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INTRODUCTION

Hepatitis C virus

Morphology and composition

The hepatitis C virus (HCV) infection is the leading cause of several liver diseases such as chronic
hepatitis, cirrhosis and hepatocellular carcinoma (HCC) [1,2]. The HCV belongs to the family of
Flaviviridae genus Hepacivirus, and phylogenetic analysis discovered the presence of 6 major
genotypes divided into further subtypes [1]. In the last few years new HCV genotypes (7a/b and 8)
were discovered in central Africa and India, respectively [3-5]. Overall, genotypes 1 and 2 are
ubiquitously distributed over the world. The most common genotype in Europe and America is
genotype 1, while 3 and 6 are mainly distributed in Asia. In Africa, there is a greater distribution of
genotypes 2 in the West, compared to the Centre and the South, where genotypes 4 and 5 are more

prevalent, respectively [1].

The morphology and composition of the viral particles is characterised by a lipid bilayer obtained by
the interaction between the HCV virion assembly-release process and the host lipoprotein formation
[6]. The so-called Lipo-Viro-Particles (LVPs) are characterised by a diameter ranging 30-80 nm and
the presence of lipid bilayers means that HCV is a hybrid particle, composed by viral factors and
lipoproteins derived by a host cell including several apolipoproteins (ApoB-100, ApoC and ApoE)
[7]. The two viral glycoproteins (E1 and E2) are anchored to a lipid membrane envelope, which
surrounds the icosahedral structure of capsid formed by Core proteins (C) containing the viral genome
(HCV RNA) (Figure 1A). However, the exact LVP structure is still debated; according to the main
two hypotheses, the viral particles can interact transiently with lipoproteins (Figure 1B) or they form

fully integrated particles (Figure 1C) [8].

A)
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Figure 1. HCV Lipo-Viro-Particles (LVPs). A) HCV viral structure. B) and C) different L\VVP conformation
and interaction with host lipoproteins. The image was taken and adapted from Lindenbach & Rice 2013 [8].



The viral genome is a single-strand positive RNA (ssRNA+) approximately 9.6 kb-long, bordered by

two untranslated regions at 5” and 3’ (5’-NTR and 3’-NTR, respectively). sSRNA+ translation starts

from the internal ribosome entry site (IRES) located in the 5’-NTR. The presence of a single open

reading frame (ORF) leads to the formation of a single polyprotein of approximately 3000 amino

acids (aa), which is processed by viral and host proteases, obtaining ten mature viral proteins

classified as three structural (C, E1 and E2) and seven non-structural proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A and NS5B) [9] (Figure 2).

As mentioned above, the structural proteins include:

Core (21 kDa): a dimeric alpha helix (a-helix) protein, generated at the endoplasmic reticulum
lumen by the cleavage of the viral polyprotein by the signal peptidase (SP) and signal peptide
peptidase (SPP). The mature protein shows two different domains; the D1, located at the N-
terminal, has hydrophilic properties and is mainly involved in the RNA binding process,
whereas the D2 domain in the C-terminus has hydrophobic properties and is essential for an
efficient lipid droplet (LD) localization [10]. It has been demonstrated that mutations occurring
in the D2 domain can compromise the normal assembly process, showing its essential role in
virion production [11].

Glycoproteins E1 and E2 (33-35 and 70-72 kDa, respectively): transmembrane proteins
essential for the entry viral step. They present an extracellular ectodomain N-terminal of 164
and 334 aa for E1 and E2, while a 30-aa-long hydrophobic domain is located at the C-terminus.
The N-terminal ectodomain is divided into two highly glycosylated regions, highly conserved
within HCV genotypes. Respectively, such regions constitute a receptor binding domain and,
at its C-terminal, a sequence essential for the anchorage to endoplasmic reticulum and
cytoplasmic membranes [12]. Moreover, the N-terminal portion of glycoprotein E2 is
characterised by a 27-aa-long hypervariable region (HVR1) and is involved in the interaction
with cellular receptors that are essential for the viral entry step. Indeed, it has been demonstrated

that the deletion of this region leads to loss of viral infectivity [13,14].

The non-structural proteins include:

p7 (7 kDa): member of the viroporin family, it is a small 27-aa-long ion-channel protein formed
by two hydrophobic transmembrane regions. The functions of this protein are still an object of
debate and they would seem to interact with different steps of the viral cycle [15]. As proposed
by Gentzsch et al., its ability to interact and modulate cytoplasmic membrane structures may

influence the incorporation of sSRNA+ into the HCV viral capsid, during the assembly process



[16]. Furthermore, the ability of p7 to regulate pH levels makes this protein important during
the secretion step as it protects HCV particles from pH-dependent uncoating [17].

NS2 (21-23 kDa): a non-glycosylated membrane cysteine protease with an N-terminal
transmembrane domain and a C-terminal domain, which, in combination with the N-terminal
of NS3 forms the NS2-NS3 protease. This enzyme is responsible for the cleavage of the NS2-
NS3 junction, crucial for viral genome replication. Additionally, NS2 is able to interact with
E1, E2 and p7, promoting the primary phases of viral assembly [18].

NS3-NS4A complex (69 and 6 kDa): NS3 is a multifunctional protein with a N-terminal serine
protease domain, and a C-terminal domain containing a NTPase/RNA helicase catalytic site
[19]. The protease activity requires the interaction with the NS4A cofactor, and it catalyzes the
cleavage of viral polyprotein between non-structural protein junctions (NS3/4A, NS4A/4AB,
NS4B/5A e NS5A/5B). The helicase site allows the interaction between viral RNA replication
and the packaging process, during virion production [20].

NS4B (27 kDa): a hydrophobic protein with four transmembrane domains and a nucleotide-
binding motif, mediating HCV viral replication and replication-related focus formation. Indeed,
NS4B induces alterations in the endoplasmic reticulum leading to the formation of membranous
structures that are important for viral replication [21]. Focusing on the possible role of HCV
infection in hepatocarcinogenesis, it is interesting to mention that NS4B is able to induce
epithelial mesenchymal transition (EMT), upregulating the Snail host protein in infected in vitro
cell lines [22].

NS5A (56-58 kDa): a 447-aa-long zinc metalloprotein. At the N-terminal, there are a highly
conserved amphipathic a-helix (which allows the association between NS5A and the
endoplasmic reticulum membranes), and three domains (D1-3) that are separated by low
complexity sequences [23,24]. Studies have identified two differentially phosphorylated forms
of NS5A, called p58 and p56. The interaction between NS5A, NS4A and the host kinase family
members (such as the casein kinase 11 (CKII), the mitogen-activated protein kinases (MAPKS)
and the glycogen synthase kinase 3 (GSK-3)) induces a center-and-C-terminal NS5A
phosphorylation, generating the p58 form. Similarly, the p56 form is hyperphosphorylated
within a serine-rich sequence in the center of the protein [25,26]. NS5A’s interaction with viral
RNA, NS5B, Core protein, and lipid droplets is essential for the formation of the viral
replicative complex and for the virion assembly step. Moreover, it is involved in interferon
resistance mechanisms [27-29].

NS5B (68 kDa): a RNA-dependent RNA polymerase (RdRp), key enzyme for viral genome

synthesis. The C-terminal is an alpha-helical transmembrane insertion sequence, while the other
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part of the enzyme can be subdivided in three domains called “palm”, “finger” and “thumb”;
the first of which is the highly conserved active site [30]. The lack of proofreading activity is

the main cause of viral quasispecies generation [31].
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Figure 2. HCV genome organization (A) and HCV proteins (B). Image taken and adapted from
Bartenschlager et al. 2013 [9].

HCYV replication cycle

The peculiar conformation of the HCV particles reflects the complexity of its viral replication cycle,
which occurs in hepatocytes. This process is strictly connected with the host cell factors and can be
divided into the following steps: binding to cell membrane surface, disruption of viral capsid and
release of viral genome in cellular cytoplasm, sSRNA+ translation and polyprotein maturation, viral
RNA replication, nucleocapsid assembly and budding of the viral particles, and finally, transport to

cell surface and release of the new viral particles (Figure 3).

The LVP chimeric nature allows the binding and endocytosis into hepatocytes via several receptors.
Due to the presence of apolipoproteins on the envelope surface, the LDL receptor (LDLR) and the
glycosaminoglycans (GAG) mediate the initial attachment step [32]. The bond with the cell surface
is strengthened by the interaction of envelope proteins E1 and the E2 HVR1 with Scavenger receptor
class B type 1 (SR-B1). It has been demonstrated that E2 HVR1 deletion or mutation, which alters
the glycoprotein E2/SR-B1 binding, prevents the viral entry process; highlighting the great
importance of SR-B1 in the viral entry step [33]. It has been proposed that the interaction between
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the glycoprotein E2 and the SR-B1 induces a conformational change, which leads to the unmasking
of the tetraspanin (CD81) binding site of E2. The CD81 protein is able to interact with the tight-
junction protein claudin-1 (CLDNZ1). It has been observed that the activation of the epidermal growth
factor receptor (EGFR) and the ephrin receptor type A2 (EphA2) pathways can promote the
interaction between CD81 and CLDN1, favouring HCV entry step [34]. The receptors CD81, CLDN1
and OCLN are the key players of the viral endocytosis step. Furthermore, the cholesterol molecules
present on the viral particle surface allow the interaction with the cholesterol transporter Niemann-
Pick C1-like 1 (NPC1L1), leading to the clathrin-mediated and dynamin-dependent endocytosis [35].
The CLDN1, OCLN and NPC1L1 proteins are located in the hepatocytes' tight junctions; it has been
hypothesized that they may play an important role not only during viral entry step but also during the
virus cell-to-cell transmission. The late stage of fusion and viral uncoating mechanisms are poorly
understood. Using an in vitro model, Coller et al. showed that HCV virion is transported to Ras-
related protein Rab-5A positive early endosomes along actin stress fibers [36]. Subsequently,
endocytotic vesicles mature into acidic endosomes, thus promoting low pH-dependent HCV fusion
[37].

The HCV positive-strand RNA genome is released in cytoplasm, and it is translated in a single
polyprotein at the level of the endoplasmic reticulum. As previously reported, the HCV polyprotein
is processed by cellular and viral proteases, inducing the formation of the individual viral proteins.
These proteins localize on the host endoplasmic reticulum and LD membranes, generating the viral
replication complex and inducing profound changes in cytoplasmic membrane organization. R.
Bartenschlager et al. widely studied the “membranous web” formation by the electron microscopy
and 3D reconstructions methods, however the entire process has not been completely clarified [38].
Interacting with endoplasmic reticulum membranes, the HCV proteins NS4A and NS5B induce the
formation of double-membrane vesicles (DMVs). The DMVs are the ideal place for HCV RNA
replication; on one hand they offer physical protection from hepatocyte antiviral proteins, on the other
hand, the close proximity to LD surrounded by the Core protein and NS5A, can promote the virion
assembly process [39]. The HCV infection is able to alter the expression of the host proteins Rubicon
and UV radiation resistance-associated gene protein (UVRAG), thus interacting with the
autophagosome formation and promoting DMV production [40].

Several studies showed that hepatocyte metabolism changes profoundly during the HCV infection.
Principally, the virus induces an up-regulation of glycolysis and fatty acid synthesis [41,42]. The Core
protein is able to interact host proteins (such as the sterol regulatory element-binding protein 1c

(SREBP-1c) and the peroxisome proliferator-activated receptors alpha and gamma (PPAR-a/y))



promoting the expression of genes involved in lipogenesis and inducing LD cytoplasmic
accumulation [43-45]. In addition the host protein tail-interacting protein 47 (TIP47) can interact
with the NS5A inducing LD proximity to the viral replication complex [39]. The promotion of
autophagosome formation and the LD accumulation favour the membranous web formation and

consequently viral replication.

