated intrinsic innate immunity, lead to IFNp response (Carletti et al., 2019).
1.2.2.2. Integrated stress response

The integrated stress response (ISR) is a cellular program that can be activated to restore
homeostasis after cellular exposure to different types of stress, such as viral infection. It can
reversibly stall protein translation through phosphorylation of the a unit of the translation
initiation factor elF2 (elF2a) at serine 51. The direct effect of elF2a phosphorylation is the
formation of membraneless structures called stress granules (SG), which are clusters of
stalled mRNA, translation initiation factors and RNA binding proteins (Costa-Mattioli &
Walter, 2020). elF20. phosphorylation can be performed by four different kinases that are
activated by various sources of stress: PERK, a transmembrane protein that is activated by
ER stress; general control non-derepressible 2 (GCNZ2), senses low amino acids levels by
binding to uncharged tRNAs; heme-regulated inhibitor (HRI), is mainly expressed in
erythrocytes and is activated by heme deficiency; and PKR which is ubiquitously expressed
and activated by sensing dsRNA. Upon activation, all four kinases phosphorylate elF2a
leading to inhibition of MRNA translation and stress granules formation (Figure 7) (Harding
et al., 2003; Ron, 2002). A common characteristic among the ISR members is that they are

activated by stress-induced dimerization and autophosphorylation (Donnelly et al., 2013).

Upon ISR activation and formation of SGs, the translation of most cellular mRNASs is
inhibited; nevertheless, selective translation of transcripts such as the ones for ATF4, pro-
apoptotic C/EBP homologous protein (CHOP) and DNA damage inducible 34 (GADD34)
is promoted (Pakos-Zebrucka et al., 2016). ATF4 is the main effector of the ISR and its
translation is regulated by two upstream open reading frames (UORF) (Costa-Mattioli &

Walter, 2020). uORF1 is the favorable element that induces ribosome scanning and initiation
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of translation at next coding regions, whereas UORF2 is an inhibitory element that negatively
regulates ATF4 expression. In non-stressed cells, ribosome scanning starts preferentially
downstream of UORF1 and initiates translation at UORF2, inducing ribosome dissociation
from ATF4 mRNA and thus preventing ATF4 translation. In ER stress conditions, protein
synthesis is attenuated increasing the availability of ribosomes. This allows the translation
of ATF4 mRNA at the alternative downstream coding region leading to increased ATF4
protein synthesis. ATF4 then induces expression of proteins like CHOP and ATF3 (Harding
et al., 2003; Pakos-Zebrucka et al., 2016; Wek et al., 2006).

GADD34 mediates the dephosphorylation of elF2a through protein phosphatase 1 (PP1),
whose catalytic subunit is recruited to e[F2a. In non-stressed cells, the constitutive repressor
of eIF2a phosphorylation (CReP), a regulatory subunit of PP1, maintains low levels of e[F2a
phosphorylation (Jousse et al., 2003), especially at the ER (Kastan et al., 2020). Under stress
conditions, GADD34 is both transcriptionally and translationally upregulated to antagonize
elF2a phosphorylation and translational arrest initiated by the ISR (Connor et al., 2001;
Kojima et al., 2003; Novoa et al., 2001). Furthermore, viruses such as ZIKV (Amorim et al.,
2017) and infectious bronchitis virus (IBV) (Wang et al., 2009) have been reported to

modulate this negative feedback loop to escape the host antiviral response.
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Figure 7. The integrated stress response. elF2a phosphorylation occurs via 4 kinases:
Protein kinase RNA-activated (PKR), in response to foreign dsRNA, Protein kinase RNA-
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like endoplasmic reticulum kinase (PERK), in response to ER stress, general control non-
derepressible 2 (GCN2), in response to nutrient deprivation, and heme-regulated inhibitor
(HRI) in response to heme deficiency in erythroid cells. Constitutive repressor of elF2a
phosphorylation (CreP) is expressed and maintains low levels of phosphorylated elF2a.
Under stress conditions the phosphorylation of eIlF2a leads to an inhibition of the vast
majority of translation with the exception of a subset of gene necessary for cell survival
and response to stress, such as the ATF4 gene. Phosphorylation of eIF2a results in protein
translation inhibition, ultimately leading to SG formation. Created with BioRender.com

1.2.2.2.1. GCN2

GCN2 responds to nutritional deprivation and is the only elF2a kinase conserved among
virtually all eukaryotes. The mechanism of activation during amino acid depletion involves
the binding of accumulating uncharged tRNAs in the cytoplasm to a region of GCN2. GCN2
binding to uncharged tRNA ultimately triggers a conformational change that relieves
inhibitory interactions within the protein kinase domain, resulting in autophosphorylation in
the activation loop of the enzyme. GCN2 can also be activated by glucose deprivation and
exposure to high salt, and stresses not directly related to nutrients, such as UV irradiation

and anti-cancer drugs (P. Zhang et al., 2002).
1.2.2.2.2. HRI

HRI is mainly expressed in erythroid cells, red blood cell precursors, and is activated by
heme deficiency, protecting cells from toxic globin aggregates (A. P. Han et al., 2001). It
transitions between an inactive, heme-bound, dimeric form stabilized by disulfide bonds,
and an active dimer stabilized by non-covalent interaction, promoting autophosphorylation
and kinase activity in the absence of heme (Chefalo et al., 1998; Rafie-Kolpin et al., 2000).

1.2.2.2.3. PERK

As discussed before, PERK is an ER transmembrane protein that contains a regulatory region
that resides in the lumen of the ER and a cytosolic elF2a kinase domain. PERK is a member
of the ISR for being a elF2a kinase, and at the same time is also a member of UPR for being
the ER resident that reduces the influx of nascent proteins into the ER. Activation of PERK
during ER stress is believed to occur in along with the other UPR sensors, but the timing or
duration of each may be different. Misfolded proteins that accumulate in the ER lumen
compete with PERK for BiP binding, which triggers the release of the ER chaperone, thus
leading to PERK oligomerization which facilitates PERK autophosphorylation and

enhanced phosphorylated elF2a (Z.-W. Liu et al., 2013; Rozpedek et al., 2015).
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1.2.2.2.4. PKR

PKR is a component of the antiviral pathway and is activated by binding of dsSRNA to its N-
terminal moiety and is important for limiting viral replication during infection. Its kinase
activity is also dependent on dimerization and autophosphorylation of its C-terminal kinase
domain (Kaufman, 1999). A minimal dsRNA length of 30 bp is required for PKR activation,
however short stem loop RNAs containing flanking single stranded tails are capable of
activating PKR. As mentioned before, dsRNA is produced as an intermediate of viral
replication and recognized as non-self molecule by the host cell through sensors like PKR
(Kaufman, 1999; Williams, 1999).

As illustrated in Figure 8, the PKR protein has a closed conformation when inactive, and its
activation happens in several steps. Initially, dSRNA binds to one of the two double-stranded
RNA binding motifs (DRBM), which leads to the first conformational change. The second
step is dimerization, and the third, phosphorylation due to the proximity of the kinase
domains (Cesaro et al., 2021; Mayo et al., 2019).
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Figure 8. PKR activation. Adapted from Cesaro et al., 2021

1.2.2.2.4.1. Viral evasion from PKR signaling

Viruses whose propagation is inhibited by PKR often develop methods to inhibit activation
of this kinase. Many strategies exploited by viruses have been reported: dsRNA
sequestration, masking, or degradation, PKR degradation, inhibition of PKR dimerization
and phosphorylation, and PKR direct inhibition by interaction of viral RNA or proteins
(Cesaro & Michiels, 2021).
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For example, the Middle East respiratory coronavirus 4a protein was reported to sequester
dsRNA to inhibit formation of PKR-dependent SG. Mutation on the dsSRNA binding motif
of 4a protein was sufficient to neutralize its antagonistic function (Rabouw et al., 2016).
Similarly, the NS1 protein of Influenza B virus was also shown to compete with PKR for
dsRNA binding via its N-terminal domain, while its C-terminal domain could silence IFN
response (Dauber et al., 2006). Interestingly, it was demonstrated recently that the
endonuclease activity of the nspl5 protein of Infectious Bronchitis Virus and of avian
coronavirus can degrade dsRNA and prevent PKR activation (B. Gao et al., 2021; Zhao et
al., 2021).

Some viral proteins were shown to directly bind PKR through and block its dimerization or
autophosphorylation, such as the nucleoprotein (N) of Respiratory syncytial virus
(Groskreutz et al., 2010) and the ORF57 from Kaposi’s sarcoma-associated herpes virus
(Sharmaet al., 2017). Moreover, although the NS5A of hepatitis C can bind the dimerization
domain of PKR (Gale et al., 1997, 1998), no evidence was provided if PKR activity is
inhibited by NS5A during HCV infection (Dabo & Meurs, 2012). Recently it was described
that the newly emerged SARS-CoV-2, the pandemic pathogen responsible for the current
state of a global health emergency, can also interfere with the PKR response to promote
replication. Zheng and colleagues discovered that the nucleocapsid (N) protein block PKR
phosphorylation during SARS-CoV-2 infection (Zheng et al., 2021).

1.2.2.2.5. Stress granules

SG are cytoplasmic membraneless granules formed in response to multiple types of stress.
The most fully characterized pathway for stress granule formation involves phosphorylation

of elF2a, leading to accumulation of stalled translation pre-initiation complexes.

For protein synthesis in normal conditions the so-called ternary complex (elF2/GTP/
tRNAM®Y delivers initiator tRNAM® to the 40S ribosomal subunit, forming a 43S pre-
initiation complex (prelC). The elF4F complex (elF4E, elF4A, and elF4G) binds together
with elF4B to the 5’ cap of the mRNA. The elF4F-bound mRNA associates with the 43S
prelC, and then scans to the AUG start codon, where 48S PIC formation occurs (Figure 9)
(Panas et al., 2016). This process depends on the exchange of GDP to GTP mediated by elF2
mediated by elF2B. Upon ISR activation, ternary complex depletion occurs by mechanistic
impairment of interaction between the a subunit of elF2 and elF2B, promoting assembly of
a noncanonical prelC unable to deliver of initiator tRNAMt, which results in a reduction of

protein synthesis in stressed cells (Panas et al., 2016; Potter & Parker, 2016).
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SG are composed of stable protein cores that contain a large set of RNA-binding proteins,
poly-adenylated mRNA, stalled translation initiation factors, heat shock proteins, DEAD-
box proteins, RNA helicases, and many other proteins, some of which remain to be verified
(Jainetal., 2016). Ras-GTPase activating binding protein 1 (G3BP1) and its isoform G3BP2,
Caprinl, T-cell internal antigen 1 (TI1A-1), and TIA-1-related protein (TIA/R) are believed
to be key nucleators of SG assembly (Gilks et al., 2004; Kedersha et al., 2016; Tourriere et
al., 2003; Tsai et al., 2016). Furthermore, SG cores has a dynamic shell with weak
interactions between proteins and RNA (Han et al., 2012; Kato et al., 2012; Weber &
Brangwynne, 2012).

SG formation can also occur via elF2a-independent pathways such as cleavage the of elF4G
or inhibition of elF4E proteins. Upon stress resolution and reinitiation of translation SG
disassemble (Aulas et al., 2017).
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Figure 9. Conventional translation initiation in eukaryotes. Simplified cartoon of cap-
dependent translation initiation. Outlined are the steps of preinitiation complex (prelC)
assembly, mRNA scanning, AUG codon recognition and 60S ribosomal subunit joining.
The main participants of the translation initiation are indicated. Adapted from (Panas et
al., 2016)

1.2.2.2.5.1. Stress granules assembly

SG are formed by liquid-liquid phase separation (LLPS), in which dispersed proteins and
protein-bound RNA condensate in droplet-like structures in the cytoplasm (Brangwynne et
al., 2009). After detection of stress and initial stimulus, there is the release of mMRNA from

polysomes and a subsequent increase on the amount of free mMRNA in the cytoplasm. The
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increase in MRNA concentration is detected by G3BP1, which activates SG assembly by
LLPS (Guillen-Boixet et al., 2020; P. Yang et al., 2020).

G3BP1 is the central hub for the SG network. It contains an internal RNA recognition motif
(RRM) domain for protein-RNA interaction, as well as a nuclear transport factor 2 (NTF2)-
like domain for protein-protein interaction (Guillén-Boixet et al., 2020; Tourriére et al.,
2003). G3BP1 mutants lacking the NTF2-like domain fail to form SG, suggesting that the
role of the NTF2-like domain in undergoing intra- and inter-molecular interactions is critical
to SG formation. In addition, diffuse cytoplasmic G3BP1 contains a constitutively
phosphorylated serine residue at position 149 at resting states (Tourriere et al., 2003). During
cellular stress, S149 is dephosphorylated, inducing a conformational change that permits
protein aggregation in a fashion like that of prion aggregation. A constitutively
phosphorylated mutant form of G3BP1 (S149E) acts as a dominant inhibitor against SG
formation (Tourriére et al., 2003). Therefore, G3BP1 is shown to play a particularly

significant role in SG formation and function.

The differences in how individual SG components contribute to SG formation and function
is not fully understood. Purification and RNA-Seq analysis of SG cores showed that different
SG could have diverse proteomes (Jain et al., 2016). It was previously shown, for example,
that the Ubiquitin associated protein 2-like (UBAP2L) forms distinct cores from G3BP1,
and it was suggested that cores with different components might coexist inside the same SG.
Authors also suggest that UBAP2L is an important SG nucleator and acts upstream of
G3BP1 (Cirillo et al., 2020). Furthermore, the SG-associated protein Caprin-1 can bind to
NTF2-domain of G3BP1, thereby assisting in G3BP1-dependent condensation and
promoting SG (Kedersha et al., 2016; Solomon et al., 2007). Interestingly, overexpression
of Caprin-1 alone induces the formation of type SG, resulting in global inhibition of protein
synthesis. Solomon et al. suggested that the ability of Caprin-1 or G3BP-1 to form SG do

not depend on each other (Solomon et al., 2007).

The SG formation route can vary, and this can classify them into three subtypes (type I, type
Il type I11) (Advani & lvanov, 2020; Ivanov et al., 2019; Riggs et al., 2020). Type I) form in
response to oxidative stress, ER stress, and viral infection; depend on phosphorylation of
elF2a, and require G3BP1 and 48S preinitiation complexes. Type 1) assemble and can stall
translation independent of elF2a phosphorylation. These SG can form with elF4F inhibitors
treatment via inactivation of elF4A. Type Ill) typically lack elFs, appear in response to
glucose starvation, sodium selenite, nitric oxide, and UV (Advani & lvanov, 2020; Aulas et

al., 2018). It indicates that SG may sequester specific proteins, altering the dynamics of
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cytosolic proteins, which in turn could change the course of signaling cascades in the
cytoplasm (Riggs et al., 2020). Moreover, dysregulation and aberrant accumulation of SG
are demonstrated to be a contributing factor to cytotoxicity, which are increasingly
associated with neuropathology, such as amyotrophic lateral sclerosis (ALS) (Wolozin &
Ivanov, 2019).

Recently, the study of the clinical relevance of SG persistence took a significant turn. The
principal role of mitochondria is to break down blocks of fat called fatty acids (FA) and other
molecules to release energy that powers many processes in cells in a pathway called fatty
acid B-oxidation (FAO) (Nowinski et al., 2020). Some pathological conditions may cause
nutrient deprivation and starvation, and the cell needs to reorganize endogenous substrates
to keep the intracellular energy at safe levels, and FA may be mobilized from the
mitochondria to other organelles as energy supply (Nowinski et al., 2020; Zeidler et al.,
2017). Long-term chronic nutrient starvation is a known trigger for SG, which induces the
assembly of SG with specific components mediated by the mammalian target of rapamycin
(mTOR) pathway (Buchan et al., 2011; Reineke et al., 2018). Amen & Kaganovich reported
that SG can regulate metabolic remodeling by interacting with the mitochondria during
starvation stress. They showed that SG formation leads to a downregulation of FAO through
the regulation of the mitochondrial voltage-dependent anion channels (VDAC), which
import fatty acids to the mitochondria. The following decrease in FAO during chronic
starvation reduces oxidative damage and rations FAs for longer use (Amen & Kaganovich,
2021). Failure to form SG, either caused by the genetic deletion of SG components or an
ALS-associated mutation, means inability to downregulate FAO (Amen & Kaganovich,
2021; Reineke & Neilson, 2019; Wolozin & Ivanov, 2019).

1.2.2.2.5.2. Stress granules disassembly

Less is known about the disassembly of SG, compared to SG assembly. Disassembly of SG
has been shown to correlate with recovery in cellular protein synthesis and may involve
dissociation of SG contents and/or release of mMRNA from granules to resume translation
(Buchan & Parker, 2009; Hofmann et al., 2021). Drugs that stabilize polysomes such as
cycloheximide and emetine lead to SG disassembly (Anderson & Kedersha, 2006; Kedersha
et al., 2000).

Several RNA-binding proteins have been implicated in promoting SG disassembly,
including Staufen and Grb7. Over-expression of Staufen can inhibit SG assembly possibly

by stabilizing mRNA-polysome interaction (Thomas et al., 2009), while phosphorylation of
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Grb7 is required to weaken its interaction with HuR, TIA-1 and certain mRNAs from SG
(Tsai et al., 2008). Moreover, while Caprin-1 binds to G3BPL1 to assist on SG condensation,
a protein called Ubiquitin Specific Peptidase 10 (USP10) competes for the same binding site
and this interaction induces SG disassembly (Kedersha et al., 2016; Sanders et al., 2020).

Furthermore, SG disassembly has also been shown to occur via autophagy in a process
referred to as granulophagy (Buchan et al., 2013). The targeting of SG to the autophagic
pathway depends on the function of p97, an AAA ATPase also known as valosin-containing
protein (VCP). In fact, SG clearance is reduced by autophagy inhibition, and depletion or
mutations in VCP (Buchan et al., 2013). Unc-51 like autophagy activating kinase 1 (ULK1)
and ULK2 have been shown to mediate SG clearance through activation of VCP (B. Wang
etal., 2019).

It has also been recently described that ubiquitylation may also play a pivotal role in SG
disassembly. Proteins marked with K48 ubiquitin chains are typically targeted to proteolytic
degradation, whereas other chains, such as K63, mediate a non-proteolytic signaling
functions to induce the extraction of proteins from complexes. VCP has an essential role in
both cases by extracting ubiquitylated proteins from membranes, chromatin, or protein
complexes (Maxwell et al., 2021). Using a model of heat-induced SG, Gwon and colleagues
showed that VCP labels G3BP1 with a K63 polyubiquitylation chain which mediates its
removal from SG cores and ultimately leads to granule disassembly (Gwon et al., 2021).

1.2.2.2.5.3. Stress granules and Flaviviruses

Several viruses can manipulate the SG components and regulate their formation, as this
could be disadvantageous, for RNA viruses for example, that use the cellular translation
machinery for their own replication. It is known that some viruses can induce the formation
of SG, for instance, Respiratory Syncytial virus (RSV), whereas other viruses, for example,
West Nile virus (WNV) and Rotavirus among others, do not induce SG formation (Emara &
Brinton, 2007; Lindquist et al., 2010).

Because the translation is a critical first step in the Flavivirus life cycle, the formation of
type | SG may represent an immediate obstacle to infection. For this reason, during infection
with different Flaviviruses, such as WNV, Dengue virus (DENV), and Japanese Encephalitis
virus (JEV), SG are blocked and treatment of virus-infected cells with arsenite fails to induce
SG through HRI kinase (Basu et al., 2017; Emara & Brinton, 2007; Katoh et al., 2013; Roth
et al., 2017). Although WNV, DENV, and JEV belong to the same Flavivirus genus, each

virus employs a particular mechanism to block the SG assembly. For instance, natural WNV
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infection does not induce SG, but chimeras produce high levels of viral replication and
induce SG through activation of PKR by the detecting exposed dsRNA replication
intermediates, which results in phosphorylation of elF2a, stalling of translation initiation,
and formation of stress granules. The inhibition of SG might involve non-structural proteins
such NS4B and NS5 (Courtney et al., 2012; Elbahesh et al., 2011a; Emara & Brinton, 2007).
G3BP1, G3BP2, and Caprinl can stimulate translation of interferon-stimulated genes (ISGs)
to fight DENV infection, and the virus has evolved mechanism to escape their action by
targeting with non-coding viral RNA (Bidet et al., 2014; Ward et al., 2011).

Similar to DENV and WNV, ZIKV was shown to limit the assembly of SG (Amorim et al.,
2017; Hou et al., 2017). In particular, Hou et al. described that transfection Flag-tagged NS3
and NS4A repress translation, and the formation of SG is restricted when Flag-tagged capsid,
NS3, NS2B-3, and NS4A proteins were individually expressed (Hou et al., 2017). Amorim
et al. additionally demonstrated that ZIKV escapes the antiviral stress response by increasing

the rate of elF2a dephosphorylation during infection (Amorim et al., 2017).

These studies provide insight into how SG assembly is inhibited during Flavivirus infection,
however it is reasonable to consider that stress granules may play a role for the cells during

infection and that its specific role or function has yet to be well defined.

It has been demonstrated that during WNV and DENV infection, both TIA-1 and TIAR are
sequestered at viral replication sites and thus SG formation is reduced, suggesting that these
viruses interfere with SG formation by altering the cellular localization of SG proteins
(Emara & Brinton, 2007). Furthermore, a study shows that JEV core protein recruits several
SG-associated proteins, including G3BP1 and USP10, through interaction with Caprin-1,
another RNA binding protein recruited during SG formation (Katoh et al., 2013). In the same
study, it was demonstrated that JEV carrying a mutated core protein incapable of binding to
Caprinl exhibited lower propagation in vitro and lower pathogenicity in mice than the wild-
type JEV, suggesting that the core protein activity on SG inhibition is essential to antagonize
host defense (Katoh et al., 2013). Altogether these results suggest a common strategy of
Flaviviruses to prevent the inhibition of viral mRNA translation and to enhance RNA
synthesis by modulating the SG response. We demonstrated previously that TIA-1 and TIAR
proteins are recruited to the sites of TBEV replication, bind the viral RNA and inhibit its
replication. We also showed that TBEV can trigger the formation of SG containing other SG
markers as G3BP, elF3 and elF4B (Albornoz et al., 2014).

45



Previous studies performed in our lab (Miorin et al., 2012, 2013) as well as by Overby et al.
(Overby et al., 2010) have demonstrated that the IFN response to TBEV infection is delayed.
Miorin and colleagues showed that the innate response to TBEV is RIG-I dependent and that
its agonists are present in infected cells as early as 8 hpi. It has been proposed that the dSRNA
of TBEV is retained into ER-derived vesicles, to protect it from cell surveillance. Another
key observation is the fact that the start of SG formation is concomitant with the beginning
of IFN mRNA detection, and both events are induced earlier with UPR pre-activation (data

not published).
1.2.2.2.5.4. Antiviral stress granules

In the context of IFN signaling, SG are believed to function as antiviral hubs, serving as
platforms for the recruitment of signaling molecules and coordinating signaling events
(Onomoto et al., 2012).

Depending on the virus and the host cell, different patterns of SG formation can be observed
during infection: stable SG formation, no SG formation, transient SG formation and
oscillating SG formation (Eiermann et al., 2020; Onomoto et al., 2014; Ruggieri et al., 2012).
The antiviral nature of SG can be demonstrated by depleting viral mechanisms that
antagonize SG this response. For example, the NS1 protein of Influenza A virus (IAV) was
shown to inhibit SG formation by blocking PKR activation (Onomoto et al., 2012). When
IAV NS1 was removed (IAVANSI1), the interaction with PKR was lost and led to the
formation of SG. Onomoto and colleagues also demonstrated that the antiviral proteins RIG-
I, MDAS, PKR, 2'-5' oligoadenylate synthetase (OAS), and RNase L localize to [AVANSI-
induced SG, along with viral RNA. Moreover, they showed that SG inhibition during
IAVANSI infection, by silencing the G3BP1 protein, reduce the expression of IFN-f. A
similar behavior was also observed upon infection with encephalomyocarditis virus
(EMCYV), and Sindbis virus (SINV). In these models, the inhibition of SG formation led to
a marked decrease of IFN production and higher viral replication. Taken together, these data
led Onomoto and colleagues to hypothesize that the redistribution of antiviral molecules to
SG facilitate signaling, and SG acts as a platform for viral RNA identification and activation
of IFN response. They called it antiviral SG (avSG) (Onomoto et al., 2012).

Few studies suggest, however, that SG might not be necessary for the IFN response upon
virus infection. It was shown that infection with a mutant mengovirus induces formation of
SG with colocalization of MDADS, and these were dispensable for IFN production (Langereis

et al., 2013). In that study, the presence of viral RNA was not detected inside SG, which
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could indicate that avSG depend on both antiviral proteins and accumulation of viral RNA

to be functional

Other foci have been described to resemble avSG’s function in helping to mount an antiviral
response. RNase L is an IFN-induced endoribonuclease able to cleave both viral and cellular
RNAs. The cleavage products are detected by PRR to amplify the IFN response (Silverman,
2007). Interestingly, RNase L has recently been demonstrated to modulate translation in
regardless of the PKR > p-elF2a > SG axis (Burke et al., 2020), and its activity has been
related to the formation of specific SG-like punctate membraneless organelles called RNase
L-bodies (RLB) that do not require G3BP1 for condensation (Burke et al., 2020; Manivannan
et al., 2020). Moreover, a recent study showed the pivotal role of RNase L in avSG in
coordinating ligands with its respective receptors to ensure effective response during viral

infections (Manivannan et al., 2020).

Although there are still discussions about whether SG assist on the host response as a
platform for IFN induction, an increasing number of studies suggests the significance of SG
for antiviral responses. (Eiermann et al., 2020). In line with this hypothesis, most viruses
appear to inhibit SG formation through numerous strategies for the evasion of host antiviral
responses (White & Lloyd, 2012).
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2.MATERIALS AND METHODS

48



2.1. Materials
2.1.1. Cells
Mammalian
e U20S: Human osteosarcoma;
o U20S shPERK: produced in this work; U20S transduced with a lentivirus
carrying shPERK
o U20S_shPKR: produced in this work; U20S transduced with a lentivirus carrying
shPKR
o U20S_Scramble: produced in this work; U20S transduced with a lentivirus
carrying shScramble
o U20S_PKR: produced in this work; U20S transduced with a lentivirus carrying
human PKR
o U20S AAG3BP: Kindly donated by Dr Nicolas Locker
e Vero E6: African green monkey kidney;
e HEK 293T: Human embryonic kidney, mut SV40 large T antigen.
e MRC-5: Human lung fibroblasts

e SK-N-SH: Human neuroblastoma

Bacteria

e XL10-Gold Ultracompetent Cells (Stratagene - cat.num. 200315). Genotype: Tetr
A(mcrA)183 A(mcerCB-hsdSMR-mrr)173 endAl supE44 thi-1recAl gyrA96 relAl lac
Hte [F" proAB laclgZAM15 Tn10 (Tetr) Amy (Kanr)].

e MAX Efficiency DH5a Competent Cells (Invitrogen — cat. num. 18258012 Genotype:
F- ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 (rk-, mk+) phoA
supE44 A-thi-1 gyrA96 relAl

2.1.2. Media
Mammalian
* DMEM complete medium: Dulbecco’s Modified Eagle Medium (Gibco - cat.num. 31885-
023) supplemented with 10% fetal bovine serum (FBS) (Euroclone - cat.num. ECS0180L).
For selection of stable cell lines, Puromycin Dihydrochloride (Invitrogen — A1113803) was
added at a concentration of 1 pg/mL.
* OptiMEM: Reduced-Serum Medium (Gibco - cat.num 31985-070)
* Cryo medium: for long-term storage cells were frozen at -80 °C in 90% FBS, 10% DMSO.
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Bacteria

Luria-Bertani (LB) Medium: 10 g bacto-trypton, 5 g bacto-yeast extract, 10 g NaCl per 1

liter medium. Ampicillin was added at a concentration of 100 ug/ml. For hardening 1.5 %

agar-agar was added to the liquid medium.