At the DMVs levels, the first step of viral SSRNA+ replication is the production of an intermediate
RNA negative-strand. In combination with the NS3 helicase, the NS5B protein uses the negative
strand as the template to obtain a new ssRNA+. The most important host factor that influences viral
RNA replication is the miIRNA-122. Through the bond to ssRNA+ 5°-NTR portion, the miRNA-122
stimulate the RNA translation and protects the viral genome against degradation operated by the 5'-
3" exoribonuclease 1 (Xrnl) [46,47]. The mIRNA-122 is strictly expressed in hepatocytes compared
to other cell types, partially explaining the hepatic tropism of HCV infection. As mentioned above,
the proximity of the DMVs with the LDs promote the new HCV RNA positive-strands assembling
into the viral nucleocapsid. This process is mainly orchestrated by the NS2, NS5A and Core viral
proteins. On one side, the NS5A, in combination with NS2 and NS3 and p7, traffics the viral genome
out of DMVs near LDs [48,49]. Moreover, the E1 and E2 heterodimers are located on the endoplasmic
reticulum surface, and they migrate on the luminal LD (luLDs) surface near the cytosolic LD (cLDs).
This shift occurs by the interaction of E1-E2 heterodimer with the other viral proteins NS2, NS3-4A
and p7 [48,50]. On the other side, the cLDs are coated by the Core protein; a process mediated by the
viral proteins NS2 and NS3-4A [51]. The cLD Core coating is also allowed by the presence of the
Core amphipathic regions and by its interaction with the host proteins phospholipase A2 G4A
(PLA2GAA4) and diacylglycerol acyltransferase 1 (DGAT-1) [52,53]. Due to the proximity of DMVs
to Core-coated LDs, it has been proposed that HCV particles might be formed through budding into
ER [54].

During the final stage of the assembly/release step, the nascent HCV particles interact with the VLDL
production pathway. This pathway briefly consists of a first step in which the ApoB is associated with
lipids by the microsomal triglyceride transfer protein (MTP), forming the pre-beta VLDL. In
endoplasmic reticulum lumen, the pre-beta VLDL are associated with the LDs, in which are located
the proteins ApoE and ApoC. According to another hypothesis, the addition of lipids to VLDL might
happen in the Golgi compartment [55]. Nucleocapsid-containing luLDs fuse with the pre-beta VLDL
and subsequently acquire the ApoE and ApoC proteins. Finally the LVPs exit through the Golgi;
mature viral particles are finally secreted in vesicles to avoid p7 and pH-dependent premature

uncoating [17].



Bile
canaliculi

Tight
junction

Direct cell-to-cell
transmission

@

Viral
particle

Entry/receptor
interaction

Nucleocapsid (9)
Membranous web

ﬁ

Cytosol
miR-122?

Proce

Polyprotein

processing

Translation and polyprotein

NS3

TG and PL
g, ftransfer

HCV
assembly

< 0e

SITT L 57

@, .99
El
E2 Glycosidase ER lumen

NS5A

ER lumen

Cytosol

A
NS3 NS4B
Membranous web

: Pas
miR-122? -—-f;‘;/./\/\/‘ RNAG)
accumulation
o2 (N
RNA(+)

@

RNA
replication

NS5B

ER lumen

Figure 3. HCV replication cycle. From Scheel et al.2013 [56].

Hepatocyte innate immunity

During the viral cycle, the HCV interacts with several intracellular processes, inducing profound

changes into hepatocytes. On one side, the HCV generates an intracellular environment favourable

for its replication. On the other side, the infection triggers the hepatocyte antiviral systems, which are

able to detect and counteract viral infection [57].

It is well known that hepatocytes are key elements of the liver immune response. In combination with

other cell types (such as Kupffer cells (KCs), plasmacytoid dendritic cells (pDCs) and natural killer

(NK) cells), the hepatocytes actively contribute to viral clearance [58]. However, as will be explained

later, most of the HCV infected subjects fail to induce an immune response sufficient for HCV

clearance. This is due to HCV-evolved mechanisms, which are able to regulate and counteract the

immune response activation (Figure 4) [59].
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As the first line of defense, the cellular pattern recognition receptors (PRRs) are able to recognize the
generically called pathogen-associated molecular patterns (PAMPs). During HCV infection, the
hepatocyte PRRs play a fundamental role in viral RNA recognition and in interferon regulatory factor
(IRFs) and nuclear factor-kB (NF-kB) activation. The PRRs can be divided in three distinct families:
the RIG-I-like helicases (RLHs), NOD-like receptors (NLRs; nucleotide-binding oligomerization do-
main-like receptors), and the toll-like receptors (TLRs) [60-62]. Further non-canonical and
controversial PRRs is the interferon induced protein kinase-R (PKR), which can bind the HCV RNA
IRES sequence blocking its translations. However, it has been demonstrated that HCV itself (via E2
and NS5a proteins) regulates the PKR activity, promoting the inhibition of Interferons (IFNs) and
interferon-stimulated gene (ISGs) transcriptions [63,64].

RLHs are located in the cytoplasm and detect the dsSRNA,; they include the retinoic acid-inducible
gene 1-like (RIG-I) protein, the melanoma differentiation-associated protein 5 (MDA5) and the
Laboratory of genetics and physiology 2 (LGP2) protein [65,66]. RIG-I can bind both the 5’ tri-
phosphate and the 3'-NTR regions (poly-U/UC rich) of the viral genome. It has been demonstrated in
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vitro that MDAS can more strongly bind the 3’-NTR compared to RIG-1 [65]. The LGP2 role is not
well clarified, it seems to be essential for the MDA5/HCV RNA interaction [66].

The dsRNA binding induces RLH conformational changes, which promotes protein translocation
from the cytosol into intracellular membranes [67]. On mitochondria and peroxisome surfaces, the
interaction of the RLHs with the mitochondrial antiviral signaling (MAVS) and the tumor necrosis
factor receptor—associated factor 3 (TRAF3) induces the activation of downstream pathways. The
downstream RLHs-MAVS-TRAF3 signals involved the classical kinase-related kinase (IKK)
complex (IKKo/IKKpB) and the two non-classical IKK-related kinases (TANK-binding kinase 1
(TBK1) and IKKe) which induce the IRF and NF-kB activation [68]. This signaling pathway can be
disrupted by the HCV protein NS3-4A, which protease activity can cleave MAVS from intracellular
membranes [69,70].

NLRs are expressed on intracellular compartments. The NLR structure consist in three domains; an
N-terminal effector domain, a central nucleotide-binding domain NOD (NACHT: NAIP, CIITA,
HET-E, and TP-2), and a C-terminal leucine-rich repeats (LRRs) involved in ligand binding or
activator sensing. These proteins are involved in the inflammasome activation pathway in
combination with the adaptor protein ASC and the proteolytic enzyme caspase-1. The NLR family
members can lead to NF-«B activation, stimulating pro-inflammatory cytokine production [71]. The
NLRs can be activated not only by PAMPs but also by the damage-associated molecular patterns
(DAMPs), which include the reactive oxygen species (ROS) highly produced during the HCV
infection [72].

The NLR family is divided into the two subfamilies: NODs (NOD1 and NOD2) and NLRPs. The
hepatocytes functionally express NOD1, NOD2 and NLRP3 [73]. It has been demonstrated that HCV
NS5B and dsRNA can activate NODL1 signaling, leading to IL-8 and Tumor necrosis factor alpha
(TNF-a) expression increase [61]. Furthermore, the NLRP3 is involved in the production of the pro-
inflammatory cytokines Interleukin 1p and 18 (IL -1, -18) in infected hepatocytes [74]. Moreover,

NRL roles in HCV infection and disease progression are still elusive.

TLRs are a family of 9 transmembrane receptors located on cell surfaces (TLR1, TLR2, TLR4, TLR5
e TLR6) and in endosomes (TLR3, TLR7, TLR8 and TLR9) [75]. The TLR3 and TLR7 play a central
role in HCV detection; they recognize dsRNA and RNA urine-rich ribonucleotide regions,
respectively [76]. Upon binding to viral RNA, TLR3 dimerized and binds TIR-domain-containing
adapter-inducing interferon-p (TRIF) leading to the activation of IRF3 and NF-kB, by the interaction
with TRAF3-6 and TBK. The TLR7 exerts its function by binding to myeloid differentiation pro-
inflammatory response 88 (MyD88). The TLR7-Myd88 interaction activates IL-1 receptor-associated
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kinase (IRAK) and TRAF6, promoting NF-kB activation [77]. In addition, the TLR pathways can be
negatively modulated and attenuated by HCV protein interactions. As mentioned for MAVS, the
NS3-4A protease is also able to cleave TRIF [78]. Furthermore, in macrophage cell lines were
demonstrated that NS5A can bind to MyD88 inhibiting IRAK1 recruitment [79].

The PRRs-induced pathways converge on the proteins IRFs and NF-kB, inducing their activation and
translocation into the nucleus. At this level, IRFs and NF-kB induce the transcription of IFNs and
proinflammatory cytokines and chemokines, respectively.

The IRFs are a large family of 9 proteins, which structure show a DNA binding domain at the N-
terminus and a carboxyl (C)-terminal association domain (IAD) (except for IRFland IRF2) [80].
Subsequently to phosphorylation, the IRF proteins can homo- or hetero- dimerize, and they
translocate into the nucleus. The most important IRFs in the HCV infection context are IRF1, IRF3,
IRF5, and IRF7. They are implicated in the positive regulation of type I and I11 IFN gene transcription.
IRF1 is the first discovered member of the family, it is able to regulate not only IFN promoter but
also several interferon-stimulated genes (ISGs) by binding the IFN-stimulated response element
(ISRE) and interacting with IRF3 and IRF7 [57]. Ciccaglione et al and Pflugheber et al, demonstrated
that Core and NS5A viral protein alone were sufficient to block IRF1 activation in vitro [81,82].
IRF3 can be induced by both RIG-I and TLR3 pathways and can interact with NF-kB and IRF7
inducing IFN-a/B, IFN-A and ISG gene expression [57,83]. However, it has been demonstrated a
limited IRF3 activation in subjects affected by chronic HCV infection [84]. These findings could be
explained by the ability of Core and NS3-4A proteins to interfere with IRF3 activation, highlighting
the ability of HCV to control the immune response [85,86].

IRF5 can induce IFNo/p expression via the TLR-My88 pathway, but principally it regulates the
expression of pro-inflammatory cytokines (IL -1, -6, -12, -23) and TNF-a [87]. Due to its ability to
regulate cell proliferation, migration and apoptosis, the IRF5 protein has been proposed to be an
important factor in HCC development. IRF5 is able to impair HCV-induced autophagy in vitro, and
reduced levels of IRF5 protein were found in HCV-related HCC [88].

IRF7 protein acts as a homodimer or in combination with IRF3, inducing IFN-a/p and IFN-A
expression as previously reported. Furthermore, IRF7 itself can promote ISG expression without IFN
stimulation [89,90]. In vitro studies shown that IRF7 is a key regulator of IFNa expression during
HCV infection, and the virus can block IRF7 translocation into the nucleus modulating the host

immunity response [91,92].

The IRF system induces the expression of a large number of IFNs. These proteins can be divided in
three families: type I, type Il and type I1l. The IFN-a, IFN-B, IFN-¢, IFN-x and IFN-o belong to the
13



type | family. The IFN-y is the only type Il IFN, and the IFN-A1 (IL-29), IFN-A2 (IL-28A), IFN-A3
(IL-28B) and IFN-A4 belong to the type Il family [93]. The secreted type I and Il IFNs bind the
interferon-a/B receptor (IFNAR) and IFN-A receptor 1 (IFNLR), respectively. The IFNAR is
ubiquitously expressed on the cell surface and is composed by the two subunits IFNAR1 and
IFNAR2. The IFNLR expression is mainly restricted to epithelial and dendritic cells (pDC), and it is
combined with the ubiquitously expressed IL-10 receptor 2 (IL-10R2) [94].

The IFN binding on their receptors triggers the activation of Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) pathway (JAK-STAT). In the cytoplasm, the phosphorylated
STATs (e.i. STAT1 and STAT2) can homo- or hetero- dimerize. The STAT1- homodimers
translocate into the nucleus and binds the gamma interferon activation site (GAS), promoting I1SG
transcription. The STAT1/STAT2 heterodimer, in association with IRF9, generates the interferon
stimulated gene factor 3 (ISGF3) complex. Subsequently, the ISGF3 complex translocates into the
nucleus and induces the transcription of the ISGs by binding to Interferon-sensitive response elements
(ISRE) [95]. The JAK/STAT induced pathway and the ISGF3 complex formation can be negatively
modulated by host proteins, such as the suppressor of cytokine signaling 1/3 (SOCS1/3) and the
ubiquitin specific peptidase 18 (USP18). The HCV proteins are able to interact with these suppressor
pathways. It has been demonstrated that HCV Core protein induces the up-regulation of SOCS3
protein in HepG2 cells [96]. Also the HCV-induced IL-8 can suppress ISGF3 complex activity [97].
Furthermore, in vitro silencing of USP18 resulted in a higher IFN-a effect on HCV RNA replication,
highlighting the importance of USP18 protein in IFN signaling control [98]. The IFN-induced gene
pool contains a large number of ISGs; more than 300 of ISGs have been classified. A list of the most
studied HCV-induced ISGs is reported in Table 1.
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Table 1. Interferon-stimulated genes (ISGs) and HCV infection. The following list was taken and adapted
from Ortega-Prieto et al. 2017 and Metz et al. 2013 [99,100].

| ISGs | Gene name | Effect |
Cholesterol 25-Hydroxylase CH25H inhibits HCV replication
Guanylate binding protein 1 GBP1 inhibits HCV release/replication
IFN alpha-inducible protein-16 IFI16 inhibits HCV release/replication
IFN alpha-inducible protein 27 IF127 inhibits HCV replication
IFN induced transmembrane protein 1 IFITM1 inhibits HCV entry/replication
IFN induced transmembrane protein 3 IFITM3 mhibits HCV entry/replication
IFN stimulated gene 15/Ubiquitin specific peptidase 18 ISG15/USP18 IFN negative regulator

IFN stimulated gene 20 ISG20 mhibits HCV replication
Interferon-stimulated gene 56 ISG36 inhibits HCV replication
Myxovirus resistance protein A MX1 inhibits HCV replication
Nitric oxide synthase 2 NOS2 mhibits HCV replication
2'-5-Oligoadenylate Synthetase 0AS inhibits HCV replication
2'-5-Oligoadenylate Synthetase Like OASL inhibits HCV translation
Protein kinase-R EIF2AK2 inhibits HCV translation
Ribonuclease L RNaseL inhibits HCV translation
Tetherin BST2 inhibits HCV release
Trpartite motif family TRIM mhibits HCV replication
Virus inhibitory protein RSAD2 inhibits HCV replication

Hypoxia and HCV infection

Normoxia and hypoxia are two conditions respectively based on a normal or a lower amount of
oxygen reaching a tissue. The liver anatomical conformation results in the presence of an oxygen
gradient in the hepatic lobule. Oxygen pressures are greater near the portal layers (60-65 mmHg,
~8%) compared to the pericentral layers (30-35 mmHg, ~4%). This oxygen gradient implies a
different oxygenation and metabolic zonation of resident liver cells. Though no hypoxic response is
observed in healthy liver, a liver disease onset can lead to a hypoxic state induction [101,102].

The Hypoxia-Inducible Factor (HIF) proteins are the key players of the hypoxic response. This
transcription factor family includes three members with the respective subunits (a and B): HIF-1,
HIF-2 and HIF-3. These proteins are heterodimers composed of the constitutively expressed subunit
B and the regulated subunit a. The response to hypoxic acute conditions is principally mediated by
HIF-1la. Instead HIF-20 is mainly stabilized during a chronic hypoxic state [103]. In normoxic
conditions, the HIFa subunit is polyubiquitinated by specific proteins that drive HIFo degradation in
the proteasome. The HIFa subunit is hydroxylated (HIFa-OH) by the prolyl hydroxylases (PHD1-3)
in combination with oxygen and the co-substrates 2-oxoglutarate, iron and ascorbic acid; PHDs act
as oxygen sensor. The HIFa-OH is recognized by the von Hippel-Lindau (pVhl) ubiquitin ligase
complex, which induces the ubiquitin-mediated proteasome degradation. HIFa protein can also be
negatively modulated by the factor inhibiting HIF (FIH), another oxygen-sensor enzyme [104]. In
hypoxic or stress conditions, the HIFa subunit can be positively regulated by two different activation
pathways: an oxygen-dependent and an oxygen-independent signaling pathway. In oxygen deficiency

15



conditions, the PHDs or the FIH cannot exert their enzymatic activity, then HIFa is stabilized and is
accumulated in the cytosol [105]. The oxygen-independent pathway can be induced by ROS (linked
mitochondrial dysfunctions or inflammation) and growth factor pathway; this condition is defined as
pseudohypoxic state. The ROS and the growth factors induce HIFa. mRNA expression and HIFa
protein stabilization by phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and MAPK pathway
activation. Also the IL-1p and TNF-a cytokines were found to be able to induce and stabilize HIF-1a
expression, highlighting the crosstalk between inflammation and hypoxia [106-108]. Upon
stabilization, the HIFa subunit translocates to the nucleus where it acts as transcription factor; in the
nucleus the HIFo heterodimerizes with the HIFB and they bind the hypoxia-responsive elements
(HRESs) by complexing with other factors (such as the CREB binding protein (Cbp) and the histone
acetyltransferase p300). This complex induces the transcription of several genes (such as carbonic
anhydrase 9 (CA9), erythropoietin (EPO), vascular endothelial growth factor (VEGF) and
transforming growth factor-beta (TGF-p)), regulating angiogenesis, metabolism, cell survival and
migration [109-111] (Figure 5). Different systems are used to recreate hypoxic conditions in vitro.
Special incubators and hoods can regulate and maintain specific oxygen concentrations. Furthermore,
the chemical inhibitors can be used such as dimethyloxalylglycine (DMOG) and cobalt (I1) chloride
hexahydrate (CoCl, « 6H,0). The DMOG is a synthetic analogue of 2-oxoglutarate, which acts as a
PHD competitive inhibitor, inducing HIF-1a stabilization [112,113].
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Figure 5. Hypoxia Inducible Factor alpha (HIFe) regulation in normoxia, pseudohypoxia and hypoxia
conditions.

The HCV infection appears to influence the hepatocytes hypoxic state, which may play a significant
role in fibrosis development and viral hepatocarcinogenesis. Hypoxic in vitro conditions lead to
VLDL receptor (VLDLR) up-regulation, which enhances HCV viral entry [114]. Vassilaki et al.
showed that HCV RNA replication in vitro is enhanced in presence of two different oxygen
concentrations (3 and 12%). Despite the 12% oxygen concentration was not sufficient to induce HIF-
la stabilization, this concentration still induced a delayed HCV RNA increase compared to the
increase observed in 3% oxygen condition. The HCV increased replication resulted to be independent
by HIF-1a/2a activation in both oxygen concentrations tested; the enhanced replication was ascribed
to glycolysis-associated oncogenes [115]. However, in other studies it has been demonstrated that the
HCV infection promotes HIF-1la stabilization by the induction of mitochondrial dysfunction,
oxidative stress and ROS formation [116]. The HCV Core protein itself promoted HIF-a stabilization
[117]. In turn HIF-a stabilization promotes VEGF and TGF-f hepatocyte expression and the
hepatocyte tight junction remodeling [118,119]. The cellular metabolic reprogramming combined
with the profibrotic factor induction and the hepatocytes polarity remodeling suggest the important
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role of hypoxia-HCV axis in HCC development.

Natural history of HCV infection

According to the World Health Organization (WHO), the HCV infection affects 170 millions of
people globally with 3-4 million new cases/year [120]. However, these data are underestimated as the
infection develops asymptomatically in a large number of cases [121]. The main way of HCV
transmission is the parenteral one, in which HCV transmission occurs by intravenous drug injection
[122]. The use of intravenous drugs is the major risk factor in developed countries. Transmission by
the transfusion of infected blood was drastically decreased following the introduction of screening
tests for blood donors since 1990. Sexual and parental transmission are rare, the latter occurs in about
5% of babies born to HCV-RNA positive mothers [123,124]. Often when the infection occurred
remains unknown, due to the long disease course and the presence of asymptomatic or nonspecific
symptoms. Therefore, many aspects of the natural history of this infection are incompletely

understood, in particular with regard to its variability (Figure 6).
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Figure 6. Natural history of HCV infection. From Heim 2013 [125].
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Typically, the incubation period lasts from 20 days to 6 months. Symptoms (such as nausea, fatigue,
abdominal pain, loss of appetite, and mild fever) occur in only 20-30% of acute infection cases.
During the early acute phase, the IFN type I and Il are the main actors of the antiviral response.
After an initial peak, the IFN levels decrease at around 6 weeks. Within 6-12 weeks, post infection
an alanine aminotransferase (ALT) increase can be observed. In this late acute phase, the type Il IFN-
vy is secreted by NK T cells and antigen-specific T cells recruited to counteract the infection [93].
Other molecules can support the antiviral activity. It has been demonstrated that TNF-a promotes and
supports the IFN antiviral response, and it is also able to inhibit viral spreading directly [126-128].
The host response leads to resolution of the acute infection in 15-25% of subjects. Several factors

may negatively influence the spontaneous viral clearance of the disease; age at time of infection >25
18



years, male sex, no jaundice or symptoms during acute infection, African American ethnicity,
coinfection and immunosuppression [129]. In 70-85% of cases, the HCV infection persists becoming
chronic, while cases of fulminant hepatitis are rare. The chronic infection can be defined as the
presence of HCV RNA in the patient's blood longer than six months after transmission. In chronic
infection, the ALT levels remain high, IFN-y production drops, while IFN type | and type 111 are still
expressed in 50% of subjects (Figure 7) [93].
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Figure 7. Progression of HCV infection and host response. From Heim 2014 [93].

Chronic infection leads to hepatic fibrogenesis, which may evolve to cirrhosis (10-20% of cases) in
about 20-30 years. The establishment of hepatic cirrhosis can favour HCC development, with an
annual risk rate of 1-5% [130]. The HCV-induced fibrosis is a complicated and multifactorial process,
whose mechanisms are not completely understood. The most important risk factors for an advanced
progression of fibrosis are related to individual factors (age >40 years, male sex, genetic), viral
genotype, behavioral factors (smoking and alcohol consumption (>30 g/day in males, >20 g/day in
females)), metabolic factors (insulin resistance, obesity), degree of inflammation and fibrosis on liver

biopsy and coinfection with Human Immunodeficiency virus (HIV) or Hepatitis B virus (HBV).

The fibrogenesis mechanisms can be mainly ascribed to the HCV-induced antiviral response, to a
hypoxic/pseudohypoxic state and to cellular metabolic changes. The synergic action of these factors
promote alterations in the liver environment, leading to dysregulation of the resident liver cell type
activity. It has been demonstrated that the infected hepatocytes and immune cells (such as KCs, pDCs,
macrophages and NK) produce several inflammatory cytokines, which persist in the liver
environment leading to fibrosis establishment. Some inflammation-related genes (such as IL6,
CXCL8, CXCL10) have been found differentially expressed according to the different fibrosis grades
[74,131,132]. Schulze-Krebs et al. demonstrated that TGF-B1 produced by HCV-infected hepatocytes

is able to promote the activation of quiescent HSCs into a myofibroblast-like phenotype [133]. HSC
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activation stimulates the production of fibrogenic factors such as collagen and extracellular matrix
components, which induce the fibrosis onset [134]. Also HCV exposed macrophages are able to
induce LX2 (immortalized human hepatic stellate cells) production of profibrogenic marks such as
TGF-B1, matrix metalloproteinase 2 (MMP2) and Alpha-smooth muscle actin (a-SMA) [135].