2.1.3. Antibodies

Primary antibodies

Target Species Source SS::L%% Dilution
elF3n Goat Santa Cruz sc-16377 IF 1:100
elF4B Rabbit Abcam ab68474 IF 1:100
G3BP Mouse BD Transduction Labs 611126 IF 1:100
eV | | oty G |podiedn |Er0
PERK Rabbit Santa Cruz sc-13073 WB 1:500
PKR Mouse Santa Cruz Sc-6282 WB 1:200
p-PKR Rabbit Abcam ab32036 WB 1:1000
B-Actin/HRP | Mouse Sigma A3854 WB 1:50000
dsRNA J2 Mouse SciCom 10010500 IF 1:200
Puromycin Mouse EMD Millipore MABE343 IF 1:200
FLAG Mouse Sigma F1804 {,\F/é:f%%oo
p-elF2a Rabbit Cell Signalling 9721S WB 1:500
elF2a Rabbit Santa Cruz sc-11386 WB 1:100

Table 1. Primary antibodies used in this study

Secondary antibodies

Donkey, anti-goat 1gG, Alexa Fluor 594; 1:500 for IF (Molecular Probes cat.num. A11058)
Donkey, anti-mouse 1gG, Alexa Fluor 488; 1:500 for IF (Molecular Probes cat.num.

A21202)

Donkey anti-mouse I1gG, Alexa Fluor 594; 1:500 for IF (Molecular Probes cat.num.

A21203)

Donkey, anti-rabbit IgG, Alexa Fluor 488; 1:500 for IF (Molecular Probes cat.num.

A21206)
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Donkey anti-rabbit 19G, Alexa Fluor 594; 1:500 for IF Molecular Probes cat.num.

A21207)

Goat polyclonal, anti-mouse immunoglobulins/HRP; 1:10000 for WB (DakoCytomation

cat.num. P0447)

Goat polyclonal, anti-rabbit immunoglobulins/HRP; 1:10000 for WB (DakoCytomation

cat.num. P0448)

2.1.4. Vectors

) o Catalog
Plasmid Relevant characteristics Source
number
psPAX2 Packaging Vector Addgene 12260
pMDG.2 Encodes VSV-G Envelope protein Addgene 12259
pLVTHM Lentivector expressing GFP Addgene 12247
Lentivector with empty backbone and
pWPI_PURO ] ] Addgene 12254
puromycin resistance gene
Encodes short hairpin sequence to halt
SshPERK ) )
PERK protein expression
HPKR Encodes short hairpin sequence to halt Produced by Tea
S
PKR protein expression Carletti
Encodes a non specific short hairpin
shScramble

sequence

PWPI_PURO-PKR

Lentivector expressing human PKR

Porduced in this study

PEGFP

Encodes the enhanced green

fluorescence protein

BD
Biosciences | 6084-1
Clontech

pl.18 TBE Hy NS1
3xFlag

Encodes Flag-tagged TBE non-structural
protein 1

pl.18 TBE Hy Encodes Flag-tagged TBE non-structural
NS2A 3xFlag protein 2A
pl.18 TBE Hy Encodes Flag-tagged TBE non-structural
NS2B 3xFlag protein 2B

pl.18 TBE Hy NS3
3xFlag

Encodes Flag-tagged TBE non-structural

protein 3

Kindly provided by Dr
Anna K. Overby
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pl.18 TBE Hy Encodes Flag-tagged TBE non-structural
NS4A 3xFlag protein 4A

pl.18 TBE Hy Encodes Flag-tagged TBE non-structural
NS4B 3xFlag protein 4B

pl.18 TBE Hy NS5 | Encodes Flag-tagged TBE non-structural
3xFlag protein 5

Table 2. Plasmids used in this study

2.1.5. Primers
Name Sequence 5’ to 3’
TBEV 5’NCR Fw GCGTTTGCTTCGGA
TBEV 5°’NCR Rv CTCTTTCGACACTCGTCGAGG
IFNB Fw AGGACAGGATGAACTTTGAC
IFNB Rv TGATAGACATTAGCCAGGAG
B-Actin Fw CATGTGCAAGGCCGGCTTCG
B-Actin Rv GAAGGTGTGGTGCCAGATTT
PKR cloning Fw TTGGCGCGCCATGGCTGGTGATCTTTC
PKR cloning Rv AGATACGCGTCTAACATGTGTGTCGTTC

Table 3. Primers used in this study. The restriction sites are indicated in sublined text.

2.1.6. Solutions and Buffers

1X PBS

In 800 mL of distilled water, the following were added; 8 g of NaCl, 0.2 g of KCI, 1.44 g
of Na;HPO4, 0.24 g of KH2POs4. pH adjusted to 7.4 and distilled water was added to
bring solution to volume of 1 liter.

2X HBS

In water, 42 mM HEPES (Sigma-Aldrich cat. num. H4034-100G), 274 mM NaCl,
1.5 mM NaHPO4 * 12H20, 15 mM D-glucose and pH adjusted to 7.0 (final volume: 1
liter)

SX TBE

54 g Tris base (Invitrogen cat.num. 15504-020), 27.5 g Boric acid (Sigma-Aldrich
cat.num. 31146), 20 mL 0.5M EDTA (Sigma-Aldrich cat.num. E5134-1KG) and
distilled water to final volume of 1 liter
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e 3.7 % Paraformaldehyde (PFA)

5mL of 37% PFA: 1.85 g of PFA powder, reagent grade crystalline (Sigma-Aldrich cat.
num. P6148-500G) dissolved in 5 mL of distilled water, 10ul 10 M KOH. 37% PFA
was diluted in 2X PHEM buffer (18.14g PIPES (ChemCruz cat.num. sc-216099); 6.5 g
HEPES; 3.8 g EGTA,; 0.99 g MgSO4; pH adjusted to 7.0 with 10 M KOH) to produce
3.7 % PFA.

e 2% high viscosity carboxymethylcellulose sodium salt (CMC)

Sterile 20 g CMC powder (Sigma-Aldrich cat. num. C5013-500G) was dissolved in 1
liter of 1X PBS

e 1% Crystal violet solution

1L; 10 g Crystal violet powder (Sigma- Aldrich cat.num. C6158-50G), 200 mL PBS
and 800 mL Methanol (Sigma-Aldrich cat.num. 32213-2.5L-M)

e SDS electrophoresis buffer (10X)

30.2 g Tris, 188 g Glycine (Sigma-Aldrich 33226-1KG), 50 mL 10 % SDS (Sigma-
Aldrich L5750-500G), add water to 1 liter

e 10X Transfer Buffer
30.3 g Tris, 144 g Glycine, add water to 1 liter

o 1X Transfer buffer: 100 mL 10X Transfer Buffer, 200 mL Methanol and 700 mL
water

e 10X TBS
60 g Tris, 2 g KCI, 80 g NaCl, pH adjusted to 8.5 with 37% HCI, add water to 1L

o 1X TBS-T: 100 mL 10X TBS, 900 mL water, 1 mL Tween-20 (Sigma-Aldrich
P2287)

2.1.7. DNA and protein ladders

* PageRuler Plus Prestained Protein Ladder, Thermo Scientific cat.num.26619
* 1kb DNA ladder (100pg/mL), Promega cat.num. G571A (DNA ladder supplied with
Blue/Orange 6X Loading dye, Promega cat.num. G190A)
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2.2. Methods

2.2.1. Mammalian cell culture

Adherent mammalian cells were cultivated with DMEM supplemented with 10% FBS.
Monolayers of cells were grown at 37 °C, 5% CO. in DMEM complete medium. When
needed, cells were passaged with 0.05 % trypsin + 0.02% EDTA and seeded at the
appropriate dilution. Passaging and experiments were performed with monolayer around
75 % confluent. Cell culture was done in aseptic conditions, cells were routinely screened

for Mycoplasma contamination and new cell stocks were revived at regular intervals.

2.2.2. Plasmid construction

The sequence of human PKR protein was isolated from cDNA sample of U20S cells. The
PCR amplification reaction was performed using the specific cloning primers described in
Table 3 and the high fidelity PrimeSTAR® GXL DNA Polymerase kit (Takara, cat.num.
RO50A) according to manufacture’s instructions, under the following thermal cycling
conditions: 98 °C 2min, - 98 °C 10sec, 55 °C 15sec, 68 °C 2min for 30 cycles -, and 72 °C
5min. The PCR product was purified using the NucleoSpin Gel and PCR clean-up Kit
(Macherey-Nagel cat.num. 740609.250). Further, the pWWPI_PURO cloning plasmid and the
insert were double digested with Ascl and Mlul restriction enzymes. After purification, the
digested PCR product was ligated overnight at 16°C with gentle agitation using T4 DNA
Ligase enzyme (New England Biolabs - cat.num M0202S) into the linearized pWPI-PURO
vector a 1:5 molar ratio.

At every step, the size and integrity of both linearized vector and PCR product were analyzed
by separating the DNA in 1% Agarose gel for 45 minutes at 90V. Gel preparation:
UltraPure™ Agarose powder (Invitrogen cat.num. 16500-500) melted in 0.5X TBE buffer
and mixed with 250 ng/mL of Ethidium Bromide. Agarose gels were visualized using the
UVIdoc HD2 gel documentation system (UVITEC Cambridge).

2.2.3. Plasmid transformation

XL10-Gold or DH5a chemo-competent cells were used for transformation of all plasmids in
this study. Cells were incubated with the plasmids on ice for 30 min. They were then heat-
shocked at 42°C for 45 seconds, moved immediately to ice for 2 minutes followed by
addition of LB medium without antibiotics. Cells were then incubated at 37°C for 1 hour

with agitation, then were plated onto LB agar with the required antibiotic. They were grown
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overnight at 37 °C. On the next day, colonies were picked and pre-inoculated into 5 ml of

LB medium containing the required antibiotic.

2.2.4. Plasmid DNA extraction

After approximately 16 hours cell growth, plasmid DNA was extracted using NucleoSpin
Plasmid (Macherey-Nagel cat.num.1801/003) for minipreps or NucleoBond Xtra Midi
(Macherey-Nagel cat. num. 1803/009) for midipreps. Extracted DNA was authenticated by
restriction endonuclease digestion and sequencing. Restriction endonucleases and their

specific buffers were purchased from New England Biolabs (NEB).

2.2.5. Plasmid transfection

Lipofectamine LT X transfection

Plasmids were transfected into U20S cells using Lipofectamine™ LTX Reagent with
PLUS™ Reagent (Invitrogen cat.num. 15338-100) according to a standard, optimized
protocol. Transfection was done using reduced serum medium (Opti-MEM) and further
grown in DMEM supplemented with 10% FBS.

Calcium Phosphate transfection

Transfections for luciferase reporter assay were performed in HEK293T cells using a
standard, optimized protocol. Transfection was done in DMEM supplemented with 10%
FBS and further incubated at 37°C, 5% CO_ until sample collection.

2.2.6. Production of infectious Lentiviral particles

Lentiviral (LV) particles were produced in HEK293T cells using calcium phosphate
transfection method. The following mix was prepared:

- 5 pg expression plasmid,

- 3.75 pg psPAX2 packaging plasmid

- 1.25 pg pMD2.G envelope plasmid

- 50 pL of sterile 2.5 M CaCl, was added to each tube.

- Sterile H20 to 500 pL final volume
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This mixture was incubated for 5 min at room temperature and then added dropwise to 500
pL sterile 2X HBS by gently vortexing and incubated at room temperature for 20 min. The
transfection mixture was then added dropwise to the cells and incubated for ~16h. In
sequence, the media was changed to remove the transfection reagents and replaced with fresh
complete media. Cells were then incubated at 37 °C, 5% CO. for 24 h. The following day,
media containing the lentiviral particles were collected and centrifuged at 2250 rpm for 10
min at 4 °C to pellet any HEK-293T cells that were accidentally collected during harvesting.
The supernatant was filtered with 0.45 pum sterile filters. The filtered lentiviral stocks were
aliquoted and stored at -80 °C.

2.2.6.1. Flow cytometry analysis

Transfection efficiency was evaluated by flow cytometry using pLVTHM-expresing LV.
Cell monolayers were treated with 10 mM of EDTA in PBS to prepare single-cell
suspensions. Cells were then washed twice with PBS, resuspended with 500 pL of PBS and
immediately analyzed by flow cytometry with a FACS Calibur machine (Becton Dickinson)
and the Cell Quest Pro software. Appropriate controls were employed every time with

untreated cells.

2.2.7. Transduction of target cells with clarified Lentiviruses

To produce stable cell lines with silenced target proteins, 3x10° U20S cells were prepared
in 1 mL together with 1 mL of LV suspension + 6 mL of complete medium. The mixture
was plated in 10 cm dishes and incubated at 37 °C. One day after, medium was replaced with
fresh complete medium to remove excess of reagents, and on the next day, complete medium
containing 1 pg/mL of puromycin was added to start selection. A control plate of not
transduced cells was also subjected to puromycin treatment as an indicator of the selection

status. Silencing efficiency was evaluated by WB analyses.
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2.2.8. TBEYV infection of cells

Virus stock preparation

Neudoerfl strain of TBEV was used for all experiments reported herein. Viral stocks were
prepared by infection of Vero cells at multiplicity of infection of 0.1. After observation of
cytopathic effects (CPE), the supernatant was collected, clarified by centrifugation,
supplemented with 20 % FBS, and stored in aliquots at -80°C. Viral titres were determined

by using a plaque-forming assay.

Cell infection and tunicamycin treatment

When performing infection experiments, cells are seeded in a 12 well plate at an appropriate
confluence. After 24 hours, cells are infected at multiplicity of infection (MOI) of 1 by
incubating with 500 pl of virus stock properly diluted in serum-free medium, or with 500 ul
of only serum-free medium (mock infection). After 1 hour incubation at 37 °C, cells are
washed once with 1X PBS and overlayed with 1 mL of DMEM supplemented with 4 % heat-
inactivated FBS (heat-inactivation: 56 °C for 30min) and 0.1 pg/ml of Tunicamycin (Sigma-
Aldrich cat. num. T7765-1MG), or only DMEM with heat-inactiveted FBS (mock
treatment). The moment in which the virus suspension is replaced with complete medium is
considered time zero, 0 hpi, and subsequent hours of incubation are counted from this initial
point. Supernatants were collected for plague assay, and cells were then fixed with 3.7 %
PFA for immunofluorescence (IF), or harvested for western blot (WB) or quantitative
reverse transcription PCR (gRT-PCR) analyses at desired time points, as described in the
scheme in Figure 10.

g 1h later (T Ohpi)
Tunicamycin 0.1pg/mL

------------- b

Day1 XL X hpi
Day 0 Infection Y Colect samples
Plate U20S MOI=1 A IF, WB, PCR

Figure 10. Workflow of experiments with infected cells.
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2.2.9. Plaque assay

Vero cells (1x10°) were seeded into 24-well plates in order to be 100% confluent the second
day. Cells were infected the day after with a 10-fold serial dilution of TBEV supernant in a
total volume of 200 pL of serum-free medium. After 1 hour incubation at 37 °C with 5%
COy, the inoculum was removed and 1 mL overlay containing 1 volume of 2% CMC to 1
volume of DMEM supplemented with 4 % heat-inactivated FBS was added. The plates were
incubated for 5 days before fixation with 3.7 % PFA dissolved in PHEM buffer. Infected
cells were stained with 1% crystal violet solution. After 20 minutes the staining solution was
removed and cells were washed 3-4 times with water. Viral titres were determined by
counting number of plaques formed and dividing it by volume of infection multiplied for the

dilution factor.

#plaques counted
PFU/mL =

vol.infection x dil. factor

2.2.10 Cell lysis

Depending on the type of analysis to be performed, cells were lysed in one of the following

lysis buffers:

* Laemmli Buffer (LB) (50 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT, 0.1%
bromophenol blue - Bio-Rad cat.num. 161-0404)

* RIPA buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 1mM EDTA,
1mM EGTA, 1ImM PMSF, 0.5% Sodium deoxycholate (Sigma-Aldrich cat.num. D6750-
100G) and Proteinase Inhibitors Cocktail (Roche - 11836170001) and Phosphatase
Inhibitors: Sodium Fluoride (Riedel-deHaén 30105) and Sodium Orthovanadate (Sigma-
Aldrich S6508-10G 028K0117)

2.2.11. SDS-PAGE and western blot analysis

Whole cell lysates were collected with RIPA buffer and resolved in a 10 % SDS-
PolyAcrylamide Gel Electrophoresis (SDS-PAGE). Initially, the protein lysates were diluted
in LB boiled at 95 °C for 10 min, and centrifuged for 1min at RT at 1000 g. Subsequently,

denaturated proteins were loaded into the polyacrylamide gel. The run was performed in
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SDS electrophoresis buffer (25 mM Tris, 190 mM glycine, 0.1 % SDS), at 90 V into the
stacking gel and later at 120 V into the resolving gel.

After electrophoresis, proteins were transferred onto a nitrocellulose membrane (GE
Healthcare - 10600015), blocked for 1 hour with 5% non-fat milk or, in case of
phosphorylated proteins, 5 % bovine serum albumin (BSA, Roche — cat.num 10735078001)
solutions in TBS with 0,1 % of Tween-20 (TBST) followed by an overnight incubation with
the appropriate primary antibodies diluted in 5% milk or 5 % BSA in TBST at 4 °C. After
three washes with TBST secondary antibodies conjugated with HRP were diluted in 5% milk
and incubated for 1 hour. Blots were developed using Immobilon Western
Chemiluminescent HRP Substrate (Merck Millipore — WBKLS0500) according to the

manufacturer’s instructions.

2.2.12. Real-time quantitative reverse transcription PCR

Total cellular RNA was extracted by using TRiFast Il (EuroClone cat.num. EMR517100)
according to the manufacturer’s instructions, treated with DNase I (Life Technologies —
cat.num 18060-015) and then quantified. 500 ng of extracted RNA was used as a template
to synthesize cDNA using 150 ng Random Primers (Life Technologies — cat.num 8190-011)
and M-MLV Reverse Transcriptase (Life Technologies — cat.num 28025-013) according to
manufacturer’s protocol. Quantitative Real-time PCR (qRT-PCR) using KAPA SYBR
FAST gPCR Master Mix (KapaBiosystem - cat. num. KK4607) was performed from cDNA
samples. Signals of IFN mRNA or viral RNAs were normalized to the B-Actin mMRNA
signal. The sequences of oligonucleotides used for this analysis are reported in Table 3

Amplification and detection were carried out on a CFX96 Real Time System (Bio-Rad).

2.2.13. Streptolysin O permeabilization

Permeabilization with streptolysin O (SLO) was performed as described by Overby et al,
2010 (Overby et al., 2010). Briefly, cells were plated on coverslips and treated as desired.
Then washed with ice cold permeabilization buffer (P-buffer) (125 mM K Acetate, 25 mM
Hepes pH 7.2, 10 mM Glucose, 2.5 mM Mg Acetate, 10 mM NaCl, 1.8 mM CaCl,, 5 mM
EGTA). Cells were then permeabilized with P-buffer and 1 U/mL SLO (30 ng/mL) for 15
min on ice. The excess of SLO was washed away with P-buffer. Following, pre-warmed P-

buffer at 37 °C was added and cells were incubated for 5 min at 37 °C. Finally, cells were
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washed once with PBS and fixed with 3.7 % PFA. A scheme of SLO permeabilization is

shown in Figure 11.

Not permeabilized Triton X-100 Streptolysin O
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Figure 11. Graphic scheme of permeabilization methods. The specific antibody
targeting dsRNA is not able to enter cells that have not been permeabilized. In cells
permeabilized with the detergent triton x-100, all the membranes are permeabilized,
including those of the ER and replication vesicles, making it possible to stain the dsSRNA
everywhere. While, with the selective plasma permeabilization with SLO, that binds to
cholesterol on the cell surface and oligomearizes to form pores, dsRNA can only be stained
on the cytoplasm. Created with BioRender.com

2.2.14. Indirect immunofluorescence assay

Cells were seeded onto 15x15mm glass coverslips in 12-well plates. After desired treatment,
cells were washed once with PBS and fixed in 3.7 % PFA in PHEM buffer solution for 20
minutes at room temperature. Thereafter, cells were washed three times with PBS followed
by and incubation of 5 minutes with 100 mM Glycine in PBS in order to saturate excesses
of PFA and to stop the fixation reaction. Cells were permeabilized for 5 minutes with 0.1 %
Triton X-100 in PBS and washed three times, 5 min each. Before incubation with antibodies,
a blocking step was performed at 37°C for 30 minutes with 1 % BSA and 0.1 % Tween in
PBS. Antibodies were diluted to the desired concentration in blocking solution to prevent
unspecific binding. The coverslips were inverted onto 50 pL drops of primary antibody and

incubated overnight at 4 °C in a humidified container. After incubation, coverslips were
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positioned back into plate wells and rinsed three times with PBS + 0.1 % Tween 20 and
incubated with secondary antibodies for 1 hour at 37°C. coverslips were finally washed three
times with washing solution and mounted on slides using 5 pL of Fluoro-Gel Il mounting
medium with DAPI.

2.2.15. Imaging of fixed cells

Fluorescent images of fixed cells were captured with the Carl Zeiss LSM880 laser scanning
confocal microscope. The pinhole of the microscope was adjusted to get an optical slice of
less than 1.0 um for any wavelength acquired. The fluorophore AlexaFluor 488 was excited
with 488 nm line of the Argon Laser, while the fluorophore AlexaFluor 594 was excited
with the HeNe Laser 543 nm. Their emissions were collected using the appropriate filters.
For statistical purposes, 200£10 cells were counted for each condition.

Cells with the desired phenotype were counted using the ImageJ software, and its Cell
Counter plug-in. The results are presented in percentage. In case the case of analysing the
mean fluorescence intensity (MFI) of a specific channel, the cellular area was selected
manually and the average of the fluorescence intensity values was obtained and used to

perform statistical analysis.

2.2.16. Figures and statistical analysis

Three independent experiments in duplicate repeats were conducted unless indicated
otherwise. GraphPad Prism 7 was used to generate graphs and perform all statistical
analyses. Mean values are shown with standard deviation and p-values, measured with an
unpaired two-tailed t-test or one-way ANOVA as indicated in figure legends. Significant p-
values are denoted by asterisks (p<0.05 = *; significant, p<0.01=**; highly significant and
p<0.001 =***; extremely significant). Where asterisks are missing the differences are not

significant.
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3.RESULTS
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Our laboratory has studied before the profiling of UPR activation following TBEV infection
(Carletti and Zakaria et al., 2019). Between 8 and 16 hours post-infection (hpi) in U20S
cells, a particular time window was observed when TBEV sustainably replicates but the host
interferon B (IFNP) response is not yet active. The original hypothesis was that the virus
somehow hides itself, impairing the antiviral response. In fact, TBEV replicates within
invaginations of the endoplasmic reticulum (ER) membrane called replication vesicles
(Miorinetal., 2012). Further, a transcriptome analysis led us to focus on the unfolded protein
response (UPR), suggesting that it might be a very early cellular response to infection that
primes cells for the innate response. The critical observation is that the UPR is active before
the IFNP response, and its pre-activation with tunicamycin (TM), a commonly used UPR
inducer that inhibits protein N-linked glycosylation, leads to an earlier and increased IFNJ
response and to TBEV inhibition. Our results also indicate that the pattern recognition
receptors (PRR) RIG-I is required in synergy with UPR for a complete and more potent

antiviral response from 16 hpi (Carletti and Zakaria et al., 2019).

Finally, we also demonstrated that TBEV induces the formation of stress granules (SG)
(Albornoz et al., 2014) and that this response temporally correlates with the innate antiviral
response induced by ER stress (data not published). Therefore, the current project
investigates this phenomenon in detail to understand whether there is a causal link between

SG induction and cell-intrinsic innate responses.

3.1.TBEV infection induces stress granule formation in a small number of infected

cells

Cells maintain a stable internal environment conducive to vital biochemical processes while
counteracting endogenous and environmental stresses. Examples of cellular stresses include
hypoxia, heat shock, oxidative stress, starvation, and viral infection. Failure to cope with
internal and external stresses can lead to metabolic dysregulation, genetic instability, and
cell death. As a result, understanding how stress-response mechanisms orchestrate provides
the fundamental knowledge required to understand the development and pathogenesis of a

diseases.

As previously demonstrated, TBEV infection induces SG formation in the host cells;
however, a quantitative analysis of the phenotype has not yet been performed. To this
purpose, U20S cells were TBEV-infected at an MOI of 1, treated with TM, and fixed for

immunofluorescence analysis (IF) at 24 hpi. IF was performed using anti-TBEV as a marker
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for infection and anti-G3BP and anti-elF3n antibodies to stain SG. In addition, DAPI is used
to stain the nucleus (Figure 12A).

20010 cells for each condition were acquired at the confocal microscope, infected cells and
infected cells with SG were manually counted using the ImageJ software. In Figure 12B, it
Is possible to observe that the percentage of infected cells is 100 % at 24 hpi (white bars),
but with TM treatment (black bars), there is a 60 % decrease in the number of infected cells,
consistent with previous observations. On the other hand, as shown in the graph of Figure
12C, about 5 % of the infected cells showed SG, while when TBEV-infected cells are treated
with TM, the percentages of cells containing SG are significantly higher, around 15 %, even
though the amount of infected cells is abundantly reduced. The results are comparable for
both SG markers.

Finally, it is possible to observe that TM treatment not only induces a higher percentage of
infected cells with SG at late time points, but it also allows earlier detection of this
phenotype. In fact, as shown in the time course analysis of Figure 12D, SG formation start
from 8 hpi in cells that are both TBEV infected and UPR active.
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Figure 12. Stress granules are formed upon TBEV infection. U20S cells were infected
with the TBEV Neudoerfl strain at an MOI of 1 and treated with 0.1 pg/mL TM for 24
hours. Mock treatments were conducted in parallel for both conditions. A) Representative
immunofluorescence pictures of U20S infected cells stained with anti-TBEV antibody
and anti-elF3 or anti-G3BP as markers for SG; white stars indicate cells with stress
granules. The graphs show the quantification of TBEV replication (B) and SG (C) stained
for elF3 or G3BP proteins. D) Timepoint analysis of SG formation upon TBEV infection,
using elF3 as marker for SG and TBEV E as marker for infection; white arrows indicate
cells with stress granules. For statistical purposes, 200+10 cells were counted. Scale bars

represent 30 um. *p<0.05, ***p<0.001 unpaired, student’s t-test
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The TBEV has a tropism for brain cells which has been shown to have a differential innate
immune response that leaves the tissue more susceptible to infection (Fares et al., 2020). SG
formation was hence monitored by confocal microscopy in the SK-N-SH (neuroblastoma)
cells, but also in MRC-5 (lung fibroblasts) and in primary human fibroblasts freshly
harvested from the skin and adipose tissues (kindly provided by the Cardiovascular Biology
Laboratory in ICGEB), using U20S as control. This approach was chosen in order to
confirm that the SG phenotype is TBEV-specific and common to different cell lines. Cells
were infected at an MOI of 1 and collected for IF analysis at 24 hpi. SG were identified by
staining for G3BP, and TBEV-infected cells were identified by staining the viral E protein.

The immunofluorescence shows that all the cell types studied can be infected with TBEV
and, except fat tissue, can form SG (Figure 13A). However, quantification of the confocal
images indicates that the primary cells are more resistant to the virus infection, showing only
20 % of cells infected while the cell lines are 100 % infected (Figure 13B). Moreover, similar
results were obtained for SG formation in all the cells, in which few G3BP-positive SG are
present in the cytoplasm of the infected cells analyzed (Figure 13C). The percentage of
infected cells containing SG is very low, about 5 %, for every type of cell used in this

experiment, except for MRC-5 that shows around 10 % of infected cells with SG.