As described above, the HCV replication induces profound metabolic changes in hepatocytes. The
infection promotes hepatocyte lipid accumulation, which may lead to liver steatosis and increased
fibrosis development risk. Recently, it is found that HCV genotype 3-infected subjects have a higher
risk of hepatic steatosis [136,137]. Furthermore, several studies demonstrated that steatosis and
fibrosis progression can be affected by the presence of genetic polymorphisms (SNPs), showing a
profound interconnection between HCV infection and the host genetic factors. In this regard, the most
studied SNP is the IL28B rs12979860 (C/C), which was found to be strongly associated with HCV
infection resolution, steatosis progression and response to treatment [138,139].

With regard to fibrosis, the most recently studied genes are the patatin-like phospholipase domain-
containing protein 3 (PNPLA3: rs738409 C>G), the 17-beta-hydroxysteroid dehydrogenase 13
(HSD17B13: rs72613567 T>TA), the transmembrane 6 superfamily member 2 (TM6SF2:
rs58542926 C>T), the glucokinase regulatory protein (GCKR: rs1260326 T>C), and the membrane
bound O-acyltransferase domain containing 7 (MBOATT7: rs641738 C>T). It is well known that the
PNPLAS3 variant induces alteration in LD synthesis and fatty acid accumulation in hepatocytes and
HSCs [140]. Several studies show that the PNPLA3 SNP is a strong genetic risk factor for fibrosis
severity in several liver diseases [141,142]. The HSD17B13 variant was found to be able to reduce
the PNPLAS3-induced risk, probably interacting with PNPLA3 protein on LD surface and regulating
the lipid storage [143]. Synergistically, the GCKR allelic risk is associated with altered glucose
metabolism contributing to increased de novo lipogenesis [144]. In addition, in vitro experiments
showed that TM6SF2 inhibition led to higher accumulation of triglycerides and lipid droplets in
hepatocytes and HSCs. The HSCs, carrying the TM6SF2 risk allele, are more strongly activated by
TGF-B1 stimulation [145,146]. In 2016, Thabet et al. demonstrated an association between the
MBOATTY risk allele and a higher expression of inflammatory and oxidative stress markers in HCV-
infected patient immune cells; suggesting an important role in hepatic inflammatory and fibrotic
process [147]. Moreover, MBOAT7 mutation results to a reduced protein expression in hepatic cells,
leading higher levels of arachidonic acid bound to phosphatidylinositol and promoting further hepatic
inflammation [148,149].
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Increased inflammation and fat accumulation creates a harmful environment that predisposes to
enhanced oxidative stress and mitochondrial dysfunction, which in turn could be responsible for

malignant hepatocyte transformation [150].

HCV therapies

The first standard therapy was based on IFN-o administration in combination with Ribavirin. The
subsequent use of the PEGylated form of interferon (Peg-1FN-a), which confers longer half-life,
allowed to improve the standard therapy. This therapy had to be taken for a period of 24 or 48 weeks,
and the achievement of the sustained virological response (SVR: undetectable HCV RNA (<15
IU/ml) after 24 weeks of treatment) was observed in the 50-60% of cases [151]. The low response
rate was due to the presence of many factors influencing this treatment: sex differences, age, ethnicity,
IL28B polymorphism, viral load and genotype. Furthermore, both Peg-IFN-a and Ribavirin could
lead to severe side effects such as headache, fever, severe depression, myalgia, arthralgia and

hemolytic anemia [152].

In recent years, there has been a rapid evolution in HCV antiviral therapies. This was made possible
by the development of in vitro systems (such as HCV pseudoparticles, replicon system, HCV full-
length and trans-complemented particles), which allowed the deeper study of the HCV replication
cycle [153]. Starting from 2011, the introduction of the novel direct anti-HCV agents (DAASs) have
completely revolutionized clinical practices. The first approved DAAs were telaprevir and
boceprevir, which are two NS3-4A protease inhibitors and were used in combination with Peg-1FN-
a and Ribavirin. Subsequently, the growing knowledge about the HCV viral cycle has led to the
development of numerous new DAAS in a short time. In 2013, the Food and Drug Administration
(FDA) approved a nucleotide analogue inhibitor (sofosbuvir) and simeprevir, capable of blocking the
action of the viral protein NS5B and NS3-4A, respectively. These new compounds in combination
with Peg-IFN-o and Ribavirin resulted in viral eradication in 90% of cases for the viral genotypes
[154]. In the last years several compounds have been developed; NS3/4A inhibitors such as
grazoprevir, glecaprevir and voxilaprevir, new NS5A inhibitors (daclatasvir, elbasvir, ledipasvir,
velpatasvir and pibrentasvir) and the NS5B inhibitor dasabuvir [154-156]. Using different drug
combinations the success rates now exceed 95%. However, cost and the possibility of virologic
resistance (principally related to the HCV genotype 3) are factors that must be considered for the
future [157].

It is important to mention that new HCV therapies have also reduced the incidence of HCC. However,
the hepatic inflammation can persist in a treated-chronic infection, maintaining the risk of HCC
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development [158]. Furthermore, it has been demonstrated that an advanced HCV chronic infection
lead to profound epigenetic and gene expression changes, which persists also in SVR-achieving

patients, and these changes are associated with HCC development risk [159,160].

HCV and sex hormones

Sex-dependent biological characteristics are one of the most important factors affecting the natural
history of HCV infection. The female sex is a protective factor, known to favour higher spontaneous
viral clearance rates after HCV acute infection [161,162]. Moreover, disease progression is slower in
females compared to males, who have a 10-fold rate of progression to fibrosis regardless of age [163].
Therefore, the female sex is a protective factor against fibrotic progression in patients with chronic
liver disease [164]. However, the liver disease progression is not linear across different stages of a
woman’s life; specifically, a different progression rate can be observed between females in pre vs.
post -menopausal period, though this issue has been debated [165,166]. In some studies, a higher
SVR rate was associated with male sex; other studies did not find significant differences between
females and males, while a low SVR likelihood was associated with menopause. Such differences
were not observed in the DAA treatment era [167-171]. In 2004, Di Martino et al. evaluated the
influence of menopause and hormone therapy on liver fibrosis progression in HCV-infected women.
They demonstrated that fibrosis progression was faster during the menopause, and this effect was
prevented by hormone replacement therapy (HRT) [164]. Similar results were obtained by other
studies, proving further that chronically HCV-infected women who receive HRT have lower fibrosis
stage, and that female sex influences fibrotic progression [172,173]. The main difference between the
fertile and the menopausal periods is the concentration of sex hormones in the body, whose levels
drop dramatically during the menopause. It has been hypothesized that the observed differences in
viral clearance and disease progression could be related to sex hormones such as estrogens [174].
Nevertheless, it must be considered that in females there is a lower prevalence of obesity and lower

alcohol and tobacco consumption [175].

Focusing on HCV clearance, the protective mechanisms related to female sex are unknown. A first
hypothesis concerns the interplay between sex hormones and the viral entry phase. Sex hormones can
modulate the host cellular receptors, which are important for the viral entry step. Testosterone is able
to promote the expression of SR-B1 and CLDN in different cell types [176,177]. Conversely, E2 is
able to reduce the SR-B1 expression in rat and mice livers [178]. A further hypothesis stems from the
relationship between sex hormones and the immune response; some differences in IFN system

induction are observed between females and males. The peripheral blood mononuclear cells
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(PBMCs), isolated from untreated HCV-infected female in premenopausal period, showed higher
MxA mRNA levels post IFN stimulation compared to both postmenopausal females and males.
However, in the same study the IFN-stimulated PBMCs showed SOCS up-regulation and reduced
JAK/STAT activation post ER agonist treatment [179]. Conversely, Fawzy et al. showed that the ER
antagonist tamoxifen is able to decrease IFN-a production in PBMCs of HCV infected males,
possibly via TLR7 suppression [180]. A further difference between female and male sex was observed
evaluating the NK cell subpopulation expressing the protein p46, which is the most important member
of cytotoxicity receptors. The NKp46"'9" phenotype produces higher amounts of IFN-y and their
intrahepatic accumulation was found to be inversely correlated to HCV RNA levels and degree of
fibrosis [181]. In a study conducted by Golden-Mason et al., the HCV-infected female group had a
higher amount of NKp4619" levels compared to HCV-infected male group [182]. Several studies
showed a greater viral clearance in females carrying TLR7 (rs179008-A and rs3853839-C), TLR9
(rs187084-C) and 1L28B (rs12979860-C) SNPs [183-186]. With regard to the immune system cells,
it is also notable that female pDCs show higher basal levels of IRF5 mRNA compared to males [187].
Moreover, pDCs isolated from healthy females produce higher IFN-o levels post TLR7 agonist
stimulation compared to males [188]. Taken together, these data would suggest a greater activation
of the IFN system in premenopausal females, highlighting the role of sex hormones on immune

modulation.

HCV-induced cytokines and ROS production can promote the onset of a chronic inflammatory
environment. As mentioned above, inflammation is a key player for fibrosis progression and HCC
development. Estrogen receptors (ERs) levels are dysregulated during HCV-related fibrotic process
and HCC development; HCV genotype 1b infected patients show an inverse correlation between
degree of fibrosis and ER alpha (ERa) protein levels, whose expression was also found reduced in
female HCV-related HCC tissues compared to male HCV-related HCC tissues [189,190]. Thus, an
altered estrogen activity could be a promoting event for liver disease progression. In fact, several
studies showed that estrogens can protect the liver from inflammatory injury, oxidative stress and cell
death; all fundamental factors for fibrosis progression and HCC development [191-193].

In the inflammatory context, IL-6 is one of the most studied and characterised cytokines; it is
considered a key component in inflammation-associated tumorigenesis [194,195]. Naugler et al.
demonstrated that in KCs exposed to necrotic hepatocytes the IL-6 production is inhibited by 17,p-
estradiol (E2) treatment. Moreover, both in vitro and in vivo the E2 was able to reduce the IL-1
activity and TNF-a levels; other two important inflammatory-associated cytokines [196,197]. It has

been also demonstrated that estrogens (specifically the E2) are able to attenuate HSC activation in
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vitro and in vivo [198]. Moreover, HCV infection induces an increasing oxidative stress, which in
turn can lead to inflammation and liver injury [199]. The E2 is a well-known endogenous antioxidant,
which could counteract the HCV-induced oxidative stress. It has also been demonstrated that 17,p-
estradiol was able to reduce ROS formation in both HuH7.5 and Lx2 cell lines [200].

The use of in vitro HCV cell-culture systems allows a better study of the interaction between HCV
infection and sex hormones directly on hepatocytes. A first interplay between the HCV and the ERa
C-terminal domain was demonstrated by Watashi et al. and Hillung et al. The ER antagonist
tamoxifen was able to abrogate the interaction between the viral protein NS5B and the endoplasmic
reticulum. This finding suggests that ERa could play a fundamental role in the HCV replication
process, favouring the NS5B-endoplasmic reticulum association [201,202]. In 2010, Hayashida et al.
assessed the possible antiviral action of 17,B-estradiol, progesterone and ERa-, ERB-, G protein-
coupled receptor 30 (GPR30)- selective agonists; only E2 was able to significantly reduce the HCV
particle production in an ERa-dependent manner [203]. Subsequently, it has been demonstrated that
E2 interferes also with the entry viral step. The E2/GPR30 interaction increases the intracellular
Matrix metallopeptidase 9 (MMP-9) levels, which in turn lead to OCLN cleavage, reducing viral
particle entry [204]. In 2016, Magri et al. evaluated the antiviral activity of different sex hormones:
E2, dehydroepiandrosterone sulfate (DHEA-S), progesterone and testosterone. Only E2 was able to
reduce HCV infection in HuH7 cells, triggering an hepatocyte antiviral state which was able to
interfere with HCV release and partially with viral entry [205]. These results suggest that the sex
differences could be related not only to a higher antiviral response by the immune system cells but
also by the hepatocytes. However, the E2-activated antiviral pathways in hepatocytes are not fully
elucidated.

Estrogens

Biosynthesis and biological activity

Estrogens are the main female sex hormones. They are produced not only in the gonads and adrenal
cortex but also in extragonadal tissues such as liver, fat, and kidney. The three primary endogenous
estrogens are: estrone (E1), 17,B-estradiol (E2) and estriol (E3). These sex hormones belong to the
steroid hormone family and are synthesized by cholesterol in response to the stimulus of the
luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Cholesterol is converted to
pregnenolone by the cytochrome P450 side chain cleavage enzyme (P450scc). Then pregnenolone is
converted to progesterone or DHEA by the enzymes 3-beta-hydroxysteroid dehydrogenase (33-HSD)
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or cytochrome P450 17a-hydroxylase (P45017a), respectively. The enzymes P45017a and 33-HSD
catalyze the conversion of progesterone and DHEA (respectively) to androstenedione, which is
converted to testosterone by the 17-beta-hydroxysteroid dehydrogenase (HSD17B). The
androstendione is the precursor of the E1, and the testosterone is the precursor of the E2; the
Aromatase CYP19 catalyzes both enzymatic reactions. Then E1 can be converted to E3 through 160-
hydroxylation or to E2 through the enzyme HSD17B [206,207].

17,B-estradiol is the most abundant form of circulating estrogen [208]. However, the E2 body
concentration is age-dependent; in the fertile period the range is 20-443 pg/mL (follicular phase: <20-
145 pg/mL; ovulation: 112-443 pg/mL; phase luteal: <20-241 pg/mL), in menopause the E2 levels
drop below 59 pg/mL [209]. In males the E2 concentration is approximately 20 pg/mL, still exerting
important physiological roles [208].

17,B-estradiol exerts its biological effects via interaction with the ERs and the GPR30. There are two
distinct ER forms (ERa and ERp), which are encoded by ESR1 and ESR2 genes, respectively. The
ERa is mainly expressed in the uterus, liver, kidneys and in the heart. While ER is mainly expressed
in the ovary, prostate, lungs, gastrointestinal tract, bladder and central nervous system [210]. ERa
and ERp belong to the nuclear hormone receptor family. Their structure can be divided in five
domains: the DNA binding domain, which shows highest homology sequence between ERa and ER,
the ligand binding domain, the hinge domain containing a nuclear localization signal, and two
transcriptional activation function domains. ER homo- or hetero- dimers are transcription factors
located in the cytoplasm. After the interaction with their ligands, these receptors translocate to the
nucleus and activate genetic transcription by binding the estrogen responsive elements (EREs) [211].
The binding to the EREs is mediated by the interaction of the ERs with coactivator proteins (such as
the forkhead protein (FOXAL), the histone acetyltransferase p300 and the CBP). Furthermore, the
combination of ERs with proteins such as the stimulating protein-1 (Sp-1) and the Activator protein
1 (AP-1) can promote gene transcription without the interaction with the ERE [212,213]. The bind of
E2 to ER and GPR30, located on the plasma membrane, promote the fast modulation of indirect non-
genomic signaling signal-transduction mechanisms; the downstream response is principally mediated
by intracellular signaling molecules such as PI3K, Akt, RAS, NF-kB, endothelial nitric oxide
synthase (eNOS), and MAPK [214,215]. ERs can also induce the gene transcription in a ligand
independent manner; ERs interact with several growth factor receptors such as the endothelial growth
factor receptor (EGFR) signaling and the insulin-like growth factor receptor 1 (IGFR1). The activated
downstream response is principally mediated by PI3K/Akt, RAS/MAPK, SRC Kkinases and
JAK/STAT signaling pathways [216].
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Altogether, the estrogens can interact with a large number of intracellular signaling pathways,
modulating cell proliferation, growth, migration and apoptosis. Estrogens not only promotes
secondary sexual characteristic formation but also acts on a wide number of tissues and cell types; it
is able to interact with the inflammatory process acting directly on immune cells, or it can modulate
the metabolic processes especially in the liver, the adipose tissue and the skeletal muscle. Overall it
should be considered that estrogen effects are strongly influenced by its concentration, by the

exposure time and by the target cell types [217].

Estrogens and hypoxia cross-talk

Angiogenesis is a complex and highly regulated process. In normal conditions, the estrogens have a
proangiogenic activity, driving principally the process in the female reproductive tract. Angiogenesis
dysregulation is often observed in cancer and the interplay of estrogens and angiogenesis has been
principally studied in breast cancer [218].

Hypoxic conditions lead to angiogenesis activation via the Hypoxia inducible factor 1-alpha (HIF-
la) signaling pathway, which induces proangiogenic factor production (such as VEGF, fibroblast
growth factor (FGF), nitric oxide synthases (NOS), cyclooxygenase 2 (COX-2) and matrix
metalloproteinases (MMPs)) [219]. The VEGF is a key molecule in the angiogenic process: it
promotes cell proliferation, migration, survival, and vascular permeability. As mentioned above, a
hypoxic condition can promote the establishment of an inflammatory environment and fibrosis, which
may contribute to cancer development and progression. It has been hypothesized that estrogens can
counteract fibrosis and inflammation establishment by the interaction with hypoxia [220]. Generally,
hypoxic-induced inflammation results in a ER-ao protein reduction, while oxidative stress increases
the expression of ER-f [221,222]. It has been demonstrated that the E2 treatment can promote VEGF
and the histone demethylase IMJD2B (KDM4B) gene transcription, which are two genes also induced
by HIF-1a [223-226]. Several studies analysed the interaction between ERs and HIFs, highlighting
the interconnection between the estrogen and hypoxia pathways. An ERE has also been identified in
the first intron of the HIF-1a gene, the E2-activated ER-a can lead to HIF-1a production [227]. The
E2/GPR30 interaction induces VEGF production via HIF-1a up-regulation in cancer-associated
fibroblast (CAFs) and in the breast cancer cell line SkBr3 [228]. Transfecting the HEK 293T cells
with ERE-luc and expression vectors for ER-a or ER-B, Yi et al. observed a synergic action of
hypoxia and E2 treatment in promoting ER-a transcriptional activity. Moreover, in the MCF7 cell
line, the E2 and hypoxia treatment induced a down-regulation in ER-a protein levels [229]. Another
study showed that HIF-1a can interact with the unoccupied ER-a and ER-f, promoting ERs-mediated
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transcription via ERE in HEK 293T. In addition, ER-B reduces VEGF levels, inhibiting HIF-1a
transcription activity [230]. In the Hep3B cell line, the E2 was able to reduce hypoxic induction of
HIF-10.[231]. Also in adipose tissue the E2-activated ER-o promotes the HIF-1a. protein degradation,
inducing PHD3 expression [232]. In prostate cancer cells the ER-B variant ERB2 interacts with HIF-
1a protein, stabilizing it and promoting an hypoxic gene expression signature [233]. However, the
interplay between estrogens and hypoxia is not well understood and seems to act differently

depending on ER-a or ER-P activation, cell types and diseases.
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AIM

Chronic hepatitis C is one of the most widespread liver diseases in the world, with over 170 million
individuals infected with the hepatitis C virus (HCV) and 3-4 million new cases every year. Several
clinical studies have demonstrated that females have a greater spontaneous viral clearance after the
HCV acute infection. Furthermore, HCV-induced fibrosis progression is slower in premenopausal
females compared to males and postmenopausal females. These findings can also support and explain,
at least in part, the lower risk of females to develop hepatocellular carcinoma. The main difference
between pre- and post- menopausal age is the presence of different circulating sex hormone
concentrations; so it has been hypothesized that hormonal factors can have a protective effect against
HCV infection and HCV-related liver diseases [174].

In a previous study published by our group, we used different in vitro HCV cell culture systems to
evaluate the antiviral activity of the following sex hormones: 17,B-estradiol (E2),
dehydroepiandrosterone sulfate (DHEA-S), progesterone and testosterone. Only the E2 was able to
counteract the viral infection in hepatocytes, acting through the intracellular estrogen receptor.
Studying in depth the viral cycle phases, we found that E2 exerted its antiviral effect acting on the
HCV particle release and partially with the viral entry [205]. However, the E2-activated hepatocyte
antiviral mechanisms are still unknown.

During HCV infection, the hepatocytes play a central role in the innate immunity response. The
interferon system, in particular, is the first-line defense mechanism against viral infections.
Furthermore, the inflammatory response is one of the main modulator factors of fibrosis development
and hepatocarcinogenesis. In this regard, in chronic HCV infection the inflammatory environment
interacts with the HCV-induced hypoxic state, which can alter viral replication and can promote liver
disease progression. In this setting, 17,3-estradiol can modulate the adaptive and innate immune
responses of different cell types. It is known that estrogens can interplay with the interferon system,
but most of the studies examined this interaction on immune system cells only. The possible E2-
mediated interferon activity on hepatocytes is still to be clarified. Therefore, in the first part of the
present study, we evaluated the E2-mediated activation of hepatocytes innate immunity. On the other
hand, several studies also show the interplay between hypoxia and the estrogen signaling pathways.
Therefore, in the second part of the study, we focused on the interplay between 17,B-estradiol and
HCV infection in a chemically-induced pseudohypoxic state.
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MATERIALS AND METHODS

Cell cultures and chemical compounds

The human hepatoma-derived HuH7 cells were grown in DMEM (1X) + GlutaMAXT™-]|,
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin,
0.1 M non-essential amino acids, 25 mM HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic
acid), and 1 mM sodium pyruvate (Thermo Fisher Scientific, Milan, Italy).

According to different models described below, HuUH7 cells were treated with 17,B-estradiol (E2)
(Sigma-Aldrich Milan, Italy), fulvestrant (F) (Sigma-Aldrich Milan, Italy), IFN alpha-IFNAR-IN-1
hydrochloride (IFNARi) (MedChemExpress, Monmouth Junction, NJ 08852, USA), interferon
alpha-2a (IFNa2a) (Roche S.P.A, Monza, Italy) and dimethyloxalylglycine (DMOG) (Sigma-Aldrich
Milan, Italy). All compounds were dissolved as indicated by manufacturer's instructions and stored
at -20°C.

HuH7 cells were also maintained in culture for 14 days with 17,B-estradiol (400 nM) or dimethyl
sulfoxide (DMSO). In this dissertation, they were called HuUH7-E2 and HUH7-DMSO, respectively.

The E2 chosen concentrations are based on the previous article published by our group [205].

HCYV infection

Viral particle production was performed as described by Magri et al. [205]. Infection was performed
for 3 hours using the HCV genotype 2a JFH-1 at a multiplicity of infection (MOI) of 0.1 or 0.05
according to experiments. The compound’s effects on viral infection were evaluated with the focus
forming unit assay (FFU) or by intracellular HCV RNA quantification (HCV RNA). All the infection
results were normalized to DMSO-treated and infected cells (drug vehicle control). The FFU assays
were performed in a 96-well plate (8.000 cells/well) and the intracellular HCV RNA quantification
was performed on HuH7 cells seeded in a 12-well plate (30.000 cells/well).

e InFFU assay, infected cells were fixed and permeabilized with 4% paraformaldehyde and Triton
® X-100 (0.5% in PBS 1X, Merck, Rome, Italy), respectively. After treatment with H202 (0.3%
in PBS 1X), the saturation was performed with bovine serum albumin (BSA) (3% in PBS 1X-
Tween®20, Sigma-Aldrich Milan, Italy). The infected cells were visualized and counted with
AEC Staining Kit (Sigma-Aldrich, Milan, Italy), using as primary antibody a serum of HCV
positive patient, and as secondary antibody the rabbit anti-human IgG labelled with peroxidase
(Dako Denmark A/S, Produktionsvej, Denmark).

e Extracellular viral particles were measured by viral titration using the FFU assay (FFU/mL).