These observations indicated that TBEV induces a meager percentage of SG in different cell
types, and it would be interesting to individuate which process the virus uses to achieve so.
Moreover, it also demonstrates that U20S, the cell line selected to conduct this study, is an

excellent model to study the SG response upon TBEV infection.
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Figure 13. TBEV prevents SG formation in different cell types. Different cell types,
indicated in the top row, were infected with TBEV at an MOI of 1. Twenty-four hours
post-infection, cells were fixed, permeabilized and analyzed with IF. TBEV-infected cells
were detected with o-TBEV E antibody (green) and SG were detected with a-G3BP
antibody (red). A) Representative immunofluorescence images of infected cells. White
arrows highlight SG-positive cells. Scale bars represent 30 um. B) Quantification of
infected cells. C) Quantification of G3BP-containing SG within infected cells.
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3.2.TBEV significantly interferes with PIC-induced SG assembly

Several members of the Flaviviridae family can modulate SG formation to maintain the cell
favorable to replication. As a second step to understand how TBEV infection affects the
stress granule response, it was investigated whether TBEV can interfere with the SG
assembly in fully infected cells. U20S cells were infected with TBEV and treated at 24 hpi
with 1 mM of sodium arsenite (ARS) for 30 min, transfected with 500 ng of poly(l:C) (PIC)
for 4 hours using Lipofectamine LTX or treated with 10 uM of thapsigargin (Tg) for 1 hour
to induce cellular stress and phosphorylation of elF2a. Sodium arsenite induces oxidative
stress that leads to HRI activation, poly(l:C) is a dsRNA analog that mimics the replication
intermediates and activates PKR, whereas thapsigargin inhibits ER Ca2+-dependent ATPase
which leads to ER stress and PERK activation. SG assembly was accessed by indirect

immunofluorescence of G3BP, and infected cells were identified by staining the E protein.

Immunofluorescence analysis shows that a considerable amount of cells display SG when
whichever kinase is stimulated, and when the cells are infected, it is possible to qualitatively
conclude that there is some level of impairment on the number of cells with SG (Figure
14A). Therefore, the next step was to quantify the number of cells with SG. In the absence
of treatment, mock-infected (black bars) and TBEV-infected cells (gray bars) formed SG at
a rate of 0% and 5%, respectively, as observed before. On the other hand, ARS, PIC, and Tg
treatments of mock-infected cells induce SG assembly abundantly, between 60 and 100 %.
In the graph of Figure 8B, the percentages of infected cells with SG normalized to those
found in mock-infected cells are reported. TBEV inhibited about 20 % of SG formation
when induced by ARS and Tg, while it significantly inhibited 40% of PIC-stimulated SG
formation (Figure 14B). The current results demonstrate that TBEV can inhibit SG
assembly, especially those PKR-dependent.
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Figure 14. TBEV inhibits stress granules assembly. U20S cells were infected with
TBEV at an MOI of 1. Twenty-four hours post-infection, cells were treated with ARS,
PIC or Tg for SG stimulation. Cells were then fixed, permeabilized, and immunostained
for IF analysis with a-TBEV E (green) and a-G3BP (red) antibodies. A) Representative
immunofluorescence images. B) Quantification of cells with SG. For statistical purposes,
200+10 cells were counted. Scale bars represent 30 um. *p<0.05, unpaired, student’s t-
test.
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3.3.Stress granules formation after TBEV infection is PKR-dependent

Gene silencing was used to study whether SG formation upon TBEV infection was explicitly
dependent on one of the two ISR kinases that seem to be more involved with cellular
response against Flavivirus infection, PERK, and PKR. The technique selected was genome
integration of a short hairpin sequence designed to interfere with mRNA translation using
vectors based on Lentiviruses. U20S cells stably interfering with the expression of PERK
(U20S_shPERK) and PKR (U20S_shPKR), and control with non-target short hairpins
(U20S_shSCR) were produced as described in the methods session. After puromycin
selection was complete, knockdown was confirmed by western blot (Figure 15A and 15B),

with B-Actin as the loading control.

Cells were plated onto coverslips, infected with TBEV at an MOI of 1, treated with TM and
processed for IF using anti-E and elF3 antibodies at 24 hpi. Confocal images were acquired,
and the phenotypes were quantified manually using the ImageJ software. Figure 15C shows
the percentage of infected cells (white bars) and cells infected and treated with tunicamycin
(black bars). It is possible to observe that all the cell lines studied have the same pattern of
infection at late time points. The ability of those cells to form SG was also analyzed. The
U20S_shPERK shows percentages of infected cells with SG comparable to those observed
in U20S_shSCR, with and without TM treatment. In contrast, there were no SG observed in
TBEV-infected U20S_shPKR cells. When UPR is pre-activated with tunicamycin, there is
a low percentage of SG positive cells also in U20S_shPKR sample which could be related
to PERK activity (Figure 15D). This result indicates that the PKR protein is indispensable
for SG formation after TBEV infection.

The proteins knockdown does not affect viral replication - which demonstrates that PERK
and PKR are not indispensable for TBEV replication - as shown with plaque assay (Figure
15E), nor levels of viral RNA analyzed by RT-gPCR (Figure 15F). Further, a functional
analysis demonstrates the inability of knocked-down cell lines to produce SG stimulated by
specific inducers. Monolayers of U20S_shPERK, U20S_shPKR, and U20S_SCR were
treated with ARS 1mM in cell culture medium for 30 minutes, transfected with 500 ng of
PIC using Lipofectamine LTX for 4 hours or treated with 10 uM of Tg in culture medium
for 1 hour. Cells were then PFA fixed, immunostained using antibodies against G3BP, and
analyzed with the confocal microscope. As shown in Figure 10G, the cells that were not

treated with inducers (mock) did not form SG, while arsenite treatment stimulated SG
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formation in all three cell lines at a frequency of 100 %. Impairment on the percentage of
SG-positive cells was observed when treating a cell line with a kinase inducer for which the
cell had been knocked-down. Therefore, U20S_shPKR has a low percentage of cells with
SG when treated with PIC, U20S_shPERK when treated with Tg, and finally, U20S_shSCR
shows a good response to all stimuli. All together these results indicate that the proteins
knockdown is specific and efficient, and that the induction of SG upon TBEV

infection is PKR dependent.
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Figure 15. Stress granules formation in TBEV-infected cells is PKR dependent.
U20S cells were knocked-down for PERK and PKR proteins. The upper images show
western blot analysis of KD cells for A) PERK and B) PKR. Cells were infected with
TBEV at an MOI of 1 and treated with 0.1 ug/mL of tunicamycin, with appropriate
controls, as indicated. C) Percentage of knocked-down cells infected with TBEV and
treated with TM. D) Percentage of infected cells with elF3 containing SG. Viral replication
was analyzed by both E) plaque assay and F) qPCR. G) Functional analysis of SG
formation using different inducers. For statistical purposes, 200+10 cells were counted.
**%1p<0.001 unpaired, student’s t-test.
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3.4.Single-cell analysis shows that viral dsSRNA is released from replication vesicles
to form PKR-dependent stress granules

In virtually every case studied to date, the activation of PKR in virus-infected cells is
associated with the induction of an antiviral state (Garaigorta & Chisari, 2009). For that
reason, many viruses have evolved molecular mechanisms to prevent PKR activation,
presumably to inhibit the type | interferon response or to ensure host translation machinery
remains sufficiently active for the synthesis of viral proteins. Strategies to prevent PKR
activation often include expressing viral proteins that interact directly with PKR or bind and
sequester dsRNA, and activating host proteins that inhibit or counteract PKR activation
(Garcia et al., 2007).

The previous observations support the hypothesis that dsSRNA is released from replication
vesicles, activates PKR, and starts the downstream cascade. Therefore, it was decided to use
selective plasma permeabilization with streptolysin O (SLO) to test the hypothesis. SLO is
a bacterial toxin that binds to cholesterol on the surface of mammalian cells, where it
oligomerizes to form large pores in the plasma membrane (Walev et al., 2001). The aim was
to avoid permeabilization of the ER membrane so that detection of dsRNA replication
intermediates in the cytoplasm would indicate release of PKR substrates from replication
vesicles (termed unmasking). Moreover, a higher dsSRNA unmasking would be expected in
TM-treated cells, in line with previous observations showing that UPR pre-activation

promotes earlier antiviral responses.

U20S cells were plated, infected, and TM-treated as previously described. After 8 or 16 hpi,
cells were either fixed with PFA and permeabilized with 0.1 % Triton X-100 (TRI) in PBS,
which permeabilizes all cellular membranes, or permeabilized with SLO at a final
concentration of 1 U/mL and then fixed with PFA. SG were stained with anti-elF3 antibody,
and replication intermediates were stained with the J2 anti-dsSRNA antibody. The time-points
mentioned above were selected considering that it was already established that cells with SG
start appearing from 16 hpi upon TBEV infection and that at 8 hpi there is no formation of
SG (Figure 12D).

As controls of the experiment, no specific signal for dSRNA was detected in mock-infected
cells, while not permeabilized cells showed a faint signal in only few cells for the
cytoplasmic marker elF3 (Figure 16). In contrast, the dSRNA signal was detected in all slides
with cells infected with TBEV, regardless of the permeabilization method. Furthermore, in
every condition, all cells permeabilized with SLO or TRI presented a signal for elF3 (Figure
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16). It indicates that SLO is efficient in permeabilizing the plasma membrane and that any
substrate available in the cytoplasm should be detected by their respective specific

antibodies.
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Figure 16. Subcellular localization of viral dsSRNA. Cells were infected with TBEV
(MOI 1) or left uninfected (mock) and, at the indicated times, were treated either with
0.1% triton X-100, or with SLO at a final concentration of 1 U/mL. Cells were then
prepared for immunodetection of elF3 (located in the cytoplasm and SG marker) and
dsRNA (located in or outside the ER and infection marker); nuclei are shown in blue
with DAPI staining. A control of not permeabilized mock cells is shown in the first
line. White arrows indicate stress granules. Scale bars represent 30 pum.
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Multiple confocal images were acquired for each condition, and quantification of the dSRNA
mean fluorescence intensity (MFI) in individual cell cytoplasm was accessed using ImageJ
software. In order to effectively measure such a subtle thing as fluorescence intensity
difference, the same acquisition parameters were used during microscopy analysis for slides
of different groups with the same time point. Cells with dSRNA MFI higher than the average
value of the background signal found in mock cells (respective to each condition) were

considered infected.

Permeabilization with TRI showed a higher percentage of infected cells when compared to
SLO-permeabilized cells. For example, at 8 hpi, TRI-permeabilization of TBEV-infected
cells showed 53% of infection, against 39% on SLO- permeabilized cells (Figure 17A and
17B). Similarly, at 16 hpi, the percentages of infected cells were 91% and 63%, with TRI
and SLO, respectively (Figure 17C and 17D). This difference is expected since TRI reveals
the whole amount of dsRNA produced as replication intermediates while SLO makes
detectable only those released in the cytoplasm. Figure 17E shows an example of an analysis
of confocal images, with ImageJ as describe in materials and methods.

Finally, a statistical analysis of the dSRNA MFI values was performed. Normalizing the
values found in SLO-permeabilized samples with those found in TRI-permeabilized helped
to understand the difference between the conditions to measure the amount of dsRNA

released in the SLO-permeabilized cells. The following equation was applied:

1 — (SLO MFI — TRI MFI)
(mock MFI — TRI MFI) * 100

Unmasking % =

The values found in the TRI permeabilization conditions were considered 100 %, and the
percentages found in SLO permeabilization conditions represented the amount of dsSRNA in
the cytoplasm. The frequency of unmasking in cells infected at 8 hpi is around 10 %, which
is the condition where there is no formation of TBEV-induced SG. Interestingly, the values
found in cells infected and TM-treated at 8hpi are the same as those without TM treatment.
Thus, it could indicate no unmasking happens at 8 hpi, and another elF2a kinase forms the
SG observed with TM treatment (Figure 17F). On the other hand, at 16 hpi the unmasking
is higher than at 8 hpi, around 35 %, and this process is even more evident when UPR is pre-

activated, reaching 55 % (Figure 17F). These observations indicate that after 16 hours of
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infection an appreciable amount of viral dSRNA released from replication vesicles reach the
cytoplasm to activate PKR, and there seems to be a threshold, which is not reached at 8 hpi,
that determines the formation of these PKR-dependent SG. Important to mention that the
time in which the dsRNA is unmasked coincide with the time of IFNf induction (previous

work).
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Figure 17. Single-cell analysis shows that dSRNA is released from replication vesicles
starting at 16hpi. TBEV-infected U20S cells were either permeabilized with triton x-
100 or SLO. Cells were then fixed and treated for immunofluorescence analysis to detect
dsRNA (to detect replication intermediates) and elF3 (to delimitate the cytoplasm) signals.
Dot plot of dsRNA fluorescence intensity of individual cells obtained by analyzing
confocal images using ImageJ software are shown for 8 hpi (A) and 16 hpi (C); the
average values are displayed in B) 8 hpi and D) 16 hpi. E) Example of the IF images used
for quantification showing the areas manually chosen for the measurements. F) Amount
of dsRNA intermediates released in the cytoplasm in SLO-permeabilized cells in
comparison to TRI. **p<0.01, ***p<0.001 unpaired, student’s t-test.
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3.4.1. TBEV suppresses PKR mediated SG formation

Using the single-cell analysis approach also allowed understanding the profile of individual
cells with stress granules. As mentioned before, there is no SG formation in infected cells at
8hpi, but when UPR is pre-activated with tunicamycin, SG are detected at this time point.
Surprisingly, even if we determined that TBEV-induced SG are PKR dependent
(Figure 10D), this kinase’s substrate is not available for recognition in TM-treated cells at
8hpi (Figure 12F), suggesting the involvement of another kinase or that the technique is not

sufficiently sensitive to detect subtle changes at 8 hpi.

By analyzing the dsRNA fluorescence intensity only in cells with SG it is possible to observe
that 90 % of the cells with SG at 8 hpi treated with TM have the MFI lower than the
background signal in mock-infected cells, therefore are considered non-infected
(Figure 18A). Also, by doing the same statistical analysis described for Figure 17F using
only data of SG positive cells (regardless of cells being infected or not), it is possible to
observe that there is no unmasking of dsSRNA at 8hpi, with or without TM treatment, while

the unmasking frequency remains similar for 16 hpi (Figure 18B).

To investigate if cells with SG are the ones in which dsRNA is more available in the
cytoplasm or, in other words, if cells with SG are the ones with the highest percentage of
unmasking, the dsSRNA MFI of individual cells with SG (red dots) was plotted together with
the dsRNA MFI of cells without SG (black dots). In the case of samples collected at 8hpi
and permeabilized with TRI or SLO, cells with SG have dsSRNA MFI values close to the
mean of the entire population (Figure 18C). On the other hand, SG-positive cells at 16 hpi
are among those with the highest dsRNA signal (Figure 18C). However, when confronting
the MFI data of individual cells with the presence or absence of SG, not all cells with the
highest levels of unmasking lead to SG formation. It could be related to some viral inhibitory
mechanism(s) to prevent PKR activation directly, or even because SG may occur in an
oscillating fashion, which creates windows of opportunity for viral polyprotein synthesis as
suggested by Ruggieri and colleagues (Ruggieri et al., 2012). This event remains to be
further elucidated to understand which viral strategy might interfere with this physiological

cascade of events.
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Figure 18. SG-positive cells are not necessarily the ones with the highest dSRNA MFI
at 16hpi. TBEV-infected cells were either permeabilized with triton x-100 or SLO;
immunofluorescence was performed to detect dsRNA J2 and elF3 signals. A)
Quantification of the number of infected and non-infected SG-positive cells at 8 and
16 hpi. B) Amount of dsRNA intermediates released in the cytoplasm of SG-positive cells
in SLO-permeabilized cells in comparison to TRI-permeabilized. Quantification of the
dsRNA MFI in individual SG-positive and SG- negative cells using ImageJ software is
shown for C) 8 and D) 16 hpi.

3.5.The SG formed are functional and lead to translation stalling

The most fully characterized pathway for SG formation involves phosphorylation of the
translation initiation factor elF2a, leading to the accumulation of stalled translation
preinitiation complexes. However, SG can also be induced by alternative mechanisms
independent of elF2a phosphorylation via inactivation of the translation factors eIF4A or

elFAG (Dang et al., 2006; Mokas et al., 2009). Generally, those structures are a response that
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prevents abnormal protein generation by transient stalling translation in times of cellular

stress.

Puromycin is an antibiotic, an analog of the 3’ end aminoacyl t-RNA that associates with
growing polypeptides chains leading to premature termination of translation (NATHANS,
1964). In order to investigate if the SG formed upon TBEV infection are functional for
protein translation stallment, a puromycilation assay was performed. U20S cells were mock-
infected or infected with TBEV at an MOI of 1. At 24hpi, cells were then treated with
puromycin (10 pg/mL) for 5 min, washed with PBS, fixed, permeabilized, and processed for
IF. Cells were stained with the SG marker anti-elF4B and with an anti-puromycin antibody.

In cells infected and not treated with puromycin, there is no detection of puromycin signal.
In mock-infected and infected cells treated with puromycin, intense cytoplasmic puromycin
staining was detected. In contrast, very low or inexistent levels of puromycin were detected
in infected cells with SG. This indicates that the presence of SG in cells infected with TBEV

greatly reduces cell translation and that the SG are fully functional (Figure 19).
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Figure 19. The SG formed after TBEV infection can stall protein translation. U20S
cells were either mock-infected or infected with TBEV at an MOI of 1. SG were detected
with a-elF4B and newly synthetized proteins were detected with a-puromycin antibody.
The white arrows indicates cells with SG. Scale bars represent 20 um.
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3.6.NS4B and NS5 proteins inhibit significant and specifically PIC-induced stress

granules

Flaviviruses such as ZIKV, DENV, WNV and JEV have been reported to block SG
biogenesis (Emara & Brinton, 2007a; Hou, 2017; Katoh et al., 2013) suggesting that its
modulation may be of clinical relevance. Based on the data described above, the signaling
step(s) targeted by TBEV to disrupt SG formation is likely upstream of elF2a
phosphorylation, when activation of PKR occurs. It was plausible to reason that viral
components were responsible for interfering with the SG response, and that ectopic
expression of viral proteins would induce the response like it happens during infection. To
investigate this, all 7 TBEV non-structural proteins, that have been individually cloned in a
high expression plasmid and flanked by FLAG tag (Overby et al., 2010), were screened to
identify candidates proteins that may be involved in SG formation modulation. The screen
for candidates was only performed in non-structural, because it is mostly among them the

viral effectors that modulate cellular responses.

Initially, protein extracts from U20S cells Lipofectamine-transfected with the non-structural
proteins and controls were resolved in an SDS-Page gel and transferred to a nitrocellulose
membrane to confirm the expression of the proteins. The western blot analysis shown in
Figure 20A demonstrates that the proteins were well expressed, with B-Actin as the loading
control. Similarly, the expression was also confirmed by IF analysis where FLAG is

visualized in green and elF4B in red (Figure 20B).

Once confirmed that a good protein expression level was achieved, cells were then submitted
to PKR stimulation 16 hours after protein transfection. As shown in Figure 20C, the
quantification of the IF results indicates that EGFP does not interfere with the formation of
SG as the percentage of cells with SG is comparable to that found in cells mock-transfected
and treated with PIC the. In contrast, all viral proteins seem to have some level of inhibition
of PIC-induced SG, between 40 and 90% inhibition. It is not yet clear why all viral proteins
have some level of inhibition. The most significant decrease in the number of cells with SG
upon PIC transfection is observed in the presence of NS4B and NS5 proteins compared to
cells stimulated and transfected with EGFP or mock transfected (Figure 20C) suggesting a
direct role of these proteins in counteracting SG. For example, Figure 20D shows a
representative confocal image of U20S cells overexpressing NS4B and transfected with

PIC. It is possible to observe that the cells positive for FLAG signal (green), cells expressing
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NS4B, do not form PIC-induced SG. The same experimental approach was performed using
different SG inducers: ARS (Figure 20E) and Tg (Figure 20F) transfected with NS4B and
NS5. The effect observed indicates that NS4B and NS5 interference on SG formation is
specific to those induced by PKR since the proteins do not significantly reduce the number
of ARS or Tg-induced SG.

@]

FLAG+ cells with SG (%)
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Figure 20. NS4 and NS5 proteins significantly inhibit PIC-induced SG. U20S cells
were transfected with individual non-structural TBEV proteins. Transfection efficiency
was confirmed with A) WB and B) IF. C) Cells were transfected with NS proteins and
controls. D) Representative image of cells transfected with NS4B and treated with PIC.
Cells were further stimulated with E) arsenite and F) thapsigargin as control experiments.
For statistical purposes, 200£10 cells were counted. Scale bars represent 20 um. Values
were normalized to the average found in EGFP. The statistical analysis performed was
PANOVA < 0.001 comparing EGFP group with all the others.
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In order to understand if the expression of these proteins can interfere with the activation of
PKR, HEK 293T cells were transfected with NS4B and NS5, previously identified as
capable of interfering with the formation of PKR-induced SG; NS3 as a viral protein that
does not interfere significantly with SG formation as a negative control; NS5A of Hepatitis
C Virus (HCV), that has been described to interact with the dsSRNA binding site of PKR and
prevent its activation (Gale et al., 1998); and Tat of HIV as an unrelated negative control.
All proteins are FLAG-tagged. Then, cells were stimulated with 500 ng of PIC and collected

for western blot analysis to study the activation of PKR at the protein level.

The results of the immunoblot analysis are shown in Figure 21. It is important to observe
that PKR does not become phosphorylated only by transfecting the proteins. Instead, it is
activated upon exposure to the dsSRNA mimic, as seen in the lane with the protein extract of
cells that had been mock-transfected and stimulated with PIC, as well as in NS3 sample,
compared to that of cells mock-transfected and not PIC-stimulated. As expected, NS5A
interferes with PKR activation as described elsewhere, while Tat does not. On the other hand,
NS4B greatly impacts PKR phosphorylation and so does NS5 but with a lesser extent.
Moreover, the effect on PKR phosphorylation impacts the downstream cascade as shown on
the blot of p-elF2a.
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Figure 21. NS4B and NS5 proteins interfere with PKR activation by PIC. U20S cells
were transfected with 500 ng of non-structural proteins, and further transfected with
500 ng of PIC. A) Western blot analysis of total and phosphorylated PKR, and elF2aq,
FLAG-tagged proteins (NS4B: 27 kDa, NS5: 103 kDa, NS3: 70 kDa, NS5A: 68 kDa, Tat:
14 kDa) and B-Actin as loading control.

3.7. SG response can be rescued by overexpressing PKR

The next step adopted was to study if the overexpression of the PKR protein could rescue
the phenotype of SG formation after PIC transfection, probably by counteracting the effect
of NS4B and NS5 proteins on PKR suppression.

First, PKR was isolated by PCR from cDNA samples obtained from RNA extracted from
U20S cells, using specific primers containing the desired restriction sites. Then the insert
and the pWPI vector carrying a puromycin resistance cassette were double-digested with the
restriction enzymes, followed by dephosphorylation of the vector, ligation, and finally
transformation into XL10-gold chemo competent cells (Figure 22A). The colonies obtained
were screened by Apal digestion (Figure 22B) and PCR (Figure 17C), and two of the ten
colonies screened were positive for efficient ligation. Colony 5 (C5) was selected for
containing the desired construct, confirmed by Sanger sequencing. These bacteria were

82



further grown and the plasmid pWPI_PURO-PKR was extracted using a MidiPrep kit
(Figure 22A).

Lentiviruses carrying pWPI_PURO-PKR were produced as explained in materials and
methods, and used to transduce U20S cells to stably express PKR protein (U20S_PKR).
After selection with puromycin, PKR overexpression was assessed by western blot analysis
(Figure 22D) and compared to the expression level of PKR in U20S wild type (U20S_WT).

U20S_PKR and U20S WT cells were plated on 12-well plates with coverslips and
transfected with NS4B and NS5 proteins first, then with PIC using Lipofectamine LTX.
Confocal images were acquired staining elF4B as marker of SG and FLAG, and the
phenotype was quantified with ImageJ. The percentages of FLAG-positive cells with SG
were normalized to the average value found in mock-transfected cells stimulated with PIC.
The results displayed in Figure 22E strongly indicate that PIC-induced SG formation is
rescued in the presence of both NS4B and NS5 in U20S_PKR cells showing around 70 %
of cells with SG respectively, as opposed to the result obtained transfecting U20S_WT cells
where NS4B shows 10 % of cells with SG and NS5 25 % (Figure 20C).

Next, aiming at demonstrating a rescue of the SG response in the context of a complex
system, U20S_PKR cells were infected with TBEV at an MOI of 1. Surprisingly, the
number of infected cells with SG went from the 5 % observed in U20S_WT to only 10 %
in cells overexpressing PKR (Figure 22F), suggesting that the level of PKR overexpression
reached was not enough to saturate the cascade of events leading to SG inhibition during the
course of an actual infection, or the approach chosen is not ideal and more factors should be
considered. Altogether, these results demonstrate that upon PIC simulation, U20S_PKR
display a higher percentage of cells with SG in the presence of NS4B or NS5. However, this
phenotype is not observed when the cells are infected and this result needs to be further

investigated.
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Figure 22. SG formation is rescued in cells overexpressing PKR and transfected with
NS4B. PKR protein was cloned to produce stably overexpressing U20S cells. A) Agarose
gel showing insert, vector, and ligation product. Bacteria colonies were screened after
transformation by B) Apal digestion and C) PCR. D) WB shows PKR protein levels in the
U20S_PKR cells compared to WT. E) Percentage of cells presenting SG transfected with
NS4B or NS5 protein and treated with PIC. F) Percentage of U20S_PKR cell infected
with TBEV at an MOI OF 1 for 24h presenting SG.
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3.8. IFNP expression is impaired in the absence of SG assembly

IFN induction is the first step through which a host cell mounts a rapid antiviral response
and “signals” to neighboring cells that a pathogen has been detected (Kumar et al., 2021).
Not surprisingly, antagonizing IFN expression is of advantage to many viruses, particularly
during the early stages of infection. As mentioned before, SG formation starts in parallel
with detection of IFNB mRNA at 16 hpi. In order to explore the possible link between SG
and induction of IFN, the next set of experiments sought to investigate the effects of SG

formation deficiency in the innate response and viral replication.

The G3BP1 enzyme mediates stress granules assembly, and its absence prevents SG
formation (Matsuki et al., 2013). Therefore, a cell line knocked-out for both G3BP1 and its
isoform G3BP2 (U20S_AAG3BP; kindly provided by Dr. Nicolas Locker), U20S_shPKR
cell line, and U20S_WT as control were used to perform gRT-PCR analysis of TBEV RNA
and IFNp expression in infected cells treated with TM.

The results displayed in Figure 23 shows that TBEV can replicate 1llog more in
U20S_AAG3BP cells compared to U20S_WT throughout the course of infection. Although,
the greatest impact is in the IFNJ where the mRNA is detected 100 times less abundant then
in control. Furthermore, UPR activation does not seem to induce an earlier antiviral response
at 16 hpi, and an increase of IFNB mRNA levels can only be detected at 24 hpi. These
observations suggest that the knock-out of G3BP plays an important pro-viral role. When
looking at U20S_PKR cells, TBEV seems to replicate less efficiently than in WT cells, in
general 1log less. Although a bit more abundant, there is also a longer delay in IFNp mRNA

detection and a similar Kinetic pattern compared to U20S_AAG3BP.

Taken together, the current data suggest that, compared to U20S_WT cells, there is a marked
decrease in IFNf expression in the cell lines deficient for SG formation (Figure 23, bottom
line). It could indicate that SG are critical for the antiviral response supporting the hypothesis
that TBEV developed strategies to inhibit their formation for its own benefit.
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Figure 23. SG formation modulates IFNB response. U20S wild type, with G3BP

knocked-out or with PKR knocked-down were infected, treated with tunicamycin, and,
after indicated hours after infection, collected for gPCR analysis. The top panels show

viral RNA levels and lower ones IFN mRNA.
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4.DISCUSSION
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Flaviviruses are the most prevalent arthropod-borne viruses worldwide and comprise over
70 different members (Daep et al., 2014; Gupta et al., 2014). The struggle to control
infections is owed mainly to the rapidly evolving nature of viruses, especially RNA viruses,
that continuously evade host cell responses. Therefore, the interplay between viruses and
innate immunity becomes more addressed each day and studying it is fundamental to find

sustained control, vaccines, and therapies.

It was previously demonstrated in our lab that both IFNf response and SG formation are
delayed during TBEV replication. RNAseq identified the UPR as one of the earliest cellular
responses activated after infection, and its pre-activation leads to an even earlier and stronger
general antiviral state, IFN expression, and stress granules formation. This project aimed
at understanding if these events are connected and at characterizing the viral evasion of
regulation mechanisms. UPR therapeutical modulation would, along with other factors,
increase the incidence of SG and, therefore, lead to a stronger antiviral state and a better

outcome of the disease.

Although the entire population is infected, | found that only a low percentage of cells form
SG. The fully functional stress granules depend on PKR activation by viral dSSRNA released
from replication vesicles. | could also demonstrate that the NS4B and NS5 proteins can
remarkably impair the formation of poly(l:C)-induced SG, and there is a rescue when PKR
is overexpressed. Furthermore, cells deficient in the SG response seem to have lower IFNf

activity.
4.1. TBEV restricts the assembly of cellular stress granules

In response to environmental stress, elF2a is phosphorylated, mRNA is stalled, and RNA-
binding proteins are recruited, which accumulate in the cytoplasm to form stress granules.
In TBEV infected cells, there is the formation of SG containing G3BP, elF3, and elF4B. In
a study performed in our lab, we demonstrated that the SG component TIA-1 is an antiviral
protein that is trafficked to sites of viral replication to bind TBEV RNA and impair viral
translation, and its depletion leads to increased viral replication (Albornoz et al., 2014).
However, the actual number of cells that presented this response was not known. Therefore,
prompted by this question, | examined the phenotype quantitatively. To address this point, |
infected cells with TBEV and treated them with tunicamycin to pre-activate the unfolded
protein response. Immunofluorescence analysis at 24 hours post-infection indicated that the
number of G3BP and elF3-containing SG formed in infected cells was quite low, around

5% (Figure 12B). As expected, | saw an increase in cells infected and treated with TM;
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however, it was still meager, around 15 %. A hypothesis to explain that observation was the
possibility that the cell line selected for this study was not competent for SG formation,
which would induce an artifact and be interpreted as virus-related activity. However, this is
not the case since | showed a strong induction of SG by treating the U20S cells with different
sterile stimuli (Figure 14B). These observations argue for a TBEV-induced mechanism to

inhibit SG formation in infected cells.

The current subject is not a very explored field of study yet, but it is already established that,
for example, along with TBEV (Albornoz et al., 2014), HCV (Garaigorta et al., 2012), and
ZIKV (Bonenfant et al., 2019) can induce SG formation in infected cells. While Hou and
colleagues showed that ZIKV induces elF2a phosphorylation (Hou et al., 2017), several
earlier studies reported different findings. In these studies, infection of mammalian cells with
DENV, WNV, JEV, and ZIKV did not significantly upregulate p-eIF2a. levels (Ambrose &
Mackenzie, 2011; Elbahesh et al., 2011b; Roth et al., 2017; Tu et al., 2012). In the report by
Roth and colleagues, DENV and ZIKV were shown to impair elF20 phosphorylation
induced by exogenous stress through an undefined mechanism (Roth et al., 2017). The
discrepancy between some studies may be due to the use of different cell lines (i.e., Huh-7
vs. A549 cells) or virus strains (i.e., ZIKV MR766 strain and PL-Cal strain).

As mentioned before, TBEV infection barely induces the formation of SG in U20S cells. In
this work, | demonstrated that this phenotype is also observed in other cell types, such as
neuroblastoma cells and primary skin fibroblasts (Figure 13C). These pioneering
observations demonstrate that the findings obtained during this study are not cell type-
dependent but rather a general consequence of viral evasion mechanisms from cellular
responses. The usage of neural cells is especially relevant considering that TBEV tropism
for the central nervous system is critical for pathogenesis, although not much is known about
the mechanisms that make human brain cells more susceptible to TBEV infection (Blom et
al., 2018; Fares et al., 2020).

4.2. TBEV-induced stress granules depend on the PKR kinase

During genome replication, flaviviruses produce dsRNA that the cytosolic pattern
recognition receptors can detect. Although it is still not fully clear how these viral RNA
sensors gain access to viral replication complexes, PRR are crucial for initiating antiviral
responses during flavivirus infection. My next series of experiments sought to identify the
specific ISR kinase responsible for the SG formation observed in TBEV-infected cells, based

on two candidate kinases studied in previous studies performed by our group.
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Our lab previously determined the kinetics of PERK, PKR, and elF2a activation during
TBEV infection. PERK and elF2a are phosphorylated early, at 8 hpi. However, while elF2a
sustains and increases the phosphorylation over time, PERK activation peaks at 14 hpi and
is downregulated till it is no longer detectable at 24 hpi. PKR phosphorylation, on the other
hand, starts at 16 hpi and increases at 24 hpi (Carletti, 2015). Kinetically consistent with
PKR activation at 16 hpi, the formation of TBEV-induced SG (Figure 12D) and expression
of IFNB mRNA (Miorin et al., 2012) also happen. This data set led us to hypothesize that
SG have an antiviral role as described before for other viruses; therefore, TBEV developed
strategies to suppress SG formation.

To define which ISR kinase is responsible for the induction of SG upon TBEV infection, |
produced cell lines expressing short hairpin sequences that silence the expression of PERK
and PKR proteins using the Lentivirus approach. | determined that TBEV-induced SG are
PKR-dependent by showing no SG assembly when this kinase is knocked-down, while the
percentage of cells containing SG in PERK knocked-down cells is the same as the control
(Figure 15D). In fact, | also demonstrated in Figure 9B that TBEV significantly decreases
the number of cells with PIC-induced SG, while TBEV inhibition of SG induced by ARS
and Tg is not significant. It indicates that TBEV mechanism to inhibit SG is upstream of

elF2a phosphorylation, specifically targeting PKR activity somehow.

PKR initiates a cascade of events resulting in phosphorylation of e[F2a and stress granule
formation. These events are associated with stalled translation initiation complexes, which
diminish the capacity of host cells to support viral replication. To illustrate the importance
of PKR antiviral activity: both vesicular stomatitis virus and influenza virus replicate with
higher titers in PKR” mice than wild-type mice (Balachandran et al., 2000). Similarly, PKR"
" mice succumb to infection at a higher frequency when infected with Bunyamwera virus
than wild-type mice (Streitenfeld et al., 2003). Another report shows that PKR-deficient
mice suffer aggravated pathology and increased lethality following WNV infection (Samuel
et al., 2006). Recently, Zheng and colleagues discovered that the nucleocapsid (N) protein
of SARS-CoV-2 impairs SG formation by blocking PKR phosphorylation (Zheng et al.,
2021).

Moreover, PKR can be activated by detecting dsRNA. It has been shown, however that
Flavivirus can shield their replication intermediates from PRR detection. Replication
vesicles ensure minimal or no exposure of viral nucleic acids to the host immune system by
shielding them from cellular PRRs and nucleases (J. Mackenzie, 2005; J. M. Mackenzie et

al., 1999; Miorin et al., 2012, 2013; Overby et al., 2010). These invaginations of the ER
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membrane retain an open connection to the surrounding cytoplasm via a pore that could be
involved in importing host factors and nucleotides required for RNA replication and
exporting newly synthesized viral genomes (Miorin et al., 2013; Welsch et al., 2009). When
UPR is activated with tunicamycin treatment, there is an earlier and higher percentage of
infected cells with SG (Figure 7C) and IFNP mRNA levels (Figure 18). One interesting
hypothesis is that UPR activation by TM treatment leads to instability of replication vesicles
with a not yet clear mechanism, which in turn releases dsRNA earlier than in wild-type

infection.

By performing selective permeabilization of the plasma membrane, I could identify that
dsRNA is released from the replication vesicles at 16 hpi, in a process that we called
unmasking (Figure 17F). That pathogen-associated molecular pattern is the substrate to
activate the PKR kinase, which in turn phosphorylates elF2a to form SG. Interestingly, the
SG observed at 8 hpi upon tunicamycin treatment are present in cells that, due to the
experiment premise, were considered non-infected - it is possible that those cells were
infected, but with too low dsRNA signal. Moreover, the method selected for analysis might

have had biases in some steps, for example manual selection of the area to study.

Viral infections trigger host cells' inflammatory response that releases cytokines and
interferons into the extracellular space. These molecules can then increase the ability of yet
not infected cells to fight the virus. Several PRRs have been identified in detecting flavivirus-
specific PAMPs, recognizing viral genome and replication intermediates to start the intrinsic
cascade of events that culminates in the IFN response. (Suthar et al., 2013). Three types of
RNA sensors recognize distinct non-self RNA structures of flaviviruses: the Toll-like
receptor (TLR) family (TLR3 and TLR7), the RIG-I-like receptor (RLR) family (RIG-I and
MDAD5), and PKR (Diamond & Gale, 2012; Ye et al., 2013). PKR is both a cytosolic PRR
that detects viral dsSRNA, and an ISG capable of controlling viral replication by blocking the
translation of the viral genome (Diamond & Gale, 2012). It is highly possible that the same
process that allows PKR to be activated and start the antiviral response that aims to restore
homeostasis by pausing host translation through SG also activate RIG-1. This hypothesis
could alternatively explain why stress granules and IFNf seem to be kinetically linked during
TBEV infection.

4.3. TBEV non-structural proteins can inhibit stress granules

It is important to mention again that SG are formed in only 5 % of TBEV-infected cells at a

late time point. It is essential to consider that TBEV has a strong mechanism to inhibit SG.
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Very few cells have the SG phenotype, which was enough to start characterizations.
However, they might be a glimpse detected through a window of opportunity offered by the
technique used to analyze SG. The fixation of cells would only reveal the scenario of that
exact moment in which the cells suffered the PFA crosslinking and considering the
oscillatory nature of SG (ladevaia et al., 2022; Ruggieri et al., 2012), it is interesting to
wonder whether those cells only showed that antiviral response due to eg. a specific phase
of cell cycle that renders the cells more responsive. Therefore, it is highly reasonable to
assume that TBEV has a mechanism to counteract the PKR-dependent formation of SG, such
as in the case of HCV and JEV that recruit NS5A and NS2A respectively to bind PKR and
prevent its dimerization (Gale et al., 1998; Tu et al., 2012).

The non-structural proteins of Flaviviruses are not integrated into the virion but instead, they
participate in viral replication, virion assembly, modulation of cellular pathways, and
evasion of immune responses (Klema et al., 2015; Roosendaal et al., 2006; Yon et al., 2005;
Zou, Lee, et al., 2015). NS3 and NS5 are both large multifunctional proteins and the only
two viral proteins with enzymatic activities. With NS2B as a cofactor, NS3 serves as a serine
protease that cleaves specific junctions within the viral polypeptide to produce mature
structural and non-structural proteins (Chambers et al., 1990). NS5 is the largest viral protein
and is comprised of two enzymatic domains: the RNA-dependent RNA polymerase (RARP)
and the methyltransferase (MTase) domain. While the RdRP domain is required for viral
RNA synthesis, the MTase domain enables 5'-RNA capping of nascent viral genomes (Ray
et al., 2006; Sabine et al., 1999).

NS1 is a glycoprotein that exists in multiple oligomeric forms. In the ER, it is produced as a
soluble monomer that dimerizes and becomes associated with the luminal face of the ER to
assist in replication complex formation (Scaturro et al., 2015; Westaway et al., 1997;
Winkler et al., 1989). In mammalian cells, NS1 can also be secreted as hexamers (Mora-
Cardenas et al., 2020). Exactly how NS1 facilitates viral RNA synthesis is unclear, but it
may act as a scaffold that anchors the replication machinery to the ER from the luminal side
by interacting with other non-structural proteins that are inserted at the ER membrane
(Scaturro et al., 2015; Youn et al., 2012).

The remaining four non-structural proteins, NS2A, NS2B, NS4A, and NS4B, are relatively
small membrane proteins with no described enzymatic functions. Although little is known
about their precise modes of action, all of them are required for efficient viral replication.
NS2A is important for viral genome synthesis and packaging (Kimmerer & Rice, 2002; Xie

et al., 2015). NS2B, as mentioned before, is a cofactor for the viral protease NS3; disruption
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of the NS2B-NS3 interaction destroys the proteolytic activity of NS3 (Jan et al., 1995; Yusof
et al., 2000). NS4A and NS4B induce membrane rearrangements that are crucial for the
creation of replication vesicles (Miller et al., 2007; Roosendaal et al., 2006), but their modes
of action remain unknown. Finally, mutagenesis studies of DENV and WNV propose NS4B
involvement in cell culture adaptation and pathogenicity in animal models (Zmurko et al.,
2015), suggesting a more direct role of this protein in viral replication. Dalrymple and
colleagues also described that NS4B of both DENV and WNV inhibits activation of IRF3
and thereby reduces the expression of IFNB (Dalrymple et al., 2015).

To identify protein candidates that could be responsible for inhibiting SG observed during
TBEV infection, | screened all non-structural proteins by ectopic expression of single
proteins. The structural proteins were excluded from this analysis because we believed that
the non-structural would play a major role in this context. In fact, Arakawa and colleagues
described this year a rescue on SG formation in JEV sub-genomic replicon cells treated with
a drug that inhibits the valosin-containing protein (VCP). In those cells, genome replication
and viral protein translation happen without the structural proteins. The group suggested that
structural proteins are not involved in JEV-mediated SG inhibition and that SG are strongly
formed in infected cells absent of VCP function (Arakawa et al., 2022).

Plasmids containing the single TBEV non-structural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) flanked by a FLAG tag (Overby et al., 2010) were transfected into
U20S cells to study whether one or more could be responsible for the inhibition of SG during
infection. After protein transfection, cells were stimulated with PIC to initiate the formation
of PKR-dependent SG. PKR activation with the dsSRNA analog leads to 70% of cells with
SG (data not shown). If one or more proteins were to interfere directly with the response, a
reduction in this percentage should be expected. As opposed to the control, | observed that,
while all viral proteins have some level of inhibition, NS4B and NS5 proteins significantly
reduced the percentage of cells with SG (Figure 20C). This observation strongly indicates
that those two proteins may play a role in the SG response inhibition. Further western blot
analysis showed that NS4B and NS5 proteins could decrease the levels of PKR
phosphorylation, with a more evident effect in the case of NS4B (Figure 21).

Once viral dsSRNA binds to one of the two double-stranded RNA binding motifs (DRBM)
of PKR, the kinase dimerizes and phosphorylates (Cesaro et al., 2021; Mayo et al., 2019). In
the literature, the term widely used is auto-phosphorylation since it refers to monomers of
the same protein. But | prefer to call it trans-activation because, although monomers of the

same protein, they are still two separate entities (Figure 8). The NS4B, and NS5 proteins
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could interfere with one of the steps of PKR activation, such as the NS5A protein of HCV
that binds to the DRBM and prevents PKR phosphorylation (Gale et al., 1998).

Focusing more in NS4B, it is reasonable to hypothesize that an efficient mechanism dictates
the PKR activation state in the abundant presence of this viral protein, considering the strong
inhibition of PIC-induced PKR phosphorylation when NS4B is overexpressed (Figure 21).
It is known that NS4B has transmembrane domains anchoring it to the replication vesicle
and that RV stability is directly dependent on NS4B proper function (D. L. Lin et al., 2019;
Zmurko et al., 2015). One explanation could be that at late stages of TBEV infection, the
RV are saturated with replication intermediates and proteins, and the pore connecting it to
the cytoplasm enlarges, letting dsSRNA escape which activates PKR. A similar process would
happen with UPR activation, ultimately causing the vesicles to be unstable at earlier time
points due to ER stress. In that way, NS4B would then directly bind to PKR, to prevent the
monomers from changing conformation or impair dimerization, and eventually avoid PKR

transactivation. This scenario is illustrated in Figure 24.

Aiming at neutralizing the effect of the viral proteins on SG formation, a cell line stably
expressing PKR was developed. (Figure 22D). After transfecting the cells with NS4B and
NS5, | observed that the kinase overexpression rescues the phenotype of SG formation upon
PIC transfection, arguing for saturation of those viral proteins’ activity by PKR
overexpression. Interestingly, when the cells were infected with TBEV, the percentage of
cells with SG only doubled compared to U20S_WT. It could be that the technique used did
not induce a level sufficiently high to buffer the effect observed in sterile conditions or the
viral mechanism to inhibit the SG formation is much more complicated and require other
steps beyond NS4B/NS5 activity to occur efficiently. Another possibility is that the target
of the viral proteins is not directly PKR, but another factor required for PKR activation (eg.
viral proteins may compete with PKR for dsRNA binding, or they might lead to dsRNA

degradation). These observations need to be further investigated.
4.4.Cells deficient in the formation of mature SG have low IFN levels

So far, it was demonstrated in this work that TBEV forms PKR-dependent SG at late time
points, and that the NS4B and NS5 proteins interfere with different extents to this response.
The initial hypothesis was that SG formed upon TBEV infection serve as a platform for the
IFNP response, considering previous observation that IFN and SG happen kinetically
together.
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In a pioneer work, Onomoto and colleagues suggested that viral-induced SG may act as a
platform for viral RNA sensing and activation of IFN response. They called the
compartments antiviral SG. First, they demonstrated that the NS1 protein of 1AV inhibits
elF2a phosphorylation by blocking PKR activation. By infecting cells with a NS1-deficient
virus (IAV ANS1), they showed that not only the PRRs MDAS, RIG-1, and PKR localize to
the IAV ANSI1-induced SG, but surprisingly also viral RNA. Moreover, they also described
that inhibition of SG formation during IAV ANS1 infection by silencing G3BP1 reduces the
expression of [IFNf (Onomoto et al., 2012). The same group elegantly described further on,
using the Newcastle disease virus (NDV) as a model, that the cells with SG are the first ones
to start the IFNP production (Oh et al., 2016). Their findings unraveled a new function of
SG as platforms for interaction between viral RNA and host antiviral proteins to initiate the

cascade of events of the intrinsic innate response.

To investigate if SG could play a role in the IFNB response, gRT-PCR analysis was
performed in TBEV-infected cells that are deficient on SG formation. The cell lines used
were U20S_shPKR produced in this study and unable to form the PKR-dependent SG, and
U20S_AAG3BP. It has been previously shown that knock-down of G3BP1 leads to the
formation of smaller SG, suggesting that stalled mRNA is not sufficiently protected or
degraded faster (Aulas et al., 2015). SG have been proposed to be composed of a stable core
and a variable shell where proteins and RNAs are dynamically exchanged with the cytoplasm
(Jain et al., 2016). It was recently proposed that the UBAP2L protein is essential to SG core,
and it acts upstream of G3BP1. UBAP2L-positive SG are formed upon cellular exposure to
diverse stresses but it does not inhibit translation, even in U20S_AAG3BP cells (Cirillo et
al., 2020). These models propose G3BP1 as an essential component of SG, along with others
such as TIA-1, Caprinl, and TIAR, and its knock-out prevents SG formation (data not

shown).

Results showed that without SG formation, cells infected with TBEV have a much lower
expression of [FN mRNA than WT cells (Figure 23). PKR is both a cytosolic PRR and an
ISG capable of controlling viral replication by blocking the translation of viral genome
(Diamond and Gale Jr., 2012). It has been proposed that PKR can facilitate activation of
IRF3 by interacting with it, but precisely if and how this happens is unclear (Pham et al.,
2016). While activation of this kinase induces production of IFNs against WNV infection
(Diamond and Gale Jr., 2012), studies of DENV suggest that it is dispensable for IFN-
mediated inhibition of viral replication (Diamond and Harris, 2001). Hence, the observations

in the case of TBEV remain to be furth elucidated. However, looking at G3BP knocked-out
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cells, there is not only a great impairment in IFNf levels but also an increase in TBEV RNA.

It clearly argues for an antiviral feature of TBEV-induced SG.

ladevaia and colleagues described this year formation of paracrine granules (PG) in
bystander cells during Feline Calicivirus (FCV) infection. They are SG-like structures and,
although not canonical and different in composition, they are independent of elF2a and
induce translation shut-off. The group demonstrated that PG assembly happens in cells
treated with a virus-free supernatant and can impair viral replication. Finally, they propose
that as a paracrine stress signal sent from infected cells (ladevaia et al., 2022). Initially, the
same group had already identified that the NS6 protein of FCV can prevent SG formation
by cleaving G3BP1 (Humoud et al., 2016), and in fact, PG were shown to be independent of
G3BP1 (ladevaia et al., 2022). In contrast, a virus from the same family, the Murine
Norovirus (MNV), does not impair G3BP1 integrity and induces formation of SG-like foci
with a different composition from canonical stress granules (Brocard et al., 2020). It was
further shown for MNV that G3BP1 has a critical role in the life cycle, being described as a
pro-viral protein (Hosmillo et al., 2019). Those are essential contributions to the field and
must be considered in different models to investigate if this newly discovered cellular

structures may aid not yet infected cells to boost their antiviral response.

Despite being a relatively young field, interesting viral strategies have already been reported
for the modulation of SG formation during infection. Given the implication of SG in cell
survival, a better understanding of how virus modulates SG formation may help develop

therapies to control infections.
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5.PERSPECTIVES AND CONCLUSION
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5.1.Future directions

This study demonstrates that the TBEV-induced SG are PKR dependent, and that NS4B and
NS5 proteins are able to impair phosphorylation of PKR upon poly(l:C) transfection. In this
context, a detailed study of protein-protein interactions during TBEV infection could give
us more insights into the different strategies adopted to escape the viral stress responses for
a successful replication. The first protein to be further studied would be NS4B that, as shown
in Figure 16, strongly inhibits PKR phosphorylation. A flexible loop located between
transmembrane domain (TMD) 3 and 4, called the cytoplasmic loop, is the only part of the
NS4B protein exposed to the host cytoplasm and is speculated to be essential for mediating
NS4B interactions with other proteins (Zmurko et al., 2015). It would be interesting to
understand if there is physical interaction between the cytoplasmatic loop of NS4B and PKR.
Therefore, immunoprecipitation studies and mutations on the TBEV NS4B plasmid could
deepen this aspect. In the future, manipulating the reverse genetics system, established by
the group of Daniel Ruzek (Haviernik et al., 2021) and kindly shared with us, could further
support the findings and better characterize the mechanism for SG inhibition. A model for

the hypothesis raised by this work is presented in Figure 24.

TBEV infection can cause an acute disease with neurological symptoms with significant and
usually long-term severity (Donoso Mantke et al., 2008; ECDC, 2022a). Currently, there are
no approved drug agents against TBEV. In the Region where ICGEB is situated, the
treatment protocol for individuals with recent tick bites is based only on observation and
amelioration of the symptoms as they come. It would also be interesting to study
pharmacological NS4B inhibitors against TBEV infection while a host-directed therapy is
unavailable. For example, it would be fascinating to test on TBEV the JNJ-AQ7 drug aiming
to disrupt the possible interaction of NS4B with PKR, which was reported remarkably
efficient against DENV, and binds with high affinity to DENV NS4B cytoplasmatic loop
with very low cytotoxicity and high barrier for viral resistance (Kaptein et al., 2021). Also
the BDAA drug described for YFV which showed that by inhibiting NS4B activity impairs
viral replication and increases RIG-I1 mediated innate immunity (Z. Gao et al., 2022). In this
way, the current work would strongly impact the local public health and help reduce the

number of severe cases by proposing an early treatment protocol.

The manuscript for this work is in preparation, and further data acquisition on NS4B and
NS5-mediated SG inhibition is still ongoing. The results presented are the latest complete

data at the time of writing this thesis.
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Figure 24. Pathways activated during TBEV infection. Based on the results of this
study, a model is here proposed. At early time points, the replication vesicles stably
support TBEV viral RNA replication by protecting dsRNA from pattern recognition
receptors. Around 16 hours post infection, as the vesicles start to saturate the ER lumen
with viral proteins and RNA, the pore connecting the vesicle to the cytoplasm enlarges
leading to contemporaneous activation of RIG-1 and PKR, and subsequent chain of events
downstream of both sensors. Similar outcome can be achieved by chemically pre-
activating the unfolded protein response. To escape the modulation of protein synthesis
and carry on with production of new virions, NS4B and NS5 proteins inhibits PKR

activation and ultimately stress granules formation. Created with BioRender.com.

5.2.Concluding remarks

As obligate intracellular parasites, viruses have evolved diverse strategies to exploit host cell
machinery to create favorable environments for replication. Virtually all RNA viruses,
including Flaviviruses, encode multi-functional proteins to achieve this goal. From the small
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capsid protein to the comparatively large polymerase, Flavivirus’ proteins have been shown
to interact with a growing list of host factors likely as means to facilitate viral replication
and evade antiviral systems. Characterizing these host-virus interactions provides insights
into virus biology and advances our knowledge of the cellular processes involved.
Furthermore, as demonstrated in this thesis, interactions between TBEV components and
antiviral pathways revealed novel insights in SG formation during the viral life cycle. In
turn, these findings underline the importance of PRR, and the cellular stress response in
controlling viral infections. Further elucidating the interactions between Flaviviruses and the
host cell signaling pathways warrants promise for developing new host-directed therapeutic

strategies.
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There have been several outbreaks of viruses from the Coronavirus (CoV) family in the past.
An example is the Severe Acute Respiratory Syndrome (SARS)-CoV that emerged in 2002
in the Guangdong province in China. The virus spread to five continents, infected more than
8,000 people, and caused 774 deaths (Drosten et al., 2003; Ksiazek et al., 2003). In 2012, a
new coronavirus named Middle East Respiratory Syndrome (MERS) emerged in the Arabian
Peninsula and until this date the virus remains a public health concern in that area. MERS
spread to 27 countries infecting over 3,000 individuals and claiming 858 lives (WHO, 2021;
Zahid Naeem, 2013).

In December of 2019, the world heard for the first time about the newly emerged Severe
Acute Respiratory Syndrome 2 (SARS-CoV-2). It was initially identified in Wuhan, China,
and after failed attempts to control it, the virus rapidly spread across the globe raising
humongous attention. The World Health Organization (WHO) declared a pandemic on 11
March 2020 (WHO, 2020). To date, the pandemic caused almost 400 million cases and more
than 5.7 million deaths (WHO, 2022).

The SARS CoV-2 infectious disease, the Coronavirus disease 2019 (COVID-19), resembles
that of SARS-CoV and MERS. It is characterized by enormous inflammatory responses
resulting in damage to the respiratory system (Lu et al., 2020; Tan et al., 2021). The
consequence to the body is therefore not only due to the viral infection itself, but also the
host’s immune response. There is great difference between individuals, and characteristics
such as age, comorbidities and history of lung disease must be considered; some may
experience minor symptoms resembling a common cold, while others can develop the

aggressive form of the disease that is often fatal (Tay et al., 2020).
6.1. SARS-CoV-2 entry

Coronaviruses are enveloped viruses with a positive sense, single-stranded RNA genome,
ranging from 26 to 32 kb in length, and belong to the Coronaviridae family. These viruses
present a protein called Spike (S) on the surface, and its crown-like structure inspires the
name (crown = corona in latin). The S protein has two subunits, S1 and S2. The S1 subunit
contains a receptor-binding domain (RBD) that recognizes and binds to the host receptor
angiotensin-converting enzyme 2 (ACE2), while the S2 subunit mediates viral cell
membrane fusion. The SARS-CoV-2 virion has about 120 nm in diameter with large
projections of heavily glycosylated trimeric Spike proteins. Other surface proteins are the
membrane (M) and envelope (E) proteins, while, inside the envelope, the nucleocapsid (N)
protein wraps the viral RNA (Trougakos et al., 2021; V’kovski et al., 2021) (Figure 25).
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Figure 25. SARS-CoV-2 structure. Adapted from (Granet, 2021)

ACE?2 is present in human epithelial cells in the lungs and in the small intestine, but mMRNA
has also been identified in other organs like the heart, arteries and kidney (Gembardt et al.,
2005; Hamming et al., 2004). ACE2 is a membrane-bound protein whose main function is
to lower blood pressure by mediating the hydrolysis of angiotensin Il into angiotensin (1-7),
which works as a vasodilator (Burrell et al., 2004; Chamsi-Pasha et al., 2014).