Naive HuH7 cells were infected with serial dilutions of the collected infective supernatants.
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After 3 hours, the viral inoculum was replaced with the fresh medium for 72 hours and viral titer
was evaluated by FFU assay.

e The intracellular viral particles were obtained with 4-5 freeze thaw cycles of infected cells. The
viral titer (FFU/mL) was obtained as described for extracellular viral particles titration.

e The intracellular HCV RNA quantification was performed with the real-time PCR method
(gPCR) by absolute quantification using a linear regression on serial dilutions of the pJFH1
plasmid at known concentrations. The RNA extraction, the revers transcription and the gPCR
was performed as described below, JFH-1 primers are reported in Table 2.

e Viral assembly efficiency was calculated by the ratio between the intracellular viral particles
(FFU/mL) and the quantified intracellular HCV RNA (copies/mL).

RNA extraction and gene expression analysis

Cells were harvested and total RNA was extracted using NucleoZOL (MACHEREY-NAGEL,
Bethlehem, USA) as reported by manufacturer’s instructions. Subsequently, 250 ng of RNA were
retrotrascribed using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Milan, Italy). The gPCR was performed using the Power SYBR™ Green Master Mix (Thermo Fisher
Scientific, Milan, Italy) with specific primers (Table 2) or using TagMan™ Gene Expression Master
Mix (Thermo Fisher Scientific, Milan, Italy) with TagMan’s probes (Table 3) (Thermo Fisher
Scientific, Milan, Italy). We used hypoxanthine-guanine phosphoribosyltransferase (HPRT) as the
housekeeping gene to calculate the ACt. The relative gene expression, normalized to control cells
(uninfected DMSO-treated cells), was determined using the 224t method.

30



Table 2. Primer full sequences used for real-time gPCR. Carbonic anhydrase 9 (CA9), interleukin-8
(CXCL8), growth regulating estrogen receptor binding 1 (GREB1), hypoxanthine-guanine
phosphoribosyltransferase (HPRT), interferon beta 1 (IFNB1), interferon lambda 3 (IFNL3), interleukins- (1L-
1B, 18), interferon regulatory factor 3 (IRF3), interferon regulatory factor 5 (IRF5), interferon-stimulated gene
56 (1SG56), HCV RNA (JFH-1), lysine demethylase 4B (KDM4B), transforming growth factor beta (TGFB1),
toll-like receptor 3 (TLR3), tumor necrosis factor alpha (TNF).

Gene Primer Forward Primer Revers
CA9 5-GTGCCTATGAGCAGTTGCTGTC-3' 5'-AAGTAGCGGCTGAAGTCAGAGG-3'
CXCLS 5'-CCAGGAAGAAACCACCGGA-3 5'-GAAATCAGGAAGGCTGCCAAG-3
GREBI1 5-GGTCTGCCTTGCATCCTGATCT-3" 5-TCCTGCTCCAAGGCTGTTCTCA-3'
HPRT 5-GATTTGGAAAGGGTGTTTAT-3' 5-TCCCATCTCCTTCATCACAT-3'
IFNBI 5’ -CAGCAATTTTCAGTGTCAGAAGC-3" 5 -TCATCCTGTCCTTGAGGCAGT-3"
TFNL3 5-TCGCTTCTGCTGAAGGACTGCA-3" 5'-CCTCCAGAACCTTCAGCGTCAG-3"
IL1B 5'-ACAGATGAAGTGCTCCTTCCA-3' 5-GTCGGAGATTCGTAGCTGGAT-3'
1L18 5'-GACCAAGGAAATCGGCCTCTA-3' 5'-ACCTCTAGGCTGGCTATCTTTATACATAC-3'
IRF3 5'-ACCAGCCGTGGACCAAGAG-3" 5"-TACCAAGGCCCTGAGGCAC-3"
IRF5 5-TATGCCATCCGCCTGTGTCAGT-3" 5°-GCCCTTTTGGAACAGGATGAGC-3"
ISG56 5"-GCCTTGCTGAAGTGTGGAGGAA-3" 5-ATCCAGGCGATAGGCAGAGATC-3"
JFH-1 5'-TCCCGGGAGAGCCATAGTG-3' S-TCCAAGAAAGGACCCAGTC-3*
KDM4B S-ATCTTGACCATGTCCTTCCG-3" 5'-TCAACTGCGCAGAATCTACC-3"
TGFB1 5'-CCCAGCATCTGCAAAGCTC-3" 5-GTCAATGTACAGCTGCCGCA-3"
TLR3 5-GCGCTAAAAAGTGAAGAACTGGAT-3' 5-GCTGGACATTGTTCAGAAAGAGG-3'
TNF 5'-CCCAGGGACCTCTCTCTAATC-3' 5'-ATGGGCTACAGGCTTGTCACT-3'

Table 3. TagMan probes used for real-time gPCR. Eukaryotic translation initiation factor 2 alpha kinase 2
(EIF2AK2), hypoxia inducible factor 1 alpha (HIF1A), hypoxanthine-guanine phosphoribosyltransferase
(HPRT), interferon alpha 1 (IFNAZL), interleukin-6 (IL6), interferon regulatory factor (IRF7), interferon-
stimulated gene 15 (ISG15), myxovirus (influenza) resistance 1 (MX1), 2'-5'-oligoadenylate synthetase 2
(OAS2).

Gene TaqMan probe GenBank
EIF2AK2 | Hs00169345 ml | AK290655.1
HIFIA | Hs00153153 ml | AB073325.1
HPRT | Hs02800695 ml | AK313435.1
IFNA1 | Hs00256882 sl | AB578886.1

1L6 Hs00985639 ml A09363.1
IRF7 Hs00185375 ml | AF076494.1
ISG1S | Hs00192713 ml | BM712238.1
MX1 Hs00182073 ml | AK096355.1
OAS2 | Hs00942643 ml | AK292796.1

Re-sensitising to infection

HuH7 cells were seeded in a 96-well plate; the next day cells were treated with E2 according to two
different hormone-treatment exposure: short- and long- term treatment.

Regarding the short-term treatment model (Figure 8A), HuH7 cells were incubated overnight (ON)
with two different E2 concentrations (400 and 200 nM) or DMSO (control group), the next day
treatment was removed and replaced with the fresh medium for different time points (0, 2, 3, 4,5, 6
and 24 hours) before the 3 hours infection (MOI 0.1).

In the long-term treatment model, HuH7 cells were cultured in a flask for 14 day in presence of E2 at
the concentration of 400 nM (HuH7-E2) or DMSO (HuH7-DMSO). These cells were seeded in a 96-
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well plate still in presence of hormone and the next day treatment was removed and replaced with the
fresh medium for 0, 1, 2, 3, 4 and 5 days before 3 hours infection (MOI 0.1) (Figure 8B).
In each model, the cells were maintained 72 hours post infection in the fresh medium and the antiviral

activity was evaluated by FFU assay.

A)

HuH7 *awn
Fresh medium Fresh medium
------ > ——————— FFU assay
0-24 hours 72 hours
E2-treatment JFH-1 infection
Overnight 3 hours
B)
HuH7 *an
Fresh medium Fresh medium
----- > - FFU assay
0-5 days 72 hours
E2-treatment JFH-1 infection
14 days 3 hours

Figure 8. Re-sensitisation models. A) Short-term treatment model. B) Long-term treatment model.

Time course gene expression

HuH7 cells were seeded in a 12-well plate, the next day cells were treated 1 hour with E2 (400 nM)
(HCVcc+E2) or DMSO (HCVcc) and then infected for 3 hours (MOI 0.1) still in presence of
treatments (Figure 9A). Control treatment (E2-treated cells) and control cell conditions were
performed incubating cells for 1+3 hours in E2 or DMSO, respectively (Figure 9B). Afterwards, all
the conditions were maintained in the fresh medium and we performed gene expression analysis at
different time points (0, 6, 24, 48 and 72 hours). The analysed genes are shown in Table 2 and Table

3; CA9 and HIF1A genes were not evaluated in this experimental models.
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HuH7
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Control | | __ " | | |_ _Freshmedum —» Gene expression analysis
cells " hows 0. 6, 24, 48, 72 hours

DMSO-treatment
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Figure 9. HCVcc and 17,B-estradiol-treatment models. A) HCVcc model with and without E2 treatment.
B) Treatment control models.

Combination treatment models

The antiviral activities of the estrogen receptor modulators (E2 and fulvestrant) and of IFNa2a were

tested in combination with IFNARI at the concentration of 500 nM.

IFNo2a + IFNARI:
e Cells were infected for 3 hours (MOI 0.1), then they were incubated for 72 hours in presence of
serial dilution (1:10) of IFNa2a (from 10° to 10 MUI/mL) or DMSO with or without IFNARI.
Viral infection was evaluated by FFU assay (Figure 10).

JFH 1

IFNa2a
HuH? wio

w or
IFNARI

— FFU assay
3 hours 72 hours

Figure 10. IFNa2a and IFN aIpha-IFNAR-IN-l hydrochlorlde (IFNARIi) combination treatment model.

17,B-estradiol or fulvestrant + IFNARI:
e HuH7 cells were treated for 1 hour with different compounds; E2, fulvestrant, the combination

E2+F and DMSO (control), all combined with or without IFNARI. Infection was performed for
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3 hours (MOI 0.1) still in the presence of treatments. After infection, viral inoculum was
removed and cells were incubated with IFNARi or DMSO. At 72 hours, viral infection was
evaluated by FFU assay. Real-time gPCR analysis on intracellular HCV RNA was performed
only for E2£tIFNARi and DMSO=IFNARI treatment conditions (Figure 11A).

e HuH7 cells were incubated for 1 hour with E2 or DMSO and infected for 3 hours (MOI 0.1) still
in the presence of treatment. Afterwards, viral inoculum was removed and IFNARi was added
immediately (0), 24 or 48 hours post infection until 72 hours. Viral infection was evaluated by
FFU assay (Figure 11B).

A) JFH-1 + treatments +
IFNARI
HUH7 g o
\ % [#® IFNARI + FFU assay
3 hours O O 72 hours * HCVRNA
Treatments
+ IFNARI
1 hour
B) JFH-1 + E2
HuH7 g o 0-72 hours

N\ LNt 24-72 hours -
- oo fours
3 hours O O assay

48-72 hours
E2-treatment 00000 e == - —_—

1 hour
— IFNARI

— — Fresh medium

Figure 11. HCVcc+treatment models in combination with IFN alpha-IFNAR-IN-1 hydrochloride
(IFNARI). A) Treatments (E2, fulvestrant (F) and E2+F) in combination with IFNARI. B) IFNARi was added
at different time points post E2-treatment and infection.

Conditioned medium (CM) production and antiviral activity evaluation

HuH7 cells were seeded in a 6-well plate (75.000 cells/well), next they were treated for 4 hours with
E2 (400 nM) or DMSO (control media). Subsequently, treatment was removed and replaced with
fresh medium. Separately for each timing, the conditioned medium (CM) was collected at the
corresponding time point (24, 48 or 72 hours) and stored in -80°C until use (Figure 12).

HuH7 M .
E2 harvested /o @
_________ > [OO o |

N, e vd

4 hours 24, 48, 72 hours N

CM?J 48,72

Figure 12. Conditioned medium (CM) production.
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To test the antiviral action of the CMa4, HUH7 cells were seeded in a 96-well plate. The next day,
cells were treated for 4 hours with E2 (400 nM) or DMSO and maintained in the fresh medium for
24 hours before infection (MOI 0.1). Then, viral inoculum was removed and CM24 or fresh medium
were added for 72 hours. The antiviral activity was evaluated performing the FFU assay (Figure
13A).