SARS-CoV-2 has two different potential pathways for entry (Figure 26). In both entry
methods, Spike binds to ACE2 via RBD in the S1 region with high affinity (Shang et al.,
2020; South et al., 2020). The pathway adopted usually depends on whether human proteases
are present to prime the S protein into the two subunits. Several human proteases can cleave
the S protein, including transmembrane serine proteinase 2 (TMPRSS2), furin, elastase and
trypsin. TMPRSS?2 is abundantly expressed in human lungs cells, and it is thought to play
an important role in the virus entry into cells from the respiratory system. If the proteases
happen to be near the Spike-ACE2 binding interface, they will cleave the S protein to expose
the S2 region and the fusion peptides. These fusion peptides are more hydrophobic, or lipid-
like, amino acids, and it merges into the cell membrane to induce viral membrane—cell
membrane fusion and subsequent entry of the viral genome into the cell (Hoffmann et al.,
2020; Mollica et al., 2020; Shang et al., 2020; V’kovski et al., 2021) (Figure 26).

When the virus enters via an endosome, the S1 region binds to the ACE2 receptor

translocating the ACE2-virus complex to an endosome. Then, an endosomal acid protease,
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called cathepsin L, activates the S protein by cleaving the protein into S1 and S2 (Belouzard
et al., 2009). The S2 protein fuses the membrane of the virus with the membrane of the
endosome leading to the release of the virus into the cytoplasm (Belouzard et al., 2009; Ou
et al., 2020) (Figure 26).
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Figure 26. Virus entry. Adapted from (Granet, 2021)

6.2. SARS-CoV-2 replication

Once the viral RNA is released into the host cell it hijacks the replication of the cell to form
new virus particles that can infect other cells. This happens in four steps: the translation of
viral replication machinery, replication of the genome, translation of viral structural proteins
and finally, the virion assembly. When the viral RNA is released into the host cell, the viral
genome is first unveiled in the cytoplasm (V’kovski et al., 2021). ORFla and ORF1ab are
translated to produce ppla and pplab viral replicase polyproteins. The polyproteins are
cleaved by the Papain like protease (Plpro-) and 3C-like protease (3CLPRO) which are
encoded by ORFla-b. This results in 16 non-structural proteins; NSP1-11 are encoded in
ORFla and NSP12-16 are encoded in ORF1b. These replicase-transcriptase proteins,
together with other viral proteins and, possibly, cellular proteins, assemble into the RNA
transcription complex, with its main player being the RNA-dependent RNA polymerase
(RdRp) (Malone et al., 2022; Ricardo-Lax et al., 2021). This complex drives the production
of negative sense RNA through both replication and transcription. Negative sense RNA
intermediates are generated to serve as the templates for the synthesis of positive sense
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genomic RNA (gRNA) and subgenomic RNA (sgRNA). The RdRp uses the (+) strand
gRNA as a template, which will become the genome of the new virus particle. SgRNAs
produced through the transcription are translated into structural proteins. Spike, envelope
and membrane proteins enter the ER and the nucleocapsid protein is combined with the (+)
strand genomic RNA to become a nucleoprotein complex. In the endoplasmic Golgi
apparatus complex, the proteins merge into a complete virus particle, and are excreted from
primary cells to extracellular regions through the Golgi apparatus via exocytosis. The mature
virions can infect new target cells which results in the production of more virus particles
(Malone et al., 2022; Ricardo-Lax et al., 2021; Shang et al., 2020; Trougakos et al., 2021,
V’kovski et al., 2021)

6.3. COronaVlrus Disease 2019

All things considered, the main question regarding the pathogenesis of SARS-CoV-2 still
remains: what is the underlying mechanism that defines whether an individual gets a
dysfunctional or healthy immune response to this virus. Even though no conclusive results
have been published to answer previous query, some researches have made suggestions for
the underlying reasons. The most likely mechanism seems to be the individual differences
in the immune response. Other reports suggests a link between the age of the individual and
the severity of the infection, which seems to become more severe the older a person is
(Rothan & Byrareddy, 2020).

Compared to younger patients, older ones are more likely to suffer severe symptoms, to
suffer hospitalization, and to die (Romero Starke et al., 2020). An analysis estimated there
is chance of death in confirmed COVID-19 cases at more than 13 % in the group of patients
80 years or older, compared to around 0.15 % for patients in their 30s, and basically zero
percent for patients under 20 in China (Y. Zhang et al., 2021). A study of early cases in the
USA performed by the Centers for Disease Control and Prevention (CDC) had similar
observations (CDC, 2022). It may be explained by the fact that older immune systems tend
to be less efficient at clearing viral infections. Liu et al. suggest that the loss of T cells during
the SARS-CoV-2 infection may result in aggravated inflammatory responses (J. Liu et al.,
2020). Severe COVID-19 is driven not only by viral damage to cells but also by a “storm”
of inflammatory cytokines that harms the organs. It is possible that there are age-related
changes in the immune system that make the middle-aged and older individuals more
vulnerable to this storm than younger ones, even if they are possess good health with no
comorbidities (J. Liu et al., 2020; Tan et al., 2021).
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Patients who develop severe or fatal COVID-19 usually present at least a major underlying
health condition, such as chronic obstructive pulmonary disorder, asthma, diabetes, obesity,
kidney disease or cardiovascular disease (Fathi et al., 2021; Zhou et al., 2020). In some cases,
the explanations for these links are obvious. For example, diabetes and obesity are associated
with a lower resistance to viral infections. It was previously suggested that obesity,
especially in men, is associated with treatment requiring mechanical ventilation (Goyal et
al., 2020). Asthma and chronic obstructive pulmonary disorder involve lung function

impairment, and higher susceptibility to inflammation in the lungs (Zhou et al., 2020).

A study shows that common treatments for high blood pressure and diabetes may worsen
COVID-19 risk, since some of the drugs used for treatments can increase the levels of ACE2
(Snyder & Johnson, 2020). Moreover, an unusually weakened immune system, for example
due to organ transplants or cancer treatments, that require patients to use immune-
suppressing therapy, is another factor that may significantly increase the incidence of severe
COVID-19 (Mollica et al., 2020; South et al., 2020; Zhou et al., 2020).

As a single-stranded RNA virus, SARS-CoV-2 has the ability to mutate promptly. Over time,
as it spreads around the world finding resistance to infect organisms, it will keep developing
genetically distinct strains to adapt. Some of these variants may spread more quickly or cause
more severe disease. However, to date there are no evidence that the SARS-CoV-2
circulating variants causes very clinically different diseases from each other or that their
genetic differences explain the range of symptom severity some patients may experience
(ECDC, 2022c; Gomez et al., 2021).

6.4.Anti SARS-CoV-2 therapy

As of February 2022, five COVID-19 vaccines are authorised in the Europe: Comirnaty
(BNT162b2) by BioNTech and Pfizer, Spikevax (mMRNA-1273) by Moderna, Vaxzevria
(AZD1222) by AstraZeneca, COVID-19 Vaccine Janssen (Ad26.COV 2.5), and Nuvaxovid
(NVX-CoV2373) by Novavax (ECDC, 2022b).

While vaccines prevent a virus from infecting an organism by providing immunity, antivirals
work to treat the body from an ongoing infection by slowing it down and ultimately stopping
it. SARS-CoV-2 vaccines are rightly being celebrated, but antiviral drugs could - and would
- have a crucial, life-saving role (Dolgin, 2021; Pardi & Weissman, 2020). Several
therapeutical products have been studied to investigate their safety and efficacy as potential
agents for COVID-19 prophylaxis or treatment. These include antivirals, interferons and

monoclonal antibodies (Hwang et al., 2022; Mei & Tan, 2021; Xiao et al., 2020).
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In a communication on 14 December 2021, Pfizer presented data of a Phase 2/3 trial of the
oral antiviral PaxlovidTM, a combination of nirmatrelvir, an investigational viral protease
inhibitor that blocks the replication of SARS-CoV-2, with ritonavir (Pfizer, 2021). The
results of this randomised study with 2,246 adults showed an 89% reduction in risk of
COVID-19-related hospitalisation and death rates in patients who were at high risk of
progressing to severe disease, compared to placebo-treated patients. Adverse events were
mostly mild (Mahase, 2021).

Although scientists and companies are making concerted efforts, most governments are not
treating this issue with the same urgency as they have to vaccines. Investigating approaches
for a therapy may help the world go through the current pandemic, and to not be as poorly

prepared for the next one (Dolgin, 2021).
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7.1. Materials
7.1.1. Cells
Mammalian
e U20S: Human osteosarcoma;
o U20S_ACEZ2: produced in this work; U20S transduced with a lentivirus carrying
ACE2
e Vero E6: African green monkey kidney;
o Vero E6_ACE2: produced in this work; Vero E6 transduced with a lentivirus
carrying ACE2
e HEK 293T: Human embryonic kidney, mut SV40 large T antigen.
o HEK293T_ACE2: produced in this work; HEK293T transduced with a lentivirus
carrying ACE2
e Huh7: Humana hepatocarcinoma
o Huh7_ACEZ2: produced in this work; Huh7 transduced with a lentivirus carrying
ACE2

Bacteria

e XL10-Gold Ultracompetent Cells (Stratagene - cat.num. 200315). Genotype: Tetr
A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1recAl gyrA96 relAl lac
Hte [F" proAB laclqgZAM15 Tn10 (Tetr) Amy (Kanr)].

7.1.2. Media
Mammalian
* DMEM complete medium: Dulbecco’s Modified Eagle Medium (Gibco - cat.num. 31885-
023) supplemented with 10% fetal bovine serum (FBS) (Euroclone - cat.num. ECS0180L).
For selection of stable cell lines, Puromycin Dihydrochloride (Invitrogen — A1113803) was
added at a concentration of 1 pg/mL.
* Cryo medium: for long-term storage cells were frozen at -80 °C in 90% FBS, 10% DMSO.
Bacteria
Luria-Bertani (LB) Medium: 10 g bacto-trypton, 5 g bacto-yeast extract, 10 g NaCl per 1
liter medium. Ampicillin was added at a concentration of 100 ug/ml. For hardening 1.5 %

agar-agar was added to the liquid medium.
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7.1.3. Drugs
e Miglustat (NB-DNJ) was purchased from Sigma-Aldrich, St Louis, MO, USA (cat.
num. B8299) and dissolvedin DMSO to obtain a stock solution, while Celgosivir was
dissolved in distilled water.
e The oxysterol 270HC complexed with 2-hydroxypropyl-B-cyclodextrin (2HP-
BCD:270HC) was kindly provided by Panoxyvir Ltd (Turin, Italy).

7.1.4. Antibodies

Primary antibodies

Target Species Source Sjrtr?tl)%% Dilution
elF3n Goat Santa Cruz sc-16377 IF 1:100
mSIP-CR3022 | Mouse Produced in house IF 1:200
ACE2 Rabbit Abcam ab15348 WB 1:500
B-Actin/HRP | Mouse Sigma A3854 WB 1:50000

Table 4. Primary antibodies used in this study

Secondary antibodies

Donkey, anti-mouse 1gG, Alexa Fluor 488; 1:500 for IF (Molecular Probes cat.num.
A21202)

Donkey anti-mouse IgG, Alexa Fluor 594; 1:500 for IF (Molecular Probes cat.num.
A21203)

Goat polyclonal, anti-rabbit immunoglobulins/HRP; 1:10000 for WB (DakoCytomation
cat.num. P0448)

7.1.5. Vectors

) o Catalog
Plasmid Relevant characteristics Source
number
psPAX2 Packaging Vector Addgene 12260
pMDG.2 Encodes VSV-G Envelope protein Addgene 12259

Lentivector with empty backbone and
pWPI_PURO ] _ Addgene 12254
puromycin resistance gene
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ACE2 Encodes the human ACE2 receptor Addgene 1786

pWPI_PURO-ACE?2 | Lentivector expressing human PKR Produced in this study

Table 5. Plasmids used in this study

7.1.6. Primers
Name Sequence 5’ to 3’
ACE2 cloning Fw TTGGCGCGCCATGTCAAGCTCTTCCTGG
ACE2 cloning Rv AGATACGCGTCTAAAAGGAGGTCTGAACATC

Table 6. Primers used in this study. The restriction sites are indicated in sublined text.

7.2.Methods

7.2.1. Mammalian cell culture

Adherent mammalian cells were cultivated with DMEM supplemented with 10% FBS.
Monolayers of cells were grown at 37 °C, 5% CO. in DMEM complete medium. When
needed, cells were passaged with 0.05 % trypsin + 0.02% EDTA and seeded at the
appropriate dilution. Passaging and experiments were performed with monolayer around
75 % confluent. Cell culture was done in aseptic conditions, cells were routinely screened

for Mycoplasma contamination and new cell stocks were revived at regular intervals.

7.2.2. Plasmid construction

The PCR amplification reactions were performed using the specific cloning primers
described in Table 6 and the PFU DNA Polymerase (Promega, cat.num. M774A) according
to manufacture’s instructions, under the following thermal cycling conditions: 94 °C 5min,
- 94 °C 1min, 60 °C 30sec, 72 °C 3min for 35 cycles -, and 72 °C 5min. The PCR product
was purified using the NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel cat.num.
740609.250). Further, the pWPI_PURO cloning plasmid and the insert were double digested
with Ascl and Mlul restriction enzymes. After purification, the digested PCR product was
ligated overnight at 16°C with gentle agitation using T4 DNA Ligase enzyme (New England
Biolabs - cat.num. M0202S) into the linearized pWPI-PURO vector a 1:5 molar ratio.

At every step, the size and integrity of both linearized vector and PCR product were analyzed
by separating the DNA in 1% Agarose gel for 45 minutes at 90V. Gel preparation:
UltraPure™ Agarose powder (Invitrogen cat.num. 16500-500) melted in 0.5X TBE buffer
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and mixed with 250 ng/mL of Ethidium Bromide. Agarose gels were visualized using the
UVIdoc HD2 gel documentation system (UVITEC Cambridge).

7.2.3. Plasmid transformation

XL10-Gold chemo-competent cells were used for transformation of all plasmids in this
study. Cells were incubated with the plasmids on ice for 30 min. They were then heat-
shocked at 42°C for 45 seconds, moved immediately to ice for 2 minutes followed by
addition of LB medium without antibiotics. Cells were then incubated at 37°C for 1 hour
with agitation, then were plated onto LB agar with the required antibiotic. They were grown
overnight at 37 °C. On the next day, colonies were picked and pre-inoculated into 5 ml of

LB medium containing the required antibiotic.

7.2.4. Plasmid DNA extraction

After approximately 16 hours cell growth, plasmid DNA was extracted using NucleoSpin
Plasmid (Macherey-Nagel cat.num.1801/003) for minipreps or NucleoBond Xtra Midi
(Macherey-Nagel cat. num. 1803/009) for midipreps. Extracted DNA was authenticated by
restriction endonuclease digestion and sequencing. Restriction endonucleases and their

specific buffers were purchased from New England Biolabs (NEB).

7.2.5. Production of infectious Lentiviral particles

Lentiviral (LV) particles were produced in HEK293T cells using calcium phosphate
transfection method. The following mix was prepared:

- 5 ug expression plasmid,

- 3.75 pg psPAX2 packaging plasmid

- 1.25 ug pMD2.G envelope plasmid

- 50 pL of sterile 2.5 M CaCl, was added to each tube.

- Sterile H20 to 500 pL final volume

This mixture was incubated for 5 min at room temperature and then added dropwise to 500
pL sterile 2X HBS by gently vortexing and incubated at room temperature for 20 min. The
transfection mixture was then added dropwise to the cells and incubated for ~16h. In
sequence, the media was changed to remove the transfection reagents and replaced with fresh

complete media. Cells were then incubated at 37 °C, 5% CO. for 24 h. The following day,
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media containing the lentiviral particles were collected and centrifuged at 2250 rpm for 10
min at 4 °C to pellet any HEK-293T cells that were accidentally collected during harvesting.
The supernatant was filtered with 0.45 um sterile filters. The filtered lentiviral stocks were

aliquoted and stored at -80 °C.

7.2.6. Transduction of target cells with clarified Lentiviruses

To produce stable cell lines with silenced target proteins, 3x10° U20S cells were prepared
in 1 mL together with 1 mL of LV suspension + 6 mL of complete medium. The mixture
was plated in 10 cm dishes and incubated at 37 °C. One day after, medium was replaced with
fresh complete medium to remove excess of reagents, and on the next day, complete medium
containing 1 pg/mL of puromycin was added to start selection. A control plate of not
transduced cells was also subjected to puromycin treatment as an indicator of the selection

status. Silencing efficiency was evaluated by WB analyses.

7.2.7. SARS-CoV2 infection of cells

Working stocks of SARS-CoV2 ICGEB-FVG_5 isolated in Trieste, Italy, were routinely
propagated and titrated on Vero E6 cells. Plaque assay was performed by incubating
dilutions of SARS-CoV-2 on Vero E6 monolayers at 37 °C for 1 h, which were then washed
with phosphate buffered saline (PBS) and overlaid with DMEM 2% FBS containing 1.5%
carboxymethylcellulose (CMC, Sigma-Aldrich cat.num. C5678) for 3 days. The cells were
then fixed with 3.7% paraformaldehyde (PFA, Sigma-Aldrich, cat.num. P6148) and stained
with crystal violet 1%. A cytotoxicity assay was performed with Alamar Blue (Invitrogen,
cat.num. DAL1100) according to the manufacturer’s instructions.

7.2.8. Indirect immunofluorescence assay
Cells were seeded onto 15x15mm glass coverslips in 12-well plates, or onto 12mm round
coverslips in 24-well plates. After desired treatment, cells were washed once with PBS and
fixed in 3.7 % PFA in PHEM buffer solution for 20 minutes at room temperature. Thereafter,
cells were washed three times with PBS followed by and incubation of 5 minutes with
100 mM Glycine in PBS in order to saturate excesses of PFA and to stop the fixation
reaction. Cells were permeabilized for 5 minutes with 0.1 % Triton X-100 in PBS and
washed three times, 5 min each. Before incubation with antibodies, a blocking step was

performed at 37°C for 30 minutes with 1 % BSA and 0.1 % Tween in PBS. Antibodies were
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diluted to the desired concentration in blocking solution to prevent unspecific binding. The
coverslips were inverted onto 50 uL drops of primary antibody and incubated overnight at
4 °C in a humidified container. After incubation, coverslips were positioned back into plate
wells and rinsed three times with PBS + 0.1 % Tween 20 and incubated with secondary
antibodies for 1 hour at 37°C. coverslips were finally washed three times with washing

solution and mounted on slides using 5 puL of Fluoro-Gel Il mounting medium with DAPI.

7.2.9. Next generation fluorescence in situ hybridization chain reaction

The solutions and custom-made probes to perform the in situ hybridization chain reaction
(HCR) of mRNA transcripts were acquired from Molecular Instruments (Los Angeles,
California). Cells were fixed with 3.7 % PFA, the reaction was quenched with glycine in 1X
PBS for 5 min. Fixed cells were permeabilized with 0.1 % Triton X-100 in 1X PBS for 10
min at room temperature. Following, the online available manufacture’s protocol called

“mammalian cells on a slide” was followed.

DNA S=—DNAHCR  -".".".*

7 probe set _ amplifier / 73
ANA tar %tec? © amAph'V /?é/"/
mRNA target / / "

Figure 27. Fluorescent hybridization chain reaction. Adapted from (Choi et al., 2014)

7.2.10. Imaging of fixed cells

Fluorescent images of fixed cells were captured with the Carl Zeiss LSM880 laser scanning
confocal microscope. The pinhole of the microscope was adjusted to get an optical slice of
less than 1.0 um for any wavelength acquired. The fluorophore AlexaFluor 488 was excited
with 488 nm line of the Argon Laser, while the fluorophore AlexaFluor 594 was excited
with the HeNe Laser 543 nm. Their emissions were collected using the appropriate filters.
For statistical purposes, 200+10 cells were counted for each condition.

Cells with the desired phenotype were counted using the ImageJ software, and its Cell
Counter plug-in. The results are presented in percentage. In case the case of analysing the
mean fluorescence intensity (MFI) of a specific channel, the cellular area was selected
manually and the average of the fluorescence intensity values was obtained and used to

perform statistical analysis.
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8.RESULTS AND DISCUSSION
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Considering the last worldwide developments regarding SARS-CoV-2 outbreak, the
Molecular Virology Lab assumed a pivotal role in ICGEB’s response against the pandemic.
Our team was lucky enough to have one outstanding leadership inside the laboratory. We
took advantage of being one of few places to have a BSL3 facility in the country, and we
promptly isolated and sequenced the virus to contribute to the efforts to track mutations
(Licastro et al., 2020). Once with an established viral stock, we could collaborate with
multiple projects inside and out of the Centre, help public and private companies to install
disinfection protocols, and extensively support the local health services with assays,

reagents, sequencing, and consulting.

Although it was a stressful and challenging period for everyone (and it still is), we managed
to work as a multifunctional team by involving the individuals in tasks according to their
expertise to work efficiently and fast in every project. For that reason, | exclusively dedicated
my time and efforts to work related to CoV-2 emergency for 9 months, being responsible for
the immunofluorescence assays. | was involved in several multidisciplinary projects, and |

briefly describe a few of them here.
8.1.Fluorescence in situ hybridization of the nucleocapsid RNA

Fluorescence in situ hybridization (FISH) is the most commonly used imaging technique for
nucleic-acids in fixed samples. FISH employs the fluorophore-labeled sequence-specific
oligonucleotides to reveal DNA or RNA upon complementary hybridization. The concept of
imaging nucleic acid via hybridization was first reported in 1969 by Pardue and colleagues.
They used the radioactive DNA probe that specifically binds a target DNA via hybridization.
This method allowed the visualization of the cellular location of the specific DNA fractions
by autoradiography (Pardue & Gall, 1969). The method to fluorescently label nucleic acid
was first described in 1982 when a group mapped genes in Drosophila chromosomes by
using biotin-labelled probes, an anti-biotin antibody raised in rabbit and a fluorescein-
labelled anti-rabbit secondary antibody (Langer-Safer et al., 1982). Since then, FISH has
been applied to identify specific nucleic acid sequences as well as reveal the sites for RNA
processing, transportation, and localization. In 1998, Femino and colleagues made the
breakthrough in single-molecule FISH (smFISH) by designing multiple oligonucleotides
that bind along a target RNA to label five fluorophores per molecule (Femino et al., 1998).

A more recent technique called hybridization chain reaction (HCR)-FISH uses a primary set
of probes to bind the target RNA in a sequence-specific manner (Figure 27). A pair of

fluorophore-labeled nucleotides that form metastable hairpins are then added. The hairpins
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bind the readout sequence and start the chain reaction. The signal is amplified by forming a
long polymer labeled with multiple fluorophores (Choi et al., 2010, 2014; Dirks & Pierce,
2004).

We purchase from Molecular Instruments the kit to perform HCR-FISH targeting the N gene
of SARS-CoV-2 to have specific detection of infected cells. First, Vero E6 cells were
infected at an MOI of 0.1 and collected at 24 hpi by fixation with 3.7 % PFA. After
following the HCR-FISH protocol described in the methods session using a pair of hairpins
labeled with Alexa Fluor 488, images were acquired at the confocal microscope showing
that the technique works very specifically (Figure 28). This approach was widely used in
multiple projects. It helped observing, for example, that primary cells collected from the

respiratory tract of deceased infected patients show different profile of infection.

FISH merge

- . - .

SARS-COV-2
MOI 0.1, 24 hpi

Figure 28. HCR-FISH of the N protein mRNA. Vero E6 cells well infected or mock-
infected at an MOI of 0.1 with SARS-CoV-2 for 24 hpi. Cells were then subjected to the
HCR-FISH protocol using specific probes for nucleocapsid mRNA. Nuclei were stained
with DAPI and are seen in blue, and FISH is seen in green.

8.2. Characterizing the mSIP-CR3022 mouse monoclonal antibody in IF

Our group generated in house a recombinant monoclonal reactive with the receptor-binding
domain of the S protein based on a mouse small immune protein (SIP) scaffold (mSIP-
CR3022) (Rajasekharan et al., 2021). We produced our own antibody since the availability
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of reagents and delivery services in the beginning of the pandemic was scarce. Briefly, the
DNA fragment encoding for the heavy and light chains of human monoclonal antibodies,
clone CR3022 (Meulen et al., 2006; Tian et al., 2020), was synthetized as single-chain
variable fragment (scFV) and cloned into a mouse 1gG2b expression vector as described
previously (Petris et al., 2014). The plasmid was transfected in CHO cells and further
purified by the Biotechnology Development Unit (BDU) in ICGEB.

Once the purified molecule was available, | proceeded with immunofluorescence analysis to
evaluate if the antibody could bind the target in fixed cells with specificity. Vero E6 cells
were plated onto 15mm glass coverslips and infected at an MOI of 0.1 with SARS-CoV-2
for 24 hours. A few concentrations were tested (data not shown) until reaching the optimum
of 1:200 dilution (2.75 ng/mL) As shown in Figure 29, non-infected Huh7 cells do not show
unspecific signal, in the same way the secondary antibody does not have background signal.
Cells infected, treated with the mSIP-CR3022 anti-Spike antibody, and developed with an
anti-mouse fluorescent secondary antibody shows what seems to be specific signal to Spike
protein.

Spike

DAPI

- . .
SARS-COV-2

MOI 0.1, 24 hpi

Figure 29. The mSIP-CR3022 anti-Spike antibody can be used in
immunofluorescence. Vero E6 cells were infected with SARS-CoV-2 at an MOI of 0.1.

SARS-COV-2
MOI 0.1, 24 hpi
No primary

Twenty-four hours post-infection, cells were fixed, permeabilized, and immunostained for
IF analysis with a-Spike (mSIP-CR3022) (red). Nuclei were stained with DAPI and are

seen in blue.
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To further confirm the specificity of the signal, immunofluorescence was combined with
HCR-FISH. To achieve this, fixed cells were first submitted to the FISH protocol. After
development of the signal with the pair of hairpins, cells were then blocked with 1 % BSA
and stained with CR3022 antibody. It is possible to observe that both signals colocalize well
which demonstrate that the affinity of the produced antibody to the Spike protein is specific
(Figure 30).

DAPI FISH Spike

Figure 30. The mSIP-CR3022 anti-Spike antibody works specifically. Vero E6 cells
well infected at an MOI of 0.1 with SARS-CoV-2 for 24 hpi. Cells were subjected to the
HCR-FISH protocol using specific probes for nucleocapsid mRNA (green), and then
immunostained for IF analysis with a-Spike (red). Nuclei were stained with DAPI and are

seen in blue.

8.3. Creating cell lines that support SARS-CoV-2 infection

To establish an infectious SARS-CoV-2 model in mammalian cells, several cell lines
available in the Lab were tested, including U20S (osteosarcoma), HEK293T (human
embryonic kidney cells), Vero E6 (African green monkey kidney), and Huh7 (hepatocellular
carcinoma). The cell lines did not support SARS-CoV-2 infection, except for from Vero E6
and Huh7, that have in fact been previously reported to be infectable with SARS-CoV (Cinatl
et al., 2003; Gillim-Ross et al., 2004; Mossel et al., 2005).

SARS-CoV-2 has higher for the ACE2 receptor than SARS-CoV, and it has been proposed
that it could lead in viral replication in diverse organs during the COVID-19 infection
(Glowacka et al., 2010; Wan et al., 2020). In line with this, it was previously observed that
overexpression of ACE2 enhanced disease severity in a mouse model (X.-H. Yang et al.,
2007), and made cell lines support SARS-CoV infection (Mossel et al., 2005). To establish
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cell lines that are permissive to SARS-CoV?2 infection, | overexpressed the ACE2 receptor

using Lentivirus approach.