To test the antiviral action of the conditioned medium harvested at 48 and 72 hours (CMag and CM+2),
HuH7 cells were seeded in a 6-well plate (75.000 cells/well). These cells were treated 1 hour with the
respective CM with or without IFNARI supplementation. In the next 3 hours, infection (MOI 0.1)
occurs still in the presence of treatments. Subsequently, viral inoculum was removed and replaced
with the fresh medium for 72 hours (Figure 13B). The infective supernatant was then titrated as

previously described by FFU assay.

HuH? e @ » Fresh medlum
Fresh medium CMM
FFU assay
24 hours 72 hours
E2 treatment .JFH 1 |nfect|on
4 hours 3 hours

B) JFH-1 + CM,5 7
w or wa’o IFNARI
HuH?
* * Fresh medium Supernatant
3 hours O 72 hours titer
CM48 72
w or w/o
IFNARI

1 hour

Figure 13. Evaluation models of conditioned medium (CM) antiviral activity. Models used to test the
antiviral activity of the CM24 (A) and the CMag and CM72 (B)

DMOG treatment models
DMOG was used at concentrations of 80 UM and with serial dilutions from 40 to 0.064 uM (1:5).
The DMOG serial dilutions were tested also in combination with 17,B-estradiol (400 nm) or
fulvestrant (400 nm). The 17,B-estradiol and fulvestrant serial dilutions (1:2: from 400 to 6.25 nM)
were tested in combination with DMOG (1.6 and 8 uM). HuH7 cells were treated according to two
different Models (Figure 14) with or without JFH-linfection. In Model 1 cells were treated overnight,
JFH-1 infection was performed for 3 hours and cells were then incubated for 72 hours in the fresh
medium (Figure 14A). In Model 2, post 3 hours infection cells were incubated for 72 hours in
presence of treatment (Figure 14B). Infection was performed at a MOI of 0.1 or 0.05 according to
experiments. At 72 hours, the HCV infection was evaluated by FFU assay and by HCV RNA
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quantification. The gene expression analysis of the hypoxia-related gene CA9 and HIF1A (Table 2)

was performed as previously described in the “RNA extraction and gene expression analysis” section.

A) .JFH 1

HuH7
FFU assay

Model 1 0 Fresh medium . Hcy RNA
3 hours O 72 hours + Gene expression analysis

Proliferation and mitochondrial activity assay
Treatment

B) JFH 1
HuH7

+ FFU assay
Model 2 ___Treatment . HCVRNA
3 hours ?2 hours + Gene expression analysis

Proliferation and mitochondrial activity assay

Figure 14. DMOG treatment models. Treatment model 1 (A) and treatment model 2 (B).

Proliferation and mitochondrial activity assay

The IFNARI effects on cell proliferation were tested using crystal violet (CV) assay. HuH7 cells were
seeded in a 96 well plate (8.000 cells/well) and the next day cells were treated for 72 hours with
IFNARI serial dilutions (1:3: 20-0.01 uM). Then, cells were fixed with glutaraldehyde (11,5%) and,
after washing steps, crystal violet (0,1%) was added. Following washing steps and acetic acid (10%)
addition, the absorbance values (OD) were measured at 570 nm using the instrument VICTOR
Multilabel Plate Reader (PerkinElmer, Milan, Italy).

According to the Models shown in Figure 14, the CV assay was also used to test the effect on cell
proliferation of DMOG serial dilutions (1:5: 40 -0.064 uM) or DMOG at 80 uM in presence or
absence of infection. DMSO was used as control treatment and OD values were obtained as
previously described.

The Model 2 (Figure 14B) was used to test the effect on cell mitochondrial activity of E2 (400 nM),
F (400 nM) and DMOG (8 pM), alone or in combination. In this experiment, HuH7 cells were seeded
in two 96-well plates, the next day cells were infected or not (w infection, w/o infection) for 3 hours.
Subsequently, cells were incubated with the compound combinations for 24, 48 or 72 hours: E2, F,
DMOG, E2+DMOG, F+DMOG (DMSO was used as control treatment). At the corresponding time
point, CV assay was performed in one plate as previously described. At the same time point, MTT
assay was performed in the other plate, cells were incubated 2 hours at 37°C with the chemical
compound 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Subsequently,
DMSO was added to each well and the OD values (570 nm) were measured. The mitochondrial
activity was calculated performing the ratio between the MTT OD and the CV OD (OD ratio).
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Statistical analysis

Statistical analysis was performed with GraphPad Prism 8 (GRAPHPAD SOFTWARE, LLC San
Diego, CA). Each experiment was performed at least three times in duplicate. The statistical
significance level was setted at 0.05. The results obtained in the FFU assays, in the HCV RNA
quantifications and in the gene expressions showed a normal distribution.

FFU assay experiments were analysed using the Two-way ANOVA for three or more group
comparisons; post-hoc pairwise multiple comparison tests were performed by Bonferroni's method.
Intracellular HCV RNA were analysed with the T test for two group comparisons. The Two-way
ANOVA was used for three or more group comparisons; post-hoc pairwise multiple comparison tests
were performed by Bonferroni's method. Each time point was analysed separately.

Also in the gene expression analysis, each time point was analysed separately. The statistical analysis
was performed using the multiple T test for two group comparison. The Two-way ANOVA was used
for three or more group comparisons; post-hoc pairwise multiple comparison tests were performed
by Bonferroni's method. Crystal violet and mitochondrial activity assays were evaluated using the
Two-way ANOVA; post-hoc pairwise multiple comparison tests were performed by Bonferroni's

method. The IC50 difference between groups was evaluated using the Mann-Whitney test.
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RESULTS
1%t part: 17,B-estradiol - HCV - Hepatocyte innate immunity

17 p-estradiol long-term treatment and re-sensitising to infection
In literature, it has been hypothesized that, in the female sex, the progressive loss of sexual hormones

(from pre- to post- menopause period) could lead to a higher susceptibility to HCV infection [174].
Initially, we investigated the antiviral effect of a prolonged 17,B-estradiol treatment time and we
assessed how long the estrogen antiviral activity persists in vitro. For these purposes, HUH7 were
cultured in presence of 17,B-estradiol (HuH7-E2) or DMSO (HuH7-DMSQ) for 14 days and
subsequently to infection (3 hours) cells were incubated for 72 hours still in presence of E2 or DMSO.
We found a significant reduction of viral infection in HuH7-E2 cells compared to control: HUH7-E2
without E2-treatment post infection 59.7% FFU +15.4 (p<0.001), HUH7-E2 with E2-treatment post
infection 54.6% FFU £16.3 (p<0.001) (Figure 15). No difference was found between HuH-E2 cells
with or without treatment post infection. As expected, HUH7-DMSO cells treated with E2 post
infection showed a reduction of 38.9% FFU +19.1 (p<0.001) compared to control, no difference was
found against long-treated cells.
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Figure 15. Long-term 17,B-estradiol (E2) exposure and HCV infection. HuH7 cells were cultured in
presence of E2 or DMSO for 14 days, post 3h infection they were incubated for 72 hours in the fresh medium
with or without E2 and viral infection was evaluated by FFU assay. Data are shown as mean+SD normalized
to HUH7-DMSO infected control, ***= p<0.001.

In order to assess how long the estrogen antiviral activity persists in HuH7 cells, we performed an
infection susceptibility experiment in which cells were treated with E2 and incubated in the fresh
medium without treatment before the infection for different time. We used a short and a long -term

treatment model in which HuH7 were cultured overnight (ON) or for 14 days respectively.

In short-term treatment, cells were exposed to two different estrogen concentrations, then treatment

was replaced with the fresh medium and cells were infected every hour from 0 to 6h or after 24h after
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E2 removal. As shown in Figure 16A, we observed a progressive loss of the antiviral effect over
time, with an estimated 50% decrease at around 3h (E2 400 nM: 72.6% FFU 6.6, p<0.001; E2 200
nM: 72.7% FFU £14.5, p<0.001) and a full recovery observed after 5 and 6 hours in cells treated with
E2 at 200 and 400 nM, respectively.

In long-term treatment, HUH7 cells were maintained in presence of 400 nM of E2 for 14 consecutive
days and then re-sensitised with normal media from 0 to 5 days before infection. In line with the short
exposure data, we observed a time-dependent increase in viral susceptibility with a 50% recovery at

2.4 days and a full recovery after 3 days Figure 16B.

In each treatment model, we observed a comparable antiviral effect when infection was performed
immediately post treatment. However, different treatment duration leads to different timing in normal
infection condition restoration.

A) B)

Short-term treatment Long-term treatment

1507 BN E2400nM T E2200nM 1507 m E2 4000M

504

% FFU
(relative to control)
% FFU
(relative to control)

Oh 2h 3h 4h 5h 6h 24h 0d 1d 2d 3d 4d 5d

Fresh medium Fresh medium

Figure 16. Re-sensitising to infection. A) Short-term 17,p-estradiol exposure (ON): cells were maintained in
the fresh medium for different hours (0-24h) before 3h infection. B) Long-term 17,B-estradiol exposure (14
days): HuH7-E2 cells were maintained in the fresh medium for different days (0-5d) before 3h infection. In
both models cells were incubated in the fresh medium post infection for 72h, and cellular susceptibility was
evaluated by FFU assay. Data were normalized to DMSO-treated cells (dot line) and are presented as
meanzSD.

17,p-estradiol and hepatocyte innate immunity
The 17,B-estradiol (E2) antiviral effect against HCV was demonstrated to be directly mediated by

the nuclear estrogen receptor Alpha and Beta (ER) [205]. ER is a well-characterised transcriptional
modulator and E2 binding can lead to transcription of a variety of genes belonging to several classes.
According to the E2-treated cell model (Figure 9B), we evaluated the mRNA fold change (FC) of
interferon- and inflammation- related genes (Table 2 and Table 3) relative to control cells. We
focused on interferon-related genes assuming that the estrogen-mediated antiviral status could be

mainly ascribed to an interferon signaling pre-activation.
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Firstly, we assess the early activation of ER-mediated gene transcription evaluating two well known
estrogen receptor-regulated genes, GREB1 and KDM4B. HuH7 cells were treated for 4 hours with
E2 and fulvestrant alone or in combination (E2+F) (Figure 17). No differences were detected at 0
hours post treatment in all the conditions tested, while at 6 hours we observed an up-regulation of
GREB1 and KDM4B mRNA fold change (FC) in E2 treated cells, instead these increase is completely
aborted in E2+F treated cells (GREB1: 1.8 FC +0.6 vs. 1.15 FC +0.3, p=0.02; KDM4B 1.3 FC +0.2
vs. 0.9 FC £0.3, p=0.008). These findings suggested the ability of 17,B-estradiol to induce a fast

activation of gene transcription mediated by ER activation in HuH7 cells.
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Figure 17. Induction of estrogen-regulated genes in HuH7 cells. HuH7 cells were treated for 4 hours with
17,B-estradiol (E2, 400 nM), fulvestrant (F, 400 nM) and their combination (E2+F). GREB1 and KDM4B
mRNA fold change (FC) were evaluated at 0 and 6h post treatment. Data are reported as mean+SD normalized
to control (dot line). *= p<0.05, **= p<0.01

Focusing on E2-treated cells, we performed a differential gene expression analysis at 0, 6, 24, 48 and
72 hours post treatment (Figure 18A).

The greatest gene expression differences were found in interferon- and inflammation -related gene
classes. Immediately post treatment (0O hours), IFNA1 and IL18 were up-regulated of 2.85 FC £1.63
(p=0.03) and 1.25 FC £0.13 (p=0.006), respectively. Their mRNA levels were still increased at 6
hours (IFNA1: 12.15 FC +5.49, p<0.001; IL18: 1.38 FC £0.07, p<0.001) reaching a first peak along
with the interferon gene IFNB1 (2.55 FC £1.13, p=0.03), while IFNL3 gene expression was similar
to control cells. At the same time point, the mRNA of molecules related to the interferon induction
pathway such as the TLR3 (1.63 FC £0.58, p=0.008), IRF5 (4.20 FC £1.67, p=0.002), IRF7 (2.05 FC
+0.15, p<0.001), MX1 (1.67 FC +0.5, p=0.04) and EIF2AK2 (2.20 FC +0.92, p=0.04) were found to
be up-regulated. Conversely IL1B (0.59 FC +0.11, p<0.001) and IRF3 (0.80 FC +0.07, p=0.002) were

found to be down-regulated.