First, ACE2 was amplified by PCR using specific primers containing the desired restriction
sites. Then the insert and the pWPI vector carrying a puromycin resistance cassette were
double-digested with the restriction enzymes, followed by dephosphorylation of the vector,
ligation, and finally transformation into XL10-gold chemo competent cells (Figure 31A).
The colonies obtained were screened by PCR (Figure 31B) and Apal digestion (Figure 31C),
and several of the ten colonies screened were positive for efficient ligation. Colony 7 (C7)
was selected for containing the desired construct, confirmed by Sanger sequencing. These
bacteria were further grown and the plasmid pWPI_PURO-ACE2 was extracted using a
MidiPrep kit.

Lentiviruses carrying pWPI_PURO-ACE2 were produced as explained in materials and
methods, and used to transduce U20S, HEK293T, Huh7 and Vero EG6 cells to stably express
the ACE2 protein. After selection with puromycin, ACE2 overexpression was assessed by
western blot analysis (Figure 31D). Interestingly, the HEK293T cell line seems to produce
two isoforms of the protein. Vero E6 were quite resistant to puromycin selection, and after
a screening, the concentration of 5 pg/mL of puromycin was used to selected transduced
cells for 3 days (Figure 31D).

The cell lines were created with the following aims:

e U20S: Is the main cell line used in the Lab for molecular biology studies, and we hence
have several tools to study infection in these cells. They were transduced aiming to be
a tool for further studies in different projects. Representative images are shown in

Figure 32.

e HEK293: We developed in the Lab Lentivirus particles pseudotyped with SARS-CoV-
2 Spike glycoprotein by following the standard Lentivirus production protocol. We use
a plasmid encoding the Spike protein instead of envelope protein of vesicular stomatitis
virus (VSV), to be used for neutralization assays in BSL2 environment. The creation of

HEK293 ACE?2 cells greatly increased the efficiency of pseudoviruses transduction.
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Huh7: As mentioned before, we know that these cells can support SARS-CoV-2
infection, however only in 40 % of cells initially infected at an MOI of 0.1 and collected
at 48 hpi (no significant changes were seen by changing the MOI) (data not shown).
Hence, to increase the permissibility of these cells, they were transduced with ACEZ2.
This tool made it possible to perform high content screening (HCS) assays that need
excellent phenotype of infection to study and discover antivirals in a high throughput
manner, using the automated HCS facility in ICGEB.

Vero E6: Similarly, we also know that this cell line can be infected with SARS-CoV-2.
The aim in transducing with ACE2 was to increase the sensibility of these cells to
prepare virus stock with higher titres, and to isolate virus from human sample more

efficiently.

Apart from those that are routinely used in Lab to date, we also collaborated with
different groups by sharing the reagent hereby produced. For example, Hoxb8 are
hematopoietic cells from mouse that can be differentiated into myeloid cells such as
macrophages and dendritic cells. They were transduced to study the immune response

of innate immune cells during SARS-CoV-2 infection; among other projects.
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Figure 31. Exogenous expression of ACE2. A) Agarose gel showing insert, vector, and
digested vector. After ligation and transformation, bacteria colonies were screened by B)
PCR and C) Apal digestion. D) U20S, HEK293T, Huh7 and Vero cells were transduced
with Lentivirus to express ACE2. All cell lines were selected with 1 pg/mL, except for

Vero E6 that was selected with 5 pg/mL.
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Figure 32. U20S_ACE2 cells can support SARS-CoV-2 infection. U20S WT or
U20S_ACE2 cells were infected with SARS-CoV-2 at an MOI of 0.1. Forty-eight hours
post-infection, cells were fixed, permeabilized, and immunostained for IF analysis with

a-elF3 (red) and a-Spike (green). Nuclei were stained with DAPI and are seen in blue.

8.4.Repurposing of Miglustat to treat SARS-CoV-2

The  iminosugar  N-butyl-1-deoxynojirimycin  (Miglustat, =~ Zavesca) inhibits
-glucosidases | and I, that are involved in the early stages of glycoprotein oligosaccharide
processing in the ER (Elbein, 1991). Most enveloped viruses need glycosylation for surface
protein folding and secretion, modulation of the oligosaccharides to induce a reduction in
infectivity. The use of iminosugars to targeting the misfold viral glycoprotein as a
therapeutic approach has thus far been applied to several viral infections including immune
deficiency virus type 1 (HIV-1), hepatitis B and C viruses, Dengue and other flaviviruses,
and Ebola virus (J. Chang et al., 2013; Dwek et al., 2002; Fischl et al., 1994; Tierney et al.,
1995; Wu et al, 2002). An additional property of some iminosugars is the
glucosyltransferase inhibition activity which made Miglustat a well characterized drug for
the therapy of rare genetic lysosome storage diseases, such as Gaucher and Niemann-Pick
type C (Platt et al., 2018).

Repurposing clinically available drugs to treat the COVID-19 is a relevant approach, as very
few treatment options are available. | demonstrated the efficiency of the SARS-CoV-2
infection of Huh7 cells in the presence of Miglustat. As shown in Figure 33A, and quantified
in Figure 33B, Miglustat made the number of Huh7 infected cells remain at similar level
observed 24 hpi, while the mock treated cells had an increase in the infected cells at 48 hpi
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as expected from an expansion of the infection in the cell culture. | also noted that the mean

fluorescence intensity of the Spike signal decreased significantly in treated cells (Figure 34).

The drug seems to act at the post-entry level and leads to a decrease of viral proteins
production and secretion of infectious viruses. The mechanism lies in the inhibitory activity
toward glucosidases that are involved in the early stages of protein N-linked oligosaccharide
processing in the ER, leading to a marked decrease of the viral Spike protein. These results

point to a relevant role of this approach for the treatment of COVID-109.

The complete work has been published in a peer-reviewed journal and a copy can be found

as an Appendix of this thesis.
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Figure 33. Anti-SARS-CoV-2 activity of Miglustat. Huh7 cells were infected with
SARS-CoV-2 at an MOI of 0.1 and incubated with Miglustat as indicated. A) Cells were
fixed and stained with mSIP-3022 antibody against Spike (red) to acquire confocal
images. The nuclei were stained by DAPI. The bar corresponds to 20 pm. B)
Quantification of SARS-CoV-2 infected cells. 200 cells per condition were plotted. p-
values are indicated by ** p < 0.01 highly significant; * p < 0.05 significant, measured

with a paired two-tailed t-test
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Figure 34. Effect of Miglustat (MS) on the mean fluorescence intensity of Spike
staining in Huh7 cells. Huh7 cells were infected with SARS-CoV-2 at an MOI of 0.1 and
incubated with Miglustat. Cells were then fixed and stained with mSIP-3022 antibody
against Spike (red) to acquire confocal images at 24 hours (A) or 48 hours (B). Mean
fluorescence intensity of the Spike signal was quantified by ImageJ. Results from 200 cells
per condition were plotted in arbitrary units.

8.5. The cholesterol metabolite 27-hydroxycholesterol inhibits SARS-CoV-2

Specific side-chain cholesterol oxidation products of the oxysterols family have been shown
to inhibit a large variety of both enveloped and non-enveloped human viral pathogens. The
27-hydroxycholesterol (270HC) molecule is present in our body as a physiological product
of the oxidative metabolism of cholesterol (Cagno et al., 2017; Civra et al., 2014, 2018,
2020). Colleagues in Milan monitored the levels of 270HC in the blood of individuals who
were positive for SARS-CoV-2, with asymptomatic, moderate, or severe COVID-19.
Interestingly, it was observed a dramatic drop in the molecule levels in the blood of patients

with COVID-19, reaching a 50 % inhibition in the severe cases (Marcello et al., 2020).

The relevance of the previous observations was further investigated by testing the compound
activity in vitro. To improve its solubility and stability, 270HC was complexed with 2-
hydroxypropyl-B-cyclodextrin (2HP-BCD), a carrier commonly used in drug formulations.
Therefore, the complex (2HP-BCD:270HC) and the carrier alone were tested in parallel to
rule out any contribution of the carrier to the antiviral activity. Huh7 cells were seeded on

coverslips and infected with SARS-CoV-2 at an MOI of 0.1. After 1 h, inoculum was
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removed and fresh DMEM +2% FBS containing 2HP-BCD:270HC or 2HP-BCD was added
to the cells. After 48 h incubation, cells were fixed with 3.7 % PFA, and the standard
immunofluorescence protocol was followed to stain spike protein using the mSIP-CR3022

recombinant antibody at a 1:200 dilution.

As shown in Figure 35A, and quantified in Figure 35B, 2HP-BCD:270HC significantly
(PANOVA < 0.001) reduced the number of infected cells at 48 hpi both at 3 uM and 20 uM.
In contrast, 2HP-BCD failed to show any anti-COV2 activity, demonstrating no significant

difference from the untreated control in the number of infected cells.

The exogenous administration of 27-hydroxycholesterol may represent in the near future a
valid antiviral strategy in the worsening of diseases caused by present and emerging
coronaviruses. The high biocompatibility of the molecule, due to its physiological origin
makes 270HC a candidate to reach clinical trials in humans as soon as possible to propose
it as an antiviral strategy complementary to vaccines in dealing with current but also future

pandemics.

The complete work has been published in a peer-reviewed journal and a copy can be found

as an Appendix of this thesis.
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Figure 35. Anti-SARS-CoV-2 activity of 270HC. Huh-7 cells were infected with
SARS-CoV-2 in the presence of 2HP-BCD:270HC, then fixed at 48 hpi and stained with
DAPI and specific antibodies (A). Panel B shows the quantification of SARS-CoV-2

positive cells.
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9.CONCLUDING REMARKS
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During the period that | worked with SARS-CoV-2, | supported projects and established
tools and reagents for the Lab that are still in use to date. Those were challenging times but
also an excellent opportunity to learn new techniques, lead collaborations, exercise

adaptability, and grow professionally and personally.

Until this moment, seven hundred and sixteen days have passed since the spread of COVID-
19 led the WHO to declare a state of a pandemic. It should not come as a shock that some
doctoral students had or are having a hard time trying to complete their degrees during the
SARS-CoV-2 pandemic. These experiences range from feeling abandoned to finding ways
to manage the disruptions to their thesis progress - | affirm that based on testimonials |
received from other fellows. Not only was | able to carry with my work in the Lab but | also
dedicated my time being the elected PhD representative of the Program in ICGEB (2019 -
2021). PhD students reported feeling engulfed by the quarantine and overall restrictions
during the worst period of the pandemic. We tried to stablish online group activities, we
offered support to each other (paying special attention to those who lived alone) and we
shared approaches that helped keep the work going in the distance.

In my personal case, the outbreak and its restrictions eventually prevented me from having
the networking opportunities that come in participating in on-site conferences. The crisis
also raised uncertainty about the significance of my work. Suddenly, my project was no
longer in the main topic of the Lab, and for a moment, all the world could speak about was
CoV-2. At times, | could not receive timely feedback from advisors or discuss my research
progress with peers. However, there were also many mental health challenges towards
completing the work. | experienced lack of focus, motivation, and energy for no apparent
reasons, and sometimes | struggled to deal with those feelings to push the work forward. But
the most considerable toll of living during a pandemic for me was being a foreigner miles
away from home. | feel psychologically affected by the pandemic for not being able to see
or access my family, my support system. Taken together, all of this can be overwhelming,

causing feelings of powerlessness and anxiety.

I write this atypical thesis conclusion during these atypical times hoping to immortalize the
perceptions of a PhD candidate during the SARS-CoV-2 pandemic. | wish that the lessons

the world learned remain to help us tailor measures and approaches in future pandemics.
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ARTICLE INFO ABSTRACT

Keywords: There is an urgent need to identify antivirals against the coronavirus SARS-CoV-2 in the current COVID-19
Coronavirus pandemic and to contain future similar emergencies early on. Specific side-chain cholesterol oxidation prod-
SARS-CoV-2 ucts of the oxysterols family have been shown to inhibit a large variety of both enveloped and non-enveloped
COVID-19 . P PRI - .

HCoV-0C43 human viral pathogens. Here we report on the in vitro inhibitory activity of the redox active oxysterol 27-hydrox-
Cholesterol ycholesterol against SARS-CoV-2 and against one of the common cold agents HCoV-OC43 human coronavirus
Oxysterols without significant cytotoxicity. Interestingly, physiological serum levels of 27-hydroxycholesterol in SARS-CoV-

2 positive subjects were significantly decreased compared to the matched control group, reaching a marked 50%
reduction in severe COVID-19 cases. Moreover, no correlation at all was observed between 24-hydroxycholes-
terol and 25-hydroxycholesterol serum levels and the severity of the disease. Opposite to that of 27-hydroxycho-
lesterol was the behaviour of two recognized markers of redox imbalance, i.e. 7-ketocholesterol and 7p-
hydroxycholesterol, whose serum levels were significantly increased especially in severe COVID-19. The exog-
enous administration of 27-hydroxycholesterol may represent in the near future a valid antiviral strategy in the
worsening of diseases caused by present and emerging coronaviruses.

27-Hydroxycholesterol

1. Introduction

The present COVID-19 pandemic caused by the coronavirus SARS-
CoV-2 is yet another example of the dramatic impact of emerging viral
infections on human morbidity and mortality worldwide. Currently, no
specific drug for the new coronavirus is available and repurposing is the
only strategy in place [1]. Clearly, there is an urgent need for drugs
active against a wider number of viruses to contain future emergencies
early on. Host directed therapy aims at targeting essential host factors
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for viral replication and triggering immune antiviral pathways [2].
Advantages of this approach include not only the possibility of targeting
multiple viruses, but also an increased threshold to the emergence of
resistance.

Selective cholesterol oxidation products, of the oxysterol family,
which are ligands of Liver X Receptors (LXRs), have a well-recognized
immunomodulatory role [3,4]. Oxysterols such as 25-hydroxycholes-
terol (250HC) have shown to markedly inhibit the replication of a
large variety of both enveloped and non-enveloped human viral
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pathogens [5-7]. However, another oxysterol of enzymatic origin,
namely 27-hydroxycholesterol (270HC), is gaining increasing consid-
eration as a protective molecule not only against the respiratory virus
Rhinovirus, but also against a wide range of other viral infections
[8-11]. There is clear evidence that exogenously added 270HC accu-
mulates in plasma membrane lipid rafts, likely affecting viral entry but
also modulating cell signaling stemming from such microdomains [12,
13].

Both 250HC and 270HC are side-chain oxysterols physiologically
present in human peripheral blood, cerebrospinal fluid [14,15], colos-
trum and milk [16]. 270HC is constitutively the most abundant oxy-
sterol in these biological fluids and present in various tissues and organs,
being synthesized by the ubiquitous mitochondrial enzyme 27-choles-
terol hydroxylase (Cyp27A1) [15].

Due to the emerging role of 270HC as a broad-spectrum antiviral, we
deemed relevant to investigate whether it could inhibit SARS-CoV-2 and
other coronaviruses. Here we report on the in vitro antiviral activity of
270HC against SARS-CoV-2 and the human coronavirus HCoV-OC-43.
Moreover, we analyzed the serum levels of 270HC in 123 healthy in-
dividuals, in 27 pauci-or a-symptomatic SARS-CoV-2 positive subjects
(PACP) and in 117 COVID-19 patients and found quite a marked
decrease of the oxysterol in COVID-19 patients that correlates with the
severity of the disease. Another notable finding was the increase of
serum 7-ketocholesterol and 7 f-hydroxycholesterol, two reliable
markers of tissue oxidative imbalance, in moderate and severe COVID-
19 patients.

2. Methods
2.1. Reagents

The oxysterol 270HC complexed with 2-hydroxypropyl-p-cyclodex-
trin (2HP-BCD:270HC) was kindly provided by Panoxyvir Ltd (Turin,
Italy). The anti-RSV monoclonal antibody Ab35958 was purchased from
Abcam (Cambridge, United Kingdom). The secondary antibody
peroxidase-conjugated AffiniPure F (ab’)2 Fragment Goat Anti-Mouse
IgG (H+L) was purchased from Jackson ImmunoResearch Laboratories
Inc. (West Grove, PA, USA). The recombinant antibody mSIP-3022
against SARS-CoV-2 Spike was previously described [17].

2.2. Cell lines and viruses

Vero E6 cells (African green monkey kidney cells) (ATCC®-1586)
and human hepatocarcinoma Huh7 cells kindly provided by Ralf Bar-
tenschlager (University of Heidelberg, Germany) were cultured in
DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco).
Human lung fibroblast MRC-5 (ATCC® CCL-171) and human epithelial
cells Hep-2 (ATCC® CCL-23) were propagated in Dulbecco’s Modified
Eagle Medium (DMEM; Sigma, St. Louis, MO, USA) supplemented with
1% (v/v) penicillin/streptomycin solution (Euroclone, Milan, Italy) and
heat inactivated, 10% (v/v) fetal bovine serum (Sigma).

SARS-CoV-2 isolate ICGEB_FVG_S5 was obtained at ICGEB as previ-
ously described [18]. Plaque assay was performed by incubating di-
lutions of SARS-CoV-2 on Vero E6 monolayers at 37 °C for 1 h. These
were then washed with phosphate buffered saline (PBS) and overlaid
with DMEM 2% FBS containing 1.5% carboxymethylcellulose for 3 days.
Cells were then fixed with 3.7% paraformaldehyde (PFA) and stained
with crystal violet 1%.

Human coronavirus strain OC43 (HCoV-043) (ATCC® VR-1558)
was purchased from ATCC (American Type Culture Collection, Rock-
ville, MD, USA) and propagated in MRC-5 cells, at 33 °C, in a humidified
5% CO2 incubator. When the full cytopathic effect (CPE) developed,
cells and supernatants were harvested, pooled, frozen, and thawed three
times, then clarified and aliquoted. The virus was stored at —70 °C. CoV
titers were determined by the standard plaque method. Briefly, MRC-5
cells were seeded 2 days before infection in 96-well plates, reaching
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60%-70% confluence at the time of infection. The viral suspension was
serially diluted in DMEM supplemented with 2% fetal bovine serum and
inoculated; the infected wells were incubated at 33 °C for 1 h, allowing
viruses to attach and enter the cells. After this time, cells were washed
with medium, and overlaid with a 1:1 combination of 1.6% SeaPlaque
Agarose (BioWhittaker Molecular Applications) and 2 x DMEM medium
(Gibco BRL) as described elsewhere [8]. The plates were incubated at 33
°C for 3 days. After incubation, the plates were fixed and stained as
described elsewhere [8], and the number of plaques formed was coun-
ted; viral titers were expressed in terms of plaque forming units per ml
(PFU/ml). Respiratory syncytial virus (RSV) strain A2 (ATCC VR-1540)
was propagated in Hep-2 and titrated by the indirect immunoperoxidase
staining procedure as described elsewhere [19]. Viral titers were
expressed as focus-forming unit (FFU) per ml. Viruses were stored at
—80 °C.

2.3. COVID-19 patients and control individuals

We consecutively included in this study 144 adults with SARS-CoV-2
infection confirmed through real-time reverse-tran-
scriptase-polymerase-chain-reaction (RT-PCR) assays of nasal and
pharyngeal swabs, in accordance with WHO guidance [20-22]. RT-PCR
was performed at San Gerardo Hospital, Monza, and subsequently at the
Italian National Institute of Health, Rome, Italy.

Of them, 117 were COVID-19 patients hospitalized from March 2020
at Desio Hospital, ASST-Monza, Italy: 36 had moderate disease presen-
tation (F:M = 13:23, age 65.5 + 13.5 years, median = 67.12, IQR =
58.6-77.3, min-max range = 32.59-87.48) and 81 had severe disease
presentation (F:M = 15:66, age = 69.73 + 12.99, median = 72.38, IQR
= 61.01-79.98, min-max = 33.68-92.27). All were sampled within 10
days from diagnosis (average: 2 days). Subjects were classified as severe
if they presented one or more of the following symptoms: respiratory
rate (RR) > 30 breaths/min, finger oxygen saturation (SpO2) < 93% at
rest, and arterial partial pressure of oxygen (Pa0O2)/fraction of inspired
oxygen (FIO2) < 300 ratio [23,24]. The remaining 27 recruited subjects
were SARS-CoV-2 positive patients with mild or minimal symptoms
(PACP) not requiring hospitalization (age = 53.48 + 6.43, median =
54.99, IQR = 47.75-59.15, min-max = 40.56-61.21). Controls were 123
apparently healthy individuals (F:M = 58:65, age = 68.22 + 9.17, me-
dian = 65.46, IQR = 60.1-75.83, min-max = 57-89.99) collected at
Desio Hospital before the pandemic outbreak.

2.4. Data collection

Basic information such as age, gender, comorbidities, clinical and
laboratory data, chest radiograph (when performed), and outcome
(survival or non-survival) was obtained from the electronic medical
records of each patient and stored by a password-protected database.

2.5. Antiviral assays

The antiviral activity was determined by the plaque reduction assay.
For SARS-CoV-2 experiments, Vero E6 cells were seeded in a 48 well
plate, at 6 x 10* cells/well density and incubated at 37 °C overnight. For
HCoV-0C43 and RSV, MRC-5 or Hep-2 cells, respectively were first
seeded (at 2 x 10* cells/well) in 96 well plates and incubated at 37 °C
overnight. The medium was removed from the plates and infection was
performed respectively with 10-20 viral PFU per well of SARS-CoV-2 at
37 °C for 1 h, ca. 30 PFU of a stock of HCoV-OC43 at 33 °C for 1 h or ca.
30 PFU of RSV at 37 °C for 3 h, allowing the viruses to attach and enter
the cells. After incubation, cells were washed with medium, and overlaid
with medium containing 1% carboxymethylcellulose (CMC) with
DMEM + 2% FBS, and compound dilutions for SARS-CoV-2 experiments,
or with a 1:1 combination of 1.6% SeaPlaque Agarose and 2 x DMEM
supplemented with different concentrations of compounds. After 72 h of
incubation (33 °C, 5% CO2 for HCoV-OC43 or 37 °C, 5% CO2 for SARS-
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CoV-2 and RSV), the medium with oxysterols was removed, and the
plates were fixed with 3.7% paraformaldehyde (PFA) or 7.5% formal-
dehyde (Fluka) and stained with crystal violet (Sigma, St. Louis, Mo.).
The number of plaques formed was counted. The plaque reduction as-
says were conducted in 2x replicate in two independent experiments.
Blockade of viral infectivity was expressed as mean % =+ standard error
of the mean (SEM). Where possible, half-maximal antiviral effective
concentration (ECsg) values were calculated by regression analysis using
the dose-response curves generated from the experimental data using
GraphPad PRISM 7 (GraphPad Software, San Diego, CA, USA). ECsg
values were compared using the sum-of-squares F test.

2.6. Virus inactivation assay

Approximately 10° PFU of HCoV-OC43 were incubated with a con-
centration of 2HP-BCD:270HC corresponding to ECqq in the antiviral
assay. The HCoV-OC43/2HP-BCD:270HC mixture was incubated for 1 h
at 33 °C. A control experiment by treating the viral suspension with the
blank formulation (2HP-BCD) was also performed. After the incubation,
both treated and untreated viruses were titrated to the non-inhibitory
concentration of 2HP-BCD:270HC and the residual viral infectivity
was determined by plaque counting. Statistical analysis was performed
using One-Way Analysis of Variance (ANOVA), followed by Bonferroni
post-hoc test. Significance was reported for p-value <0.05.

2.7. Invitro cytotoxicity assay

The cytotoxicity assay was conducted with Alamar Blue (Invitrogen)
as recommended by the manufacturer’s protocol. Vero E6 cells were
seeded at 1 x 10* cells per well in a 96 well plate, and incubated at 37 °C
overnight. Then 50 pL of compounds at the indicated concentrations
were added to 150 pL of medium (final 200 pL). Plates were incubated at
37 °C for 3 days and then the colorimetric reagent was added (20 pL for
4 h). Measurements from compound-treated or vehicle-treated cells
were normalized against those from untreated cells. The half maximum
cytotoxic concentration (CC50) was calculated using GraphPad Prism
Version 7. Cytotoxicity assay fluorescence readings were normalized for
vehicle and percent plotted against dilutions expressed as antilog.

2.8. Cell viability assay

MRC-5 or Hep-2 cells were seeded at a density of 5 x 10/well in 96-
well plates and treated the next day with 270OHC, 2HP-BCD:270HC, or
blank formulation at concentrations ranging from 0.07 to 150 pM to
generate dose-response curves. Control samples (100% of viability) were
prepared by treating cells with culture medium. After 72 h of incubation,
cell viability was determined using a Cell Titer 96 Proliferation Assay Kit
(Promega, Madison, WI, USA) and following the manufacturer’s in-
structions. Absorbance was measured using a Microplate Reader (Model
680, Bio-Rad Laboratories, Hercules, CA, USA) at 490 nm. Viability of
oxysterol-treated cells is expressed as a percentage relative to cells
incubated with culture medium supplemented with equal volumes of
ethanol.

2.9. Immunofluorescence

For SARS-CoV-2 analysis Huh7 cells were seeded on coverslips and
infected with SARS-CoV-2 the following day at a multiplicity of infection
(m.o.i.) of 0.1 PFU/cell. After 1 h, inoculum was removed and fresh
DMEM -+2% FBS containing 2HP-BCD:270HC or 2HP-BCD was added to
the cells. After 48 h incubation, cells were fixed with 3.7% PFA, treated
with 100 mM glycine and 0.1% Triton X-100, with intermediate washes
with PBS. A blocking step was performed at 37 °C for 30 min with 1%
bovine serum albumin (BSA) and 0.1% Tween in PBS (blocking solu-
tion). The coverslips were then probed with the mSIP-3022 anti-Spike
recombinant antibody diluted 1/200 with blocking solution and
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incubated overnight at 4 °C in humidified container. The reaction was
completed by incubating fixed cells with polyclonal anti-mouse anti-
body conjugated with Alexa Fluor 594 (Molecular Probes, Oregon, USA)
diluted 1/500 for 1 h at 37 °C. Coverslips were finally washed and
mounted on glass slides using Fluoro-Gel Il mounting medium with DAPI
(Electron Microscopy Sciences, Pennsylvania, USA) and analyzed with a
Zeiss LSM880 confocal microscope. For statistical purposes, 200 + 10
cells were counted for each condition.

2.10. Clinical laboratory measurements

All clinical laboratory measurements were performed in the course of
hospitalization. Count blood cells was performed on whole blood with
K3-EDTA vacuum tubes and obtained by Sysmex XN-9000 platform
(Sysmex, Germany). Blood chemistries were performed on serum vac-
uum tubes using COBAS 8000 platform (Roche Diagnostics, Germany).

2.11. Sterols and oxysterols quantification by isotope dilution GC-MS

To a screw-capped vial sealed with a Teflon septum, 0.25 mL of
plasma were added together with 500 ng of D7-lathosterol, 50 ng of D6-
lanosterol, 50 ng of D7-24S-hydroxycholesterol, 50 ng of D6-25-
hydroxycholesterol, 50 ng of D6-27-hydroxycholesterol, 50 ng of D7-
7-ketocholesterol, 50 ng of D7-7p-hydroxycholesterol (Avanti Polar
Lipids), as internal standards, 50 pl of butylated hydroxytoluene (5 g/L)
and 50 pl of K3-EDTA (10 g/L) to prevent auto-oxidation. Each vial was
flushed with argon for 10 min to remove air. Alkaline hydrolysis was
allowed to proceed at room temperature with magnetic stirring for 60
min in the presence of ethanolic 2 M potassium hydroxide solution. After
hydrolysis, the sterols were extracted twice with 5 ml hexane. The
organic solvents were evaporated under a gentle stream of argon and
converted into trimethylsilyl ethers with BSTFA.

Gas chromatography mass spectrometry (GC-MS) analysis was per-
formed on a GC equipped with an Elite column (30 m x 0.32 mmid x
0.25 mm film; PerkinElmer, USA) and injection was performed in
splitless mode and using helium (1 ml/min) as a carrier gas. The tem-
perature program was as follows: initial temperature of 180 °C was held
for 1 min, followed by a linear ramp of 20 °C/min to 270 °C, and then a
linear ramp of 5 °C/min to 290 °C, which was held for 10 min. The mass
spectrometer operated in the selected ion-monitoring mode. Peak inte-
gration was performed manually, and sterols were quantified from
selected-ion monitoring analysis against internal standards using stan-
dard curves for the listed sterols. Additional qualifier (characteristic
fragment ions) ions were used for structural identification.

Inter-assay CV ranged between 2.3% for lathosterol and 5.3% for 25-
hydroxycholesterol. Recovery ranged from 97 up to 104% (5-7).

2.12. Statistical analyses

Continuous variables were expressed as mean + SD, median, inter-
quartile ranges (IQR), min-max range and compared with the ANOVA or
Mann-Whitney U test when non parametric distributed.

2.13. Ethics

The study was approved by the Ethical Committee of the Istituto
Nazionale Malattie Infettive Lazzaro Spallanzani, Roma and stemmed as
a sub-project of the Observational cohort study on the natural history of
hospitalized SARS-CoV-2 patients: the STORM trial of the University of
Milano Bicocca, Milan, Italy.
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3. Results

3.1. 2HP-BCD:270HC is endowed with antiviral activity against two
pathogenic CoVs

The activity of 270HC against SARS-CoV-2 and HCoV-0OC43, was
assessed on Vero-E6 and MRC-5 cells, respectively. To improve its sol-
ubility and stability, 270HC was complexed with 2-hydroxypropyl-
B-cyclodextrin, a carrier commonly used in drug formulations. There-
fore, the complex (2HP-BCD:270HC) and the carrier alone (2HP-BCD)
were tested in parallel to rule out any contribution of the carrier to the
antiviral activity.

As shown in Fig. 1 and Table 1, 2HP-pCD:270HC, but not 2HP-BCD,
exerted antiviral activity in a dose-response manner against both SARS-
CoV-2 and HCoV-OC43 to maxima of inhibition of 100%, with ECsg
values falling in the low micromolar range and with a favourable
selectivity index (SI). Conversely, 2HP-BCD:270HC did not inhibit the
infectivity of RSV, an enveloped RNA virus also causing respiratory
diseases, thus demonstrating that the antiviral specificity of 270HC is
broad but yet selective.

Time-of-addition experiments were then performed to investigate
the step of viral replicative cycle inhibited by 2HP-BCD:270HC. Two
different conditions were used: briefly, cells were treated for 24 h before
viral inoculum (pre-treatment protocol) or 3 h after inoculum (post-
infection treatment protocol). 2HP-BCD:270HC showed antiviral activ-
ity against the two CoVs both when it was added before and after
inoculation (Fig. 2 and Table 2). However, the results show that 2HP-
BCD:270HC has greater efficacy against SARS-CoV-2 when added after
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Fig. 1. Plaque reduction and cell viability assays. The antiviral activity of 2HP-
BCD:270HC was tested against SARS-CoV-2 (A) and HCoV OC43 (B), respec-
tively on Vero-E6 cells and MRC-5 cells. Briefly, cells were infected for 1 h and
treated for 72 h with increasing concentrations of 2HP-BCD:270HC. Viral in-
fections were detected as described in the Material and Methods section. Cell
viability experiments were performed in the same conditions as for antiviral
assays, in absence of viral inoculum. The percentage infectivity inhibition
(black dots) and the percentage of cell viability (white squares) were calculated
by comparing treated and untreated wells. Error bars represent the standard
error of the mean (SEM) of 2 independent experiments.
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infection, while it is more effective against HCoV-OC43 when added
before inoculation. Furthermore, we investigated the ability of 2HP-
BCD:270HC to impair infectivity by directly targeting viral particles
incubating HCoV-OC43 with 2HP-BCD:270HC at high effective con-
centrations (ECyg) and then determining the viral titer at dilutions at
which the treatment was no longer active when added on cells. As re-
ported in Fig. S1, 2HP-BCD:270HC was not able to inactivate HCoV-
0C43 particles.

The efficiency of SARS-CoV-2 and HCoV-OC43 infection was finally
measured respectively in the human cell line Huh7 and MRC-5, in the
presence of 2HP-BCD:270HC. As shown in Fig. 3A and C, and quantified
in Fig. 3B and D, 2HP-BCD:270HC significantly (panova < 0.001)
reduced the number of infected cells 48 h post infection both at 3 pM and
20 pM. By contrast, 2HP-BCD failed to show any anti-CoV activity,
showing no significant difference from the untreated control, in terms of
number of infected cells.

3.2. Clinical laboratory parameters in moderate and severe COVID-19
patients

The in vitro evidence of effective inhibition of SARS-CoV-2 by the
formulation 270HC-+2HP-BCD prompted us to carry on an observational
cohort study in COVID-19 patients with the aim to monitor 270HC
serum content in the different stages of the disease. As detailed in the
Methods section, the groups studied here were: 1) control, 2) pauci-
asymptomatic SASR-CoV-2 positive individuals (PACP), 3) moderate
COVID-19, 4) severe COVID-19. No age differences were observed be-
tween controls and COVID-19 patients, while the subjects of the pauci-
asymptomatic group were significantly younger than all the other
groups (P < 0.001 for all).

With regard to the standard laboratory parameters measured only in
the hospitalized patients (see Table 3), HB and HCT, already below the
normal values, were significantly lower in severe COVID-19 compared
to moderate COVID-19 (P = 0.04 for both). Also serum creatinine was
increased both in moderate and severe patients, being significantly
higher in the severe COVID-19 group as compared to the moderate
COVID-19 one (P = 0.03). Alanine Aminotransferase (ALT) and Lactate
Dehydrogenase (LDH) were moderately above the normal range, while
Creatine Kinase (CK) was much higher respect to the normal values, in
all cases without significant difference between the two groups of pa-
tients. C Reactive Protein (CRP), resulted to be markedly elevated in
COVID-19 with a tendency to increase in the severe cases, and Pro-
calcitonin (PCT), a marker of sepsis, showed a net average increase in
the severe COVID-19 group, that however did not reach statistical
significance.

3.3. Sterols quantification in the serum from SARS-CoV-2 infected and
control individuals

The main objective of this observational cohort study was indeed the
evaluation of the trend of serum 270HC concentration in hospitalized
moderate and severe COVID-19 patients as well as in PACP versus a
control group, but a prior overall look at cholesterol metabolism was
deemed essential. Of note, serum concentration of cholesterol and pre-
cursor sterols lanosterol, desmosterol (Bloch pathway of cholesterol
synthesis) and lathosterol (Kandutsch-Russell pathway of cholesterol
synthesis) were all significantly reduced in both moderate and severe
COVID-19 patients in comparison to controls (P < 0.001) (Fig. 4 and
Table S1).

The PACP group showed a cholesterol metabolism picture quite
similar to that of the control group, with just a modest but significant
reduction in cholesterol and lanosterol serum levels (Fig. 4).
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Table 1
Antiviral activity of 2HP-BCD:270HC.
D Virus EC50° (M) — 95% C.L." EC90° (M) - 95% C.I. €C50" (uM) — SI®
95% C.I.
2HP-pCD:270HC SARS-CoV-2 1.4 (1.1-1.9) 4.0 (2.1-7.6) 364.5 (258.2-572.8) 260.4
CoV-0C43 1.6 (1.1-2.3) 6.6 (3.0-14.4) 188.5 (123.2-288.5) 117.8
RSV n.a. n.a. >1350 n.a.
2HP-pCD SARS-CoV-2 n.a. n.a. 170.1 (136.8-211.7) n.a.
CoV-0C43 n.a n.a. >1350 n.a.
RSV n.a. n.a. >1350 n.a.
n.a. not assessable.
270HC: 27-hydroxycholesterol.
@ ECsp half-maximal effective concentration.
b CI confidence interval.
¢ ECgp90% effective concentration.
d CCsp half maximal cytotoxic concentration.
¢ SI selectivity index.
—— Pretreatment Table 2
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Fig. 2. Time-of-addition experiments. The step of SARS-CoV-2 (A) and HCoV
0C43 (B) replicative cycle inhibited by 2HP-BCD:270HC was investigated.
Time-of-addition experiments were performed by treating cells before or after
viral inoculum (named respectively “pretreatment” and “post-infection treat-
ment” protocols). The percentage of infectivity inhibition was calculated by
comparing the number of viral plaques in treated and untreated wells. Error
bars represent the SEM of 2 independent experiments.

3.4. Oxysterols quantification in the serum from COVID-19 patients,
PACP and control individuals

By far, the most interesting finding of the cohort study was the
marked reduction of serum 270HC in both moderate and severe COVID-
19 patients compared to controls (P < 0.001 for both) (Fig. 5 and
Table S1).

Actually, the serum 270HC was already significantly reduced in the

Time-of-addition experiments with 2HP-CD:270OHC.

Virus Protocol EC50" (uM) - 95% EC90° (uM) - 95%
cL’ ClL
CoV-0C43 pretreatment 0.7 (0.5-1.0) 4.6 (1.9-11.2)
post-infection 8.3 (5.7-12.1) 34.6 (13.8-86.7)
treatment
SARS- pretreatment 7.8 (4.4-13.8) 123.4 (24.2-628.9)
CoV-2 post-infection 4.3 (3.0-6.2) 9.2 (4.0-21.0)

treatment

n.a. not assessable.
@ ECso half-maximal effective concentration.
b CI confidence interval.
¢ EC9090% effective concentration.

PACP group, the mean 270HC decrease being of 17% in PACP group,
30% in the moderate and of 50% in the severe COVID-19 group (Fig. 5).
The PACP group was in between controls and COVID groups (Fig. 5 and
Table S1). With regard to the other side chain oxysterols physiologically
present in human blood, namely 240HC and 250HC, only a slight but
significant decrease was observed in all three groups of infected sub-
jects, with the only exception of a modest but significant increase of
250HC in the PACP group. No correlation at all was observed between
240HC and 250HC serum levels and the severity of the disease.

Opposite to that of side chain oxysterols was the behaviour in
COVID-19 shown by the two B-ring non enzymatic oxysterols of major
pathological meaning, namely 7BOHC and 7KC, actually recognized
markers of oxidative stress [25,26]. Serum concentration of both oxy-
sterols showed a significant while moderate increment in severe
COVID-19 patients as respect to controls (P < 0.001 for both). Serum
7KC but not 7BpOHC was significantly increased in the moderate
COVID-19 patients as well (P = 0.002). In the SARS-CoV-2 positive but
pauci- or a-symptomatic subjects, both markers of oxidative stress did
not show any significant difference when compared to the control in-
dividuals (Fig. 6).

4. Discussion

The data reported in this study demonstrate that 27OHC blocks the
replication in vitro of two human CoVs belonging to the p-coronavirus
genus: SARS-CoV-2 and HCoV-OC43. These findings further confirm the
broad spectrum of antiviral activity of 270HC, which has been already
demonstrated for herpes simplex virus, rhinovirus, rotavirus and papil-
lomavirus [5]. Since all of these viruses are phylogenetically unrelated,
with ample diversity in their replicative cycles and structures, it is un-
likely that 270HC targets specific functions such as viral enzymes or
anti-receptors. Moreover, 270HC does not directly inactivate the viral
particle as shown also in previous studies [8] (Fig. S1). The ability to
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Fig. 3. Infectivity inhibition as assessed by immunofluorescence experiments. Huh-7 (A) and MRC-5(C) cells were infected with SARS-CoV-2 and HCoV OC43 in the
presence of 2HP-BCD:270HC, then fixed at 48 h post-infection and stained with DAPI and specific antibodies. Panels B and D show respectively the number of SARS-
CoV-2 and HCoV OC43 positive cells. On the y axis, this value is expressed as % of the virus positive cells as compared to DAPI positive cells. Error bars represent the

SEM of 2 independent experiments.

impair viral entry and/or replication when added up to 24 h before virus
inoculum supports the idea that 270HC modifies cell structures rather
than targeting viral components. Indeed, the host-targeting antiviral
mode of action has already been reported by Civra et al. [10], showing
that 270HC induces accumulation of cholesterol in the late endosomal
compartment resulting in sequestering human rotavirus particles inside
these vesicles, thereby preventing cytoplasmic viral replication. Since
also CoVs entry into the host cells involves the endocytic pathway
[27-29], the anti-CoVs activity of 27OHC appears due, at least in part, to
the transient modification of the endosomal membrane composition and
function exerted by the oxysterol.

This is especially true in case of 270HC externally added to the cells,
that is in a pharmaceutical mode, in other words as a drug product.
Exogenously added 270HC was proven to almost exclusively accumu-
late in lipid rafts, as opposed to oxysterols of not enzymatic origin that
randomly localize in plasma membranes [12]. Thus, 270HC is modi-
fying structure and most likely function of these crucial membrane

lipid-protein clusters, where by the way the ACE-2 receptor exploited by
SARS-CoV-2 to enter the target cells is located [30], and it certainly
induces a modification of multivesicular endosome biogenesis, that by
lipid rafts is regulated [31]. Further, we very recently observed in HeLa
cells a significant 270HC-dependent down-regulation of cation inde-
pendent isoform of mannose-6-phosphate receptor (MPRci) [11], a
transporter located at late endosomes whose activity appears crucial for
all viruses exploiting the endosomal way to enter and diffuse within cells
[32-34]. All together, these facts and findings point to the inhibition of
virus entry as the primary protective mechanism of 270HC externally
added to cells.

In this relation, very likely appears the involvement of redox re-
actions at the 270HC concentration range proven to inhibit SARS-CoV-2
and CoV-OC43 replication, since similar oxysterol’s amounts have been
previously demonstrated to transiently increase the level of oxidant
species in human promonocytic cells through the activation of NADPH
oxidase and the modulation of mitochondrial membrane potential [35].
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Table 3
Laboratory parameters of hospitalized COVID-19 patients.
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Parameter (normal range values) COVID-19 moderate, n = 36

COVID-19 severe, n = 81 Mann-Withney U test

Mean + SD Median IQR Min-Max Mean + SD Median IQR Min-Max

RBC (4.5-6.5 x 10°/L) 4.28 + 0.65 4.39 4.03 + 0.69 4.06 0.07
3.80-4.76 3.60-4.46
2.67-5.67 2.02-6.66

HB (13-18 mg/dL) 12.61 + 2.14 13.15 12.06 + 2.81 12.00 0.04
11.05-14.05 10.78-13.30
7.80-16.70 6.70-31.10

HTC (40-54%) 36.94 + 6.27 36.50 34.45 + 4.65 35.50 0.04
33.35-41.90 31.75-37.50
20.80-50.90 19.50-44.30

WBC (4-11 x 10°/L) 12.35 + 20.16 7.95 8.69 + 4.26 7.70 0.48
5.85-11.15 5.53-11.40
2.90-127.00 3.50-22.40

PLT (140-450 x 10°/L) 262.61 +117.17 235.50 253.51 + 121.43 231.00 0.73
171.50-350.00 174.75-306.50
18.00-525.00 13.00-580.00

NEUT (1.2-6.93 x 10°/L) 8.20 + 6.71 5.70 6.91 + 4.16 5.46 0.73
3.85-10.54 3.90-9.53
1.29-30.62 1.67-20.61

EOS (0-0.37 x 10°/L) 0.04 + 0.07 0.00 0.04 + 0.09 0.00 0.86
0.00-0.05 0.00-0.04
0.00-0.25 0.00-0.60

BASO (0-0.1 x 109/L) 0.00 + 0.03 0.00 0.02 + 0.05 0.00 0.12
0.00-0.00 0.00-0.00
0.00-0.13 0.00-0.35

LYMP (0.85-3.23 x 10°/L 0.89 + 0.41 0.81 1.03 + 0.77 0.82 0.86
0.69-0.96 0.57-1.20
0.30-2.20 0.17-4.80

MONO (0-0.67 x 10°/L) 0.70 + 0.54 0.48 0.47 + 0.28 0.42 0.05
0.34-0.91 0.26-0.62
0.08-2.52 0.10-1.62

N/L 10.81 + 11.18 8.10 10.94 +12.11 7.80 0.92
5.12-10.99 3.63-14.35
1.34-47.56 0.84-83.94

CREA (0.5-1.2 mg/dL) 1.45 + 2.16 0.91 1.55 +1.52 1.14 0.03
0.80-1.14 0.85-1.52
0.60-13.35 0.35-8.11

ALT (9-59 U/L) 93.20 + 141.99 52.00 74.05 + 153.77 36.00 0.10
32.00-99.00 24.50-63.50
16.00-780.00 13.00-1206

CK (38-174 U/L) 763.73 + 2438.05 115.00 401.84 + 788.81 156.00 0.35
61.50-180.00 68.00-302.00
14.00-9565.00 9.00-4397

LDH (125-220 U/L) 369.48 + 122.89 353.00 374.07 + 143.08 347.50 0.88
280.25-465.50 289.50-411.50
142.00-620.00 171.00-1108

PCT (0-0.5 ng/mL) 0.44 + 0.50 0.30 1.77 £+ 5.60 0.27 0.79
0.16-0.49 0.10-0.63
0.04-2.24 0.03-38.39

CRP (0.0-5.0 mg/L) 108.48 + 83.28 91.84 116.07 + 87.46 97.60 0.69
52.38-146.59 44.94-162.31
4.79-330.79 4.22-377.10

Data are presented as Mean + SD and as Median, interquartile range IQR, Min-Max.

Red Blood Cells, RBC; Haemoglobin, Hb; Haematocrit (Hct); White Blood Cells, WBC; Platelet Count, PLT; Neutrophil count, NEUT; Eosinophil count, EOS; Basophil
count, BASO; Lymphocyte count, LYMP; Monocyte count, MONO; neutrophils/lymphocyte ratio, N/L; creatinine, CREA; alanine aminotranspherase ALT; creatinine-
chinase, CK; lactic dehydrogenase, LDH; procalcitonin, PCT; C reactive protein, CRP.

How such a transient oxidative imbalance exerted by 270HC contributes
to its anti-SARS-CoV-2 and anti-CoV-OC43 activity is matter of ongoing
studies, that are also considering this oxysterol ability to induce auto-
phagy [36], a cellular degradation process in principle favouring the
elimination of viral pathogens by delivering viral particles for lysosomal
degradation and closely interacting with innate immunity [37]. Notably,
the pro-autophagic effect of 27OHC observed in human promonocytic
cells was abolished by cell pretratment with a selective NADPH oxidase
inhibitor [36].

270HC has also been shown to modulate the immune-response to
infections by increasing the expression of dendritic cell markers and
MHC classes I and II molecules [38,39] or by activating the TLR4/NF-xB
signaling pathway [40], or to induce expression, synthesis and release of
Heat Shock Protein 60 (HSP60) [41], a chaperone molecule of

mitochondrial origin, recognized to play an important role in the
intercellular immune network [42]. Finally, all immune cells express the
oxysterols’ receptors Liver X (LXRs) [43], but how their activity could be
modulated by molecules like 270HC still has to be elucidated.

The physiological nature of 270HC and its potential role as first line
constitutive effector of the antiviral defences of human body prompted
us to analyse the 270HC serum levels in COVID-19 patients at different
stages of disease progression.

Standard laboratory findings achieved in hospitalized patients were
consistent with previous reports on COVID-19 [44-47]. Of particular
interest were the low or very low serum cholesterol levels observed in
moderate and severe COVID-19 patients, respectively (Fig. 4 and
Table S1), indicating a severe impairment of cholesterol metabolism.
Serum cholesterol has just been shown to be significantly decreased in
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Fig. 4. Serum content of cholesterol and main precursor sterols in SARS-CoV-2 infected subjects. CNT (n = 123): controls; PACP (n = 27): pauci-/a-symptomatic;
MOD (n = 36): moderate-COVID-19 patients; SEV (n = 81): severe COVID-19 patients. Mann-Withney U test, *P < 0.05; **P < 0.01; ***P < 0.001 (also see

Supplementary Table 1).

COVID-19 patients in direct relation with the severity of the disease,
with data highly consistent with those obtained in this study [48], while
the reduction of the main sterol precursors of cholesterol in COVID-19
has not been reported in the literature yet. A big impairment of
cholesterol metabolism, at least in severe COVID-19 patients, was
actually expected since a net reduction of cholesterol biosynthesis was
described as associated with massive acute phase reaction [49].
Certainly remarkable is the fact that, despite such a profound derange-
ment of cholesterol metabolism in COVID-19, of the three cholesterol
oxidation products of enzymatic origin physiologically present in human
blood, i.e. 240HC, 250HC and 270HC, only 270HC showed a pro-
nounced decrease whose intensity tightly correlated to the disease
progression (Fig. 5).

The drop in 270HC serum concentration appeared to be a specific
event, since 240HC was slightly reduced only in moderate (P = 0.036)
and severe (P = 0.029) COVID-19 cases, while 250HC exhibited a small
but significant decline only in severe patients (P = 0.018) and it was
even slightly increased in the PACP group (P = 0.033 compared to
controls, P < 0.001 compared to severe COVID-19 patients), possibly as
a consequence of a transiently beneficial INFy-mediated induction of
cholesterol-25-hydroxylase (Fig. 5) [6,50].

Still with regard to the quantification of oxysterols in SARS-CoV-2
infected subjects, a consistent while moderate increase of serum 7-keto-
cholesterol and 7p-cholesterol, recognized in vivo markers of oxidative
stress, was observed in COVID-19 patients but not in pauci- and a-
symptomatic individuals. Actually, an expected finding, because of the
serious inflammatory state afflicting those patients, but, to our knowl-
edge, a not yet reported observation.

It is not easy, at present, to identify the reason for the detected se-
lective drop in the 270HC serum level during SARS-CoV-2 infection in
the course of COVID-19. The most plausible hypothesis is that a

progressive “mitochondrial stress” would occur at systemic level in
those pathological conditions, and that such an impairment would affect
the activity of the ubiquitous mitochondrial 27-cholesterol hydroxylase
(Cyp27A1) [511, which is the enzyme that converts cholesterol to
270HC.

Whatever is the actual cause of the progressive reduction of 270HC
in the course of COVID-19, this observational clinical study definitely
suggests the opportunity of counteracting such an event, in order to
reinforce or reintegrate the antiviral defence system with the adminis-
tration of suitably formulated 270HC endowed with antiviral activity.

Notably, the inhibitory activity also shown against CoV-OC43, which
is responsible for 10-20% of the cases of common cold together with
CoV-229E [52], further highlights the broad antiviral effect of 270OHC,
thus opening interesting perspectives on its consideration in future
strategies against emerging coronaviruses.

5. Conclusions

In conclusion, this report demonstrates the antiviral activity of
270HC against SARS-Cov-2 and one related f-coronavirus and shows
the dramatic decrease of physiological levels of 270OHC in severe COVID-
19. Although the latter observation deserves further investigation, the
identification of 270HC as a novel physiological antiviral with a broad
spectrum against f-coronaviruses may be of great importance for the
treatment of SARS-CoV-2 infections and possible future epidemics.
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Fig. 6. Serum level of 7KC and 7BOHC in SARS-CoV-2 positive subjects. CNT (n = 123): controls; PACP (n = 27): pauci-/a-symptomatic; MOD (n = 36): moderate-
COVID-19 patients; SEV (n = 81): severe COVID-19 patients. Mann-Withney U test, *P < 0.05; **P < 0.01; ***P < 0.001 (also see Supplementary Table 1).
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Abstract: Repurposing clinically available drugs to treat the new coronavirus disease 2019 (COVID-19)
is an urgent need in the course of the Severe Acute Respiratory Syndrome coronavirus (SARS-CoV-2)
pandemic, as very few treatment options are available. The iminosugar Miglustat is a well-characterized
drug for the treatment of rare genetic lysosome storage diseases, such as Gaucher and Niemann-Pick
type C, and has also been described to be active against a variety of enveloped viruses. The activity
of Miglustat is here demonstrated in the micromolar range for SARS-CoV-2 in vitro. The drug acts
at the post-entry level and leads to a marked decrease of viral proteins and release of infectious
viruses. The mechanism resides in the inhibitory activity toward o-glucosidases that are involved in
the early stages of glycoprotein N-linked oligosaccharide processing in the endoplasmic reticulum,
leading to a marked decrease of the viral Spike protein. Indeed, the antiviral potential of protein
glycosylation inhibitors against SARS-CoV-2 is further highlighted by the low-micromolar activity
of the investigational drug Celgosivir. These data point to a relevant role of this approach for the
treatment of COVID-19.

Keywords: COVID-19; SARS-CoV-2; coronavirus; inhibitor; antiviral; Miglustat; spike; Celgosivir

1. Introduction

The novel Severe Acute Respiratory Syndrome coronavirus (SARS-CoV-2), the etio-
logic agent of coronavirus disease 2019 (COVID-19), has now spread worldwide causing
a global pandemic [1,2]. To date there have been more than 120 million confirmed cases
and almost 3 million deaths worldwide spurring a global effort to tackle the disease [3].
SARS-CoV-2 belongs to the genus Betacoronavirus of the order/family/sub-family Nidovi-
rales/Coronaviridae/Coronavirinae [4]. The virion is enveloped and contains a single
RNA genome of positive polarity.

Morphologically, SARS-CoV-2 is about 120 nm in diameter with large projections of
heavily glycosylated trimeric Spike (S) proteins. Other surface proteins include the mem-
brane (M) and envelope (E) proteins, while, inside the envelope, the helical nucleocapsid
(N) wraps the viral RNA.

The virus targets cells of the upper and lower respiratory tract epithelia through the
viral Spike that binds to the angiotensin-converting enzyme 2 (ACE2) receptor, a process
facilitated by the host type 2 transmembrane serine protease, TMPRSS2. Once inside the
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cell, viral polyproteins are synthesized that encode for the replication machinery required
to synthesize new RNA via the RNA-dependent RNA polymerase activity.

Replication is cytoplasmatic at the level of the endoplasmic reticulum (ER), which is
heavily rearranged. Structural proteins are then synthesized leading to the completion
of assembly and the release of viral particles [5,6]. Currently, specific antiviral treatment
against SARS-CoV-2 is limited to the repurposed drug remdesivir, which received emer-
gency use authorization for COVID-19 treatment; however, debate on its real efficacy
remains open. Indeed, in addition to remdesivir, several antiviral drugs being proposed
are from the repurposing of drugs developed for other viral infections.

Lopinavir, ritonavir, (hydroxy)chloroquine, umifenovir, and favipiravir are examples
that are currently being evaluated; however, none have been conclusively shown to be
effective [7]. A recent addition to the armamentarium of strategies to inhibit SARS-CoV-2
is represented by neutralizing monoclonal antibodies, although their narrow window
of applicability and sensitivity to Spike immunological escape mutations makes them
non-resolutive [8].

The iminosugar Miglustat (Zavesca; N-butyl-1-deoxynojirimycin, NB-DNJ) inhibits
a-glucosidases I and II, which are involved in the early stages of glycoprotein N-linked
oligosaccharide processing in the ER [9]. As most enveloped viruses require glycosylation
for surface protein folding and secretion, modulation of the oligosaccharides to induce a
reduction in infectivity is a strategy for the treatment of immune deficiency virus type 1
(HIV-1), culminating in phase I/1I clinical trials [10,11].

The use of iminosugars to misfold viral glycoprotein as a therapeutic approach has
thus far been applied to several other viral infections including: hepatitis B and C viruses,
Dengue and other flaviviruses, and Ebola virus [12-14]. An additional property of certain
iminosugars is the glucosyltransferase inhibition activity, which is the basis for the current
therapy of rare genetic lysosome storage diseases, such as Gaucher and Niemann-Pick
type C [15]. This activity of Miglustat could impact virus entry by modification of the
plasma membrane.

Celgosivir is an investigational prodrug of the natural x-glucosidases I inhibitor cas-
tanospermine, which was initially developed, similarly to Miglustat, as an HIV-1 inhibitor
up to Phase I-II clinical trials [16,17]. Phase II clinical trials have also been conducted in
patients with hepatitis C virus infection and showed poor efficacy as monotherapy but
were synergistic in combination with pegylated Interferon «-2b [18]. With the advent of
highly effective direct acting antivirals for HCV, the use of interferon and associated drugs
is not the primary recommended treatment option for HCV.

Finally, the Phase 1b CELADEN trial investigated the safety and efficacy of Celgosivir
in patients with Dengue fever [19]. Although safe and well tolerated, Celgosivir did not
significantly reduce the viral load or fever burden in Dengue patients. However, early
intervention may be required as shown in animal studies [20]. Careful evaluation of the
CELADEN trial suggested that new dosing regimens could achieve better responses in
patients with secondary Dengue infection [21].

The wealth of data on the clinical use of Miglustat for the treatment of lysosomal
storage disorders and the antiviral properties observed on enveloped viruses make Miglu-
stat an ideal candidate of drug repurposing for COVID-19. In this work, Miglustat was
shown to be active for the inhibition of SARS-CoV-2 in different cell types at concentrations
compatible with those obtained for the treatment of Gaucher and Niemann-Pick type C
in patients.

Time of addition studies indicated that the inhibitory activity was at the post-entry
level and affected the release of infectious viruses. The proper folding and release of the
Spike protein and progeny virus appeared to be affected. In addition, the glycosylation
inhibitor Celgosivir, which has also been shown to be active against various viruses, has
been tested for SARS-CoV-2 and showed potent activity. These data further highlight the
opportunity of using inhibitors of this essential pathway for the treatment of COVID-19.



Viruses 2021, 13, 808

30f12

2. Materials and Methods
2.1. Cells, Virus and Antiviral Assay

Vero E6 cells (ATCC-1586) HEK 293T (ATCC CRL-3216), A549 (ATCC CCL-185), U20S
(ATCC HTB-96), human hepatocarcinoma Huh-7 cells kindly provided by Ralf Barten-
schlager (University of Heidelberg, Heidelberg, Germany), lung adenocarcinoma Calu-3
(ATCC HTB-55), and Huh-7 cells engineered by lentivirus transduction to overexpress the
human ACE2 (Huh7-hACE2) [22] were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, ThermoFisher, Paisley, UK ) supplemented with 10% foetal bovine serum (FBS,
ThermoFisher, Paisley, UK) and antibiotics. Cell cultures were maintained at 37 °C under
5% CO2. Cells were routinely tested for mycoplasma contamination.

Working stocks of SARS-CoV-2 ICGEB-FVG_5 isolated in Trieste, Italy, were routinely
propagated and titrated on Vero E6 cells [23]. Plaque assay was performed by incubating
dilutions of SARS-CoV-2 on Vero E6 monolayers at 37 °C for 1 h, which were then washed
with phosphate buffered saline (PBS) and overlaid with DMEM 2% FBS containing 1.5%
carboxymethylcellulose (CMC, Sigma-Aldrich, St Louis, USA) for 3 days. The cells were
then fixed with 3.7% paraformaldehyde (PFA, Sigma-Aldrich, St Louis, MO, USA) and
stained with crystal violet 1%. A cytotoxicity assay was performed with Alamar Blue
(ThermoFisher, Eugene, OR, USA) according to the manufacturer’s instructions.

2.2. Drugs and Proteins

Miglustat (NB-DNJ) and Celgosivir (MX-3253, MBI-3253) were purchased from Sigma-
Aldrich, St Louis, MO, USA (B8299 and SML2314, respectively). Miglustat was dissolved
in DMSO to obtain a stock solution, while Celgosivir was dissolved in distilled water.

The SARS-CoV-2 Spike protein receptor-binding domain (RBD) was expressed from
pCAGGS using a construct generously provided by Florian Krammer (Mount Sinai,
New York, NY, USA) [24]. The plasmid was transfected in 293T cells, and cell extracts and
supernatants were harvested at 24 h post-transfection. Miglustat 200 uM was added after
transfection and maintained in the medium until the end of the experiment.

Sequence coding for the full-length Spike protein was obtained from the isolate Wuhan-
Hu-1 (NCBI Reference Sequence: NC_045512.2). The nucleotide sequence, fused to an
immunoglobulin leader sequence (sec) at the N-terminus, with the codon optimized for
expression in mammalian cells, was obtained as a synthetic DNA fragment from GenScript
Biotech (Leiden, The Netherlands) and cloned as HindIII/ Apal into a pCDNAS3 vector.

2.3. Plaque Reduction Assay

Vero E6 cells were seeded at 6 x 10* cells/well density in a 48-well plate and incubated
at 37 °C overnight. The cells were infected with 30 viral PFU/well and incubated at 37 °C
for 1 h. Following incubation, the virus was removed, and the wells washed with 1x PBS.
The infected cells were maintained with 800 pL of overlay medium containing 1.5% CMC
with DMEM + 2% heat-inactivated FBS, and Miglustat dilutions. The cells were then
incubated at 37 °C for 3 days. Finally, the cells were fixed with 3.7% PFA and stained with
crystal violet.

The plaques were counted, and the values were normalized to the vehicle (DMSO).
The plaque reduction assays were conducted in double replicates for three independent
experiments. The inhibition was calculated with the formula: (1-(average plaques Miglu-
stat/average plaques Vehicle)) x 100 and plotted against dilutions as the antilog. For
the cytotoxicity assay, the fluorescence readings were normalized for vehicle and percent
plotted against the dilutions. The half maximal effective concentration (ECsp) and cytotoxic
concentration (CCsp) were calculated using GraphPad Prism Version 7.

2.4. Immunofluorescence, Immunoblotting, and Flow-Cytometry

A recombinant monoclonal reactive with the receptor-binding domain of the S protein
was generated based on a mouse small immune protein (SIP) scaffold (mSIP-3022) [25]. The
DNA fragment encoding for the variable regions VL (NCBI accession code: DQ168570.1)
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and VH (NCBI accession code: DQ168569.1) of human monoclonal antibodies, clone
CR3022 [26,27], was synthetized as scFV by GenScript Biotech (Leiden, Netherlands) and
cloned into ApalI-BspEI sites upstream of the Hinge-CH2-CH3 domains of the mouse
IgG2b expression vector as described previously [28].

The plasmid was transfected in ExpiCHO-S cells (Life-Technologies, Bleiswijr, The
Netherlands) following the manufacturer’s instructions. Eight days post transfection,
the supernatant was loaded on the HiTrap protein G HP 1 mL column (GE Healthcare,
Chicago, IL, USA) in binding buffer (20 mM sodium phosphate pH 7.0) and eluted with
acetic acid 50 mM pH 2.7. The eluted antibody was immediately neutralized with 1 M
Tris pH 8, and analysed by RP-HPLC and by SDS PAGE to maintain the dimeric structure.
The production yield was 0.8 mg/mL. For immunofluorescence, the cells were fixed in
3.7% PFA, permeabilized with 0.1% Triton and processed with mSIP-3022 as per standard
procedure [29].

Since mSIP-3022 did not react with the denatured S protein, a convalescent serum
from a COVID-19 patient was used for immunoblotting at a 1:200 dilution. The images
were acquired on a Zeiss LSM880 confocal microscope. For immunoblotting, whole-cell
lysates were resolved by 12% SDS-PAGE and blotted onto nitrocellulose membranes. The
membranes were blocked in 5% nonfat milk in Tris-buffered saline (TBS) plus 0.1% Tween
20 (TBST), followed by incubation with the human serum diluted 1:200 in the same solution
for 1 h at room temperature.

After washing three times with TBST, secondary horseradish peroxidase (HRP)-
conjugated antibodies were incubated for 1 h at room temperature. The blots were devel-
oped using a chemioluminescent HRP substrate (Millipore, Billerica, USA). An anti-his
antibody (monoclonal #8722 Sigma) was used at 1/2000 dilution for immunoblotting. The
anti-Spike RBD mouse monoclonal MAB105420 (R&D systems, Northest Minneapolis, MN,
USA) was used at the concentration of 2 pg/mL for immunoblotting.

HEK 293T cells expressing the Spike protein on the cell surface were incubated
for 40 min in 3% BSA in PBS buffer and then stained with the mSIP-3022 (1 pug/mL)
or MAB105420 (1 pg/mL) antibodies in the same buffer. After washes and incubation with
secondary goat anti mouse IgG antibody diluted 1/1000 (Alexa 488 Jackson Immunofloures-
cence, Cambridge, UK), the cells were analysed with FacsCalibur and Cell-Quest software
(Beckton Dickson, Sanjose, CA, USA).

2.5. Viral RNA Quantification

The 812bp SARS-CoV-2_multitarget (MTG) synthetic RNA sequence was synthesized
and cloned into the pEX-A128 vector (Eurofins Genomics, Ebersberg, Germany). The
primers and probes (FAM-BBQ/BHQ1) for rRT-qPCR are listed in Supplementary Table S1
and include also a specific set for the unique detection of the SARS-CoV-2_MTG as well as
of the endogenous RNAse P.

The DNA of pEX-A128-SARS-CoV-2_MTG was linearized with EcoRI and purified by
the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel catalog no: REF 740609.50).
Synthetic RNA was obtained by T7 in vitro transcription with MEGAscript T7 Kit n.
AM1333 (ThermoFisher, Rockford, IL, USA) according to manufacturer’s specifications.
The RNA was then quantified by UV light absorbance using a nanodrop and loaded on a
6% Acrylamide/8 M Urea gel.

Synthetic and viral RNAs were reverse transcribed and amplified with the Luna Uni-
versal Probe One-Step Reaction Mix (New England BioLabs, Ipswich, MA, USA, catalogue
no. E3006L). Uniform reaction conditions were set to a 10 min RT reaction at 55 °C, with
denaturation at 95 °C for 3 min, 45 cycles of amplification with extension at 58 °C for
30 s, and denaturation at 95 °C for 15 s. Primers were used at the concentrations shown
in Supplementary Table S1. The amplification reactions were performed on a BioRad
Cfx96 Thermocycler.

More detailed information on the SARS-CoV-2_multitarget (MTG) synthetic RNA is
available at https://www.icgeb.org/covid19-resources/ (accessed on 29 April 2021).
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2.6. High Content Assay

The assay is described in detail elsewhere [30]; briefly, Huh 7-hACE2 cells were seeded
overnight to adhere to a 96-well plate, treated with serial dilution of the compounds, and
then infected with SARS-CoV-2 with appropriate controls (vehicle, not infected, infected
and not treated, and infected and treated with the control inhibitor hydroxychloroquine).
The plates were incubated for 20 h at 37 °C, and then fixed with 4% PFA, permeabilized
with 0.1% of Triton-X for 15 min and incubated in blocking buffer (PBS containing 1%
of BSA).

The antibody mSIP-3022 was diluted in blocking buffer and incubated for 2 h at
37 °C. The cells were washed twice in PBS and incubated with the secondary antibody
AlexaFluor488-conjugated goat anti-mouse IgG (Cat No. A-11001, ThermoFisher, Rockford,
IL, USA) plus DAPI for 1 h at 37 °C. Each plate was kept in PBS after washing. Digital
images were acquired using the Operetta high content imaging system (Perkin Elmer,
Walthem, MA, USA). The digital images were taken from nine different fields of each well.
The total number of cells (nuclei) and the number of infected cells were analysed using the
Columbus Image Data Storage and Analysis System (Perkin Elmer, Waltham, MA, USA).

2.7. Statistics

Typically, three independent experiments in triplicate repeats were conducted for
each condition examined. The average values are shown with the standard deviation and
p-values, measured with a paired two-tailed t-test. Only significant p-values are indicated
by the asterisks above the graphs (** p < 0.01 highly significant; * p < 0.05 significant).
Where asterisks are missing, the differences were calculated to be non-significant (n.s.).

3. Results
3.1. Anti-SARS-CoV-2 Activity of Miglustat in Vero E6 and Huh7 Cells

The antiviral properties of Miglustat were initially assessed by performing a plaque
assay. SARS-CoV-2 strain ICGEB-FVG_5 was used to infect Vero E6 cells for 1 h. After
removal of the inoculum and a wash in PBS, the cells were overlaid with medium containing
1.5% CMC and dilutions of the drug as indicated in Figure 1a. At 72 h post-infection, the
cells were fixed and stained to reveal plaques, which were visually counted. In parallel, the
cytotoxicity was assessed by the Alamar blue method at the indicated dilutions of drug.
The effective concentration for 50% inhibition (ECsg) of Miglustat was 41 + 22 uM with no
apparent cytotoxicity up to 1000 uM (CCsp > 1000 uM). The plaque assay was performed in
Vero E6 cells, which is standard for the growth of SARS-CoV-2. However, further analysis
would be better performed in cells of human origin.

To establish an infectious model in human cells, a number of available cell lines were
tested, including U20S (osteosarcoma), A549 (adenocarcinoma of the human alveolar
basal epithelial), HEK 293 (human embryonic kidney cells), and Huh7 (hepatocellular
carcinoma). None of the cell lines tested supported SARS-CoV-2 infection except for
the Huh? hepatocellular carcinoma cell line. As shown in Supplementary Figure S1A,
Huh? supported SARS-CoV-2 infection, albeit delayed by 24 h and at a lower efficiency
compared to Vero E6. Miglustat showed an ECs of 13.45 & 0.7 uM and a CCsp > 1000 uM
in Huh? as measured with the virus yield inhibition assay and by the Alamar blue method
for cytotoxicity.

To stain infected cells, a protocol for immunofluorescence was established. To this end,
a recombinant monoclonal based on an SIP mouse scaffold (mSIP-3022) was generated
carrying the CDR regions of the antibody CR3022 reactive against the receptor binding
domain (RBD) of the Spike protein of SARS-CoV-1, which showed high binding affinity
also for SARS-CoV-2 Spike protein [27]. As shown in Supplementary Figure S1B, mSIP-3022
efficiently stains the Spike protein in the cytoplasm of infected Vero E6 and Huh?7 cells 24 h
post-infection.
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Figure 1. Anti-SARS-CoV-2 activity of Miglustat. (a) Antiviral plaque assay. Miglustat at the indicated concentrations
was added to Vero E6 monolayers infected with SARS-CoV-2. Following incubation for three days, the cells were fixed
and stained to count the viral plaques against vehicle control, which were plotted as the percent inhibitory activity (black

dots). The cytotoxicity was measured by the Alamar blue method and data plotted as percent viability (red squares).

(b) Immunofluorescence assay. Huh?7 cells were infected with SARS-CoV-2 moi = 0.1 and incubated with Miglustat as
indicated. The cells were then fixed and stained with mSIP-3022 antibody against Spike (red) to acquire confocal images.
The nuclei were stained by DAPI. The bar corresponds to 20 um. (¢) Quantification of infected cells. SARS-CoV-2 infected
cells were counted. The results from 200 cells per condition were plotted as the percent of infected cells. Each pair of

mock/treatment conditions was analysed and only significant differences are marked by the asterisks, significant p-values

are indicated by ** p < 0.01 highly significant; * p < 0.05 significant, measured with a paired two-tailed ¢-test.

Next, the efficiency of the SARS-CoV-2 infection of Huh7 cells was assessed in the
presence of Miglustat. As shown in Figure 1b and quantified in Figure 1c, Miglustat
maintained the number of Huh? infected cells at the level observed 24 hpi, while the mock
treated cells showed an increase of infected cells at 48 hpi as expected from an expansion
of the infection in the cell culture. We also noted that the mean fluorescence intensity of the
Spike signal decreased significantly in treated cells (Supplementary Figure S2).

Finally, we also measured the inhibitory activity of Miglustat in the human lung cell
line Calu-3 to obtain a more physiological cellular model of infection. Miglustat had an
ECsp of 80.5 4+ 23 uM and a CCsy > 1000 uM in Calu-3 cells as measured with the virus
yield inhibition assay and by the Alamar blue method, respectively.

These data confirm the inhibitory effect of Miglustat in cells of human origin and
suggest that the activity of Miglustat is at the level of replication and/or secretion of new
infectious virus and not at the binding and entry level.

3.2. Dissection of Miglustat Antiviral Activity by Time of Addition Experiments

To better characterize this hypothesis, a time-of-addition (TOA) experiment was per-
formed. Different conditions were used: pre-treatment, co-treatment, and post-treatment.
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Huh?7 cells were pre-treated with 200 uM Miglustat for 3 h and then infected for 1 h in
the absence of drug (moi = 0.1). Afterward, the virus was removed and the cells were
cultured in drug-free medium until the end of the experiment. For co-treatment, the drug
was added together with the virus during infection, and then the cells were maintained in
drug-free medium.

For the post-entry experiment, the drug was added at 3 h post-infection and main-
tained until the end of the experiment. As shown in Figure 2a, addition of the drug did
not affect the viral entry, and the drug was not virucidal when administered concomitant
with infection. Replication (intracellular viral RNA) was slightly affected at 48 hpi and
significantly at 72 hpi consistent with the idea that Miglustat was effective at the post-entry
level. This was reflected by the reduction of intracellular nucleocapsid N protein observed
at both time points (Figure 2b).

Interestingly, a strong reduction of infectious virus was observed in the post-entry
conditions (Figure 2¢,d) paralleled by a decrease of extracellular viral genomes (Figure 2e,f)
and N protein (Figure 2g). To note, the quantification of viral genomes was obtained by
a method developed for the purpose that takes advantage of a synthetic RNA carrying
several of the targets for amplification currently in use (Supplementary Figure S3 and
Table S1). This approach is freely available by accessing the ICGEB COVID-19 Resources
pages (https:/ /www.icgeb.org/covid19-resources/) (accessed on 29 April 2021).

As we measured only a minor effect of the drug on intracellular viral RNA together
with a more pronounced inhibition on released viral genomes and on infectivity, we decided
to explore the later stages of the viral lifecycle in greater detail.
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Figure 2. Time of addition studies and the role of Spike. (a) Time-of-addition experiment: SARS-CoV-2 genomic RNA.
Huh? cells were infected at moi = 0.1 and incubated with Miglustat before infection (pre-treatment), during infection
(co-treatment), and after infection (post-treatment) as described in the text. At the indicated time points, the total RNA
was extracted from the infected cells and analysed by RT qPCR. The data are shown as fold-change normalized to their
respective TO values. (b) Time-of-addition experiment: SARS-CoV-2 proteins. Protein extracts from Huh?7 cells treated as
in (a) were immunoblotted with a COVID-19 convalescent human serum. The N protein is indicated with Vimentin as
the loading control. (c,d) Time-of-addition experiment: SARS-CoV-2 infectious virus. The infectious virus produced in
the experiment was measured as PFU/mL on Vero E6 cells as indicated. (e, f) Time-of-addition experiment: SARS-CoV-2
secreted genomes. The SARS-CoV-2 genomes in the supernatant of infected cells were quantified by RT qPCR as indicated.
(g) Time-of-addition experiment: SARS-CoV-2 secreted virions. The virion protein N of secreted SARS-CoV-2 was detected
with a convalescent human serum. The loading controls are shown in Figure 2b showing the cell extract results of infected
cells. (h) Secretion of SARS-CoV-2 Spike RBD. The his-tagged Spike-RBD was expressed for 24 h in HEK-293T cells in the
presence of Miglustat and protein detected by immunoblot for the his-tag both in supernatant and cell extracts with -actin
as the loading control. (i,j) Surface expression of SARS-CoV-2 Spike. Full-length SARS-CoV-2 Spike was expressed in
HEK-293T cells for 24 h in the presence of Miglustat and its expression and correct folding on the cell surface was detected
with the mSIP-3022 antibody (i) or with the anti RBD antibody MAB10540 (j). The control was incubated with the secondary
antibody only (IgG). Significant p-values are indicated by ** p < 0.01 highly significant; * p < 0.05 significant, measured with
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a paired two-tailed t-test.

3.3. Effect of Miglustat on the Spike Protein

We expected Miglustat activity at the post-entry level to target the proper folding of
glycoproteins. The Spike protein and its receptor-binding domain are heavily glycosylated
and undergo folding and glycosylation through the ER before being secreted and exposed
on the plasma membrane. Previous data on the Spike protein of SARS-CoV-1 indicated that
both glycosylation and secretion were affected by Miglustat [31,32]. Therefore, we took
advantage of an expression vector for SARS-CoV-2 Spike RBD to assess the effect of Miglu-
stat treatment on protein release from transfected 293T cells. As shown in Figure 2h, the
protein was highly abundant in the cell supernatant in normal conditions; however, upon
treatment with 200 pM Miglustat, the amount of protein in the supernatant was reduced.

Conversely, RBD was more abundant in the intracellular extracts of treated cells, con-
sistent with the accumulation of misfolded proteins in the ER (Supplementary Figure S4).
These data point to the role of Miglustat as an inhibitor of the proper folding and/or
release of functional Spike protein. To reinforce this observation, full-length Spike protein
was transfected in 293T cells, and the fully folded protein expressed on the cell surface
was detected by the conformation-dependent mSIP-3022 antibody (Figure 2i). The anti-
body CR3022 was not developed for this study as it was discovered against SARS-CoV in
2003 [26] and further characterized for SARS-CoV-2 [27].

In this work, we cloned the complementarity-determining region (CDR) in a mouse
small immune protein (mSIP) scaffold and verified that it was able to detect Spike in
immunofluorescence and flow-cytometry. CR3022 was recently described to bind to Spike
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RBD of SARS-CoV-2 in a conformation-dependent mode through what is called protein
“breathing”, which requires the unmasking of a cryptic epitope bound by the antibody [33].
Indeed, when we repeated the experiment with a different SARS-CoV-2 Spike RBD antibody
able to bind a linear epitope (MAB10540), we demonstrated that Spike was still present on
the surface of cells expressing Spike and only marginally affected by Miglustat treatment
(Figure 2j). These data are not conclusive on the role of Miglustat in Spike folding but
are suggestive that the impact of the drug treatment could be both at the secretion and
folding level.

3.4. Anti-SARS-CoV-2 Activity of Miglustat and Celgosivir

To highlight the role of inhibitors of glycosylases in the context of SARS-CoV-2 infec-
tion, both Miglustat and the Castanospermine pro-drug Celgosivir were tested in parallel
in a high-throughput assay based on Huh7-hACE2 cells recently developed [30]. As shown
in Figure 3a, Miglustat confirmed its antiviral potential with an ECsq of 19.9 + 3.4 uM.
Celgosivir was also inhibitory as hypothesized, with a remarkable EC5p of 1 + 0.2 pM
(Figure 3b). In both cases, the number of viable nuclei increased upon treatment, a result
of the protection from infection and lack of cytotoxicity up to the highest concentrations
tested (500 and 200 uM, respectively). CCsy was also measured by the Alamar blue assay
with values exceeding 1000 uM for both drugs.
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Figure 3. Anti-SARS-CoV-2 activity of Miglustat and Celgosivir. (a) Dose response of Miglustat in Huh-7hACE2 cells.
Miglustat, at the indicated concentrations, was added to cell monolayers infected with SARS-CoV-2. Following incubation
for 20 h, the cells were fixed and stained with the anti-Spike recombinant antibody mSIP-3022. Immunofluorescence images
of infected cells (black) and the number of nuclei (blue) were collected and analysed by the Operetta high content imaging
system using the Columbus Image Data Storage and Analysis software. (b) The dose response of Celgosivir in Huh7-hACE2
cells. Celgosivir, at the indicated concentrations, was added to cell monolayers infected with SARS-CoV-2 and processed

as above.

4. Discussion

Host directed antiviral therapy is a strategy of inhibiting virus infection by targeting
host factors that are essential for viral replication [34]. Currently, there is a pressing need
for antiviral drugs in the context of SARS-CoV-2 infection. Miglustat is a drug that is in
current clinical use for the treatment of certain genetic disorders and was shown to be active
against a variety of viral infections making it a suitable candidate for drug repurposing
toward SARS-CoV-2 [35]. In this work, the activity of Miglustat against SARS-CoV-2 has
been demonstrated in vitro on Vero E6 cells with ECs( values ranging from 13 to 80 uM in
different cell lines.

The standard dosage for lysosomal storage diseases, such as Gaucher or Niemann-
Pick, is 100 mg/three times a day, with a maximum daily dose of 600 mg/day. A single
dose of 100 mg Miglustat reached a peak in plasma concentration of around 3-5 pM
within 4 h, while the half-life was approximately 8 h. When this dose was administered
every 4 h/six times per day, the plasma concentration of Miglustat stabilized around
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10 uM [36]. When 200 mg Miglustat was administered every 8 h/three times a day, the
plasma concentration could be also higher than 10 uM in 24 h. However, increased dosage
could lead to well-described adverse reactions that include tremors, diarrhoea, numbness,
and thrombocytopenia. The concentration of Miglustat at the site of SARS-CoV-2 replication
in the lungs is not known.

Miglustat has been shown to act through two different mechanisms: at the level of
virus entry, by perturbing the plasma membrane, and at the level of folding and secretion of
virion proteins by affecting the essential glycosylation steps in the ER. The first mechanism
is not supported by the data since pre-treatment of cells with Miglustat three hours before
infection did not inhibit SARS-CoV-2. However, the possibility remains open that Miglustat
affects a receptor that has a slow turnover and is affected only marginally in three hours.

For example, hACE2, the human receptor of Spike, has been shown to be targeted by
Miglustat, although the kinetics have not been investigated [37]. The correct folding and
secretion of glycoproteins is a process that is tightly controlled in the ER by chaperons, such
as Calnexin, that recognize specific glycosylation intermediates [38]. Miglustat interferes
with this process resulting in the accumulation of misfolded proteins and a defect in
secretion. Consistently, the Spike protein of SARS-CoV-1 was shown to bind Calnexin, and
disruption of this function caused a decrease of virus infectivity [32].

The inhibition of glycosylation of viral proteins in the ER exerts a potent antiviral
effect, which is further demonstrated by the activity of Celgosivir against SARS-CoV-2, with
an EC50 of 1 + 0.2 uM. Pharmacokinetics data from the CELANDEN clinical trial showed
that Celgosivir was rapidly converted to Catastanospermine in vivo with a maximum peak
concentration of 30.2 uM and a minimum concentration always above 2 uM throughout
the dosing period [21].

After this work was posted as preprint in May 2020, two other reports explored the
use of glucosidase inhibitors for the treatment of SARS-CoV-2. Nunez-Santos et al. tested
and confirmed Miglustat and Castanospermine, the active component of the prodrug
Celgosivir, as glycosylation inhibitors of SARS-CoV-2 Spike and the hACE2 receptor [37].
In their work, they failed to demonstrate a functional effect on syncytia formation or on the
interaction of Spike with hACE2. However, their approach was mostly based on transfected
Spike and did not consider infection assays.

ACE2 glycosylation inhibitors have been already shown to be functional in inhibiting
other human coronaviruses, thus, expanding the potential of Miglustat for another impor-
tant target for SARS-CoV-2 infection [39]. The mechanism was not clear, as it appears to
have occurred at a step following binding to the receptor. The work of Clarke et al. assessed
the activity of a derivative of Miglustat, UV-4, and of Celgosivir on SARS-CoV-2-infected
cells and demonstrated inhibitory activity in the micromolar range, in agreement with
our work [40]. These different approaches concur in demonstrating that inhibitors of
glucosidases are active in infectious assays and in in vitro assays probing Spike and ACE2
proteins. How the inhibitors are actually inhibiting the virus appears to be unrelated to
binding to the receptor and, instead, to a post-binding effect.

In conclusion, this work provides in vitro evidence for the repurposing of Miglustat
and for the investigational drug Celgosivir as inhibitors of SARS-CoV-2. Consideration
of both drugs for clinical trials for the treatment of COVID-19 patients should carefully
consider dosing, adverse side effects, and, most importantly, the initiation of treatment
with respect to the progress of the disease. Alternative routes of administration, such as
by aerosol, could also be envisaged for the treatment of COVID-19 patients. Inhibitors of
glycosidases represent a promising class of broad-range antivirals that could represent a
first line option for emerging viral infections.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/v13050808/5s1, Figure S1: (A) SARS-CoV-2 infectivity, (B) Immunofluorescence assay. Figure
S2: Effect of Miglustat on the mean fluorescence intensity of Spike staining in Huh7 cells. Figure S3:
(A) Sequence of the SARS-CoV-2 MTG synthetic RNA, (B) Quality check of SARS-CoV-2 MTG, (C)
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Definition of the linear range of amplification for the different primer sets used. Figure S4: Secretion
of SARS-CoV-2 Spike RBD. Table S1: Primers and probes used for RT-qPCR.
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