At 24 hours post treatment, most of the above mentioned genes were expressed at the same levels of
control cells. CXCLS8, IL18 and IRF5 mRNA were down-regulated and showed values of 0.48 FC
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+0.27 (p=0.02), 0.57 FC £0.20 (p=0.002) and 0.66 FC £0.24 (p=0.04), respectively. Subsequently to
this refractory period, at 48 hours post treatment we observed a second increase in gene transcription
of IRF5 (2.30 FC +0.66, p<0.001), IFNA1 (9.57 FC £8.65, p=0.02), IFNB1 (3.86 FC +1.94, p=0.03),
IL18 (1.75 FC %0.72, p=0.02) and TNF (2.59 FC %1.22, p=0.04). This up-regulation was also
maintained at 72 hours for IFNA1 (2.63 FC £1.88, p=0.007), IFNB1 (1.61 FC £0.31, p=0.003), TLR3
(1.74 FC £0.87, p=0.04) and TNF (1.80 FC +0.99, p=0.007) compared to control cells. The analysed
interferon-stimulated genes (1ISG15, 1ISG56, and OAS2) and the genes IL6 and TGFB1 did not show

significant expression differences at all the time points.

In Figure 18B were shown the fold changes of genes modulated by E2 treatment in a minimum of
two time points. Interestingly, kinetic analysis showed E2-mediated antiviral status induced a first
peak between 0-6 hours post treatment, a refractory period at around 24 hours, followed by a second

prolonged period between 48 and 72 hours.
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Figure 18. 17,p-estradiol-modulated gene expression profile. HuUH7 cells were treated 4 hours with 17,3-
estradiol (E2) (400 nM) and the relative gene expression was evaluated at different time points post treatment
(0, 6, 24, 48 and 72 hours). A) Volcano plots of the Log2 mRNA fold change (Log2FC) in E2-treated cells
normalized to control. Up- and down- regulated genes are delimited by the vertical dotted line, significant
values (p<0.05) are delimited by the horizontal dotted line. B) Time course gene expression of six E2-
modulated genes in a minimum of two time points. The mRNA levels of each gene are reported as Log2FC

normalized to control. The reported line interpolates the gene set MRNA expression means measured at each
time point.

42



HCVcc vs. HCVcce+17,4-estradiol gene expression analysis
To assess if the E2-induced mRNA expression changes also occur in an infection context we

performed the differential gene expression analysis using the HCV cell culture (HCVcc) system.
Based on a previously published HCVcc model, HuH7 cells were pretreated for 1 hour with E2
(HCVcc+E2) or DMSO (control infection: HCVcc) and then exposed to treatment during the 3 hours
of infection (Figure 9A) [205].

Firstly, we tested the E2 antiviral action quantifying the intracellular HCV RNA in HCVcc+E2
compared to HCVcc (Figure 19). No significant differences were found in the first 24 hours post
infection. However, starting from 48 hours we observed a significant viral RNA reduction in the
HCVcc+E2 model (68.5% +22.8, p=0.03) and the HCV RNA levels were also lower at 72 hours
(69.2% %27.1, p=0.007) compared to HCVcc.

Intracellular HCV RNA
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% HCV RNA
(relative to control)

Oh 6h 24h 48h T72h

HCVecc+E2

Figure 19. Intracellular HCV RNA quantification in HCVcc and HCVcc+E2 models. Percentage of
intracellular HCV RNA in treated-infected cells (HCVcc+E2) normalized to infected cells (HCVcc) (dot line)
at 0, 6, 24, 48 and 72 hours post infection. Asterisks are referred to the statistical analysis performed between
HCVcc+E2 vs. HCVcc groups and data are presented as mean+SD, *= p<0.05, **= p<0.01.

We then proceeded to analyse the gene expression profile in HCVcc and HCVcc+E2 models at 0, 6,
24, 48 and 72 hours post infection. Overall, as shown in the heatmap in Figure 20, in HuH7 infected
cells (both HCVcc and HCVcc+E2) we observed an early response of interferon system genes, which
recurs slightly higher at 48 and 72 hours post infection. The expression of cytokines-related genes
was found to increase only in the late time points and 12 genes did not shown significant difference
relative to control cells (IL1B-6-18, TGFB1, IRF3, IFNL3, ISG56, MX1, EIF2AK2, OAS2, KDM4B,
GREB1) (Figure 20).

More in detail, in both conditions we found an early higher expression of IFNA1 mRNA at 0 and 6

hours compared to control cells (Oh: HCVcc: 3.63 FC £0.56, p<0.001 and HCVcc+E2: 3.65 FC £3.43,
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p<0.001; 6h: HCVcc: 7.55 FC +5.74, p<0.001 and HCVcc+E2: 10.47 FC +£6.64, p<0.001). At 0 hours,
IFNB1 mRNA was found to be up-regulated in HCVcc+E2 compared to uninfected control cells (Oh:
2.68 FC £1.67, p=0.007).

After the initial response, IFNA1 mRNA levels decrease at 24 hours in both conditions, remaining
slightly higher in the HCVcc condition (2.06 FC +2.37, p=0.01). At the same time point, in both
infection conditions we found the activation of IRF5 (HCVcc: 2.36 FC £1.28, p<0.001; HCVcc+E2:
2.03 FC £0.90, p=0.01) and 1SG15 (HCVcc: 3.47 FC £0.73, p<0.001; HCVcc+E2: 4.57 FC +2.50,
p<0.001) gene transcription. Instead, IFNB1 mRNA levels were increased only in HCVcc+E2 model
relative to control (3.94 FC +2.08, p<0.001).

At 48 hours post infection, TNF were found to be up-regulated both in HCVcc (TNF: 4.77 FC +4.08,
p<0.001) and HCVcc+E2 (4.36 FC £2.42, p<0.001. Instead, compared to uninfected control the
ISG15 mRNA levels remained higher in HCVcc (3.25 FC +1.48, p=0.03) and IFNA1 was strongly
expressed in HCVcc+E2 (9.56 FC £9.72, p<0.001).

At the last time point (72h), the cytokines-related genes TNF and CXCL8 were highly expressed in
HCVcc+E2 (TNF: 3.32 FC +1.96, p<0.001; CXCLS8: 3.04 FC £2.90, p<0.001). While the interferon
related genes ISG15, IRF7 and IFNAL1 were up-regulated in both infection conditions compared to
control (ISG15: HCVcc 3.47 FC £2.04, p<0.001 and HCVcc+E2 3.45 FC +0.95, p<0.001; IRF7:
HCVcc 4.93 FC +4.57, p<0.001 and HCVcc+E2 4.48 FC £2.40, p<0.001; IFNAL: HCVcc 4.82 FC
+3.02, p<0.001 and HCVcc+E2 2.40 FC +1.70, p=0.005).
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Figure 20. Gene expression profiling in the HCVcc and the HCVcc+E2 models. The heatmap show the
gene expression mean values obtained in HCVcc and HCVV+E2 models at 0, 6, 24, 48 and 72h post infection.
Data are shown as Log2 mRNA fold change (Log2FC) normalized to control cells.
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As shown in Figure 21, some of the observed changes in the HCVcc+E2 model partially mimicked
the gene expression trends noticed in E2-treated cells (Figure 18B). Immediately after infection, in
the HCVcc+E2 model we found a significant up-regulation of IFNB1 (p<0.001) and TLR3 (p=0.04)
MRNA compared to HCVcc. As observed in E2-treated cells, also in the HCVcc+E2 model the
IFNAL1 mRNA reached a peak at 6 hours post treatment/infection, which was higher compared to
normal infection condition (p=0.003). In all the conditions IFNAL gene expression decreased at 24

hours remaining slightly higher in HCVcc compared to HCVcc+E2 (p=0.01).

However, at 24 hours the HCVcc+E2 model showed higher mRNA levels of IFNB1 (p<0.001) and
ISG15 (p=0.007) compared to HCVcc. Furthermore, we previously reported that in E2-treated cells
IFNA1 mRNA reached a second peak at 48h and also the HCVcc+E2 model showed increased IFNAL
MRNA levels at this time point compared to HCVcc (p<0.001). As happened in E2-treated cells at
72 hours, IFNAL1 mRNA remained higher in HCVcc+E2 compared to control but slightly lower
compared to HCVcc model (p<0.001), conversely CXCLS8 resulted more expressed (p=0.02). TNF
MRNA exhibited a similar kinetics between E2-treated cells and HCV+E2 model showing an increase

at 48 hours and a significant up-regulation compared to HCVcc at 72 hours (p=0.002).
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Figure 21. Gene expression comparisons between the HCVcc and the HCVcc+E2 models. HCVcc (Black
line), HCVcc+E2 (Red line). Results are shown as mMRNA fold change normalized to control cells (dot line).
Asterisks are referred to the statistical analysis performed between HCVcc+E2 vs. HCVcc groups and data are
presented as mean+SD, *= p<0.05, **= p<0.01, ***= p<0.001.

17,p-estradiol and type I interferon antiviral response
Previous data together suggested that type | interferon response could be the key regulator for

estrogen-mediated antiviral activity. To confirm this hypothesis, 17,p-estradiol treatment was tested
in combination with the IFN alpha-IFNAR-IN-1 hydrochloride (IFNARi) compound, an inhibitor of
the interaction between Interferon alpha (IFN-o)) and interferon alpha receptor (IFNAR) [234,235].

In order to assess the better inhibitor concentration to use during experiments, we firstly tested the

effect of IFNARI treatment on cell proliferation. HuH7 cells were treated for 72 hours with serial
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dilution of the compound and, as reported in Figure 22A. The IC50 value was equal to 5.09 uM
[4.31-6.32], and for next experiments we chose the concentration of 500 nM which was in a

concentration range with no anti-proliferative effect.

In order to confirm the ability of IFNARI to counteract the action of type | interferons, we tested the
ability of the chosen concentration (500 uM) to attenuate the IFNoa2a pharmacological activity.
According to the model shown in Figure 10, HuH7 infected cells were incubated for 72 hours in
presence of IFNa2a in combination with DMSO or IFNARI. As shown in Figure 22B, the IFNa2a
IC50 value resulted to be 0.02 MUI/mL [0.01-0.04], instead in combination with IFNARI the obtained
IC50 value was significantly higher (0.11 MUI/mL [0.03-0.38], p=0.04).
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Figure 22. IFN alpha-IFNAR-IN-1 hydrochloride (IFNARI) activity evaluation. A) HuH7 cells were
incubated for 72h in presence of IFNARI serial dilutions. Proliferation was evaluated by crystal violet assay
and results were normalized to control (upper dot line). B) HuH7 cells were infected for 3 hours and then
incubated for 72h with IFNo2a serial dilutions in combination with DMSO (Black curve) or IFNARiI (Blue
curve). Infection was evaluated by FFU assay and results were normalized to infected control (upper dot line).
IC50 thresholds are reported in graphs (lowest dot lines) and data data are shown as meanSD.

To test if the 17,B-estradiol antiviral action was dependent by type | interferon signaling we used the
HCVcc model shown in Figure 11A. This model is similar to the one used for gene expression
analysis, HUH7 cells were pretreated for 1 hours with E2 (400 nM) or DMSO and infected for 3 hours
still in the presence of treatment. IFNARI was added in combination with E2 and DMSO and in the
incubation period of 72 hours post infection.

As shown in Figure 23, we found that IFNARI in combination with DMSO did not alter the viral
infection in both FFU assay and intracellular HCV RNA quantification compared to infected control
cells (FFU: 90.1% £11.7, p=0.74; intracellular HCV RNA: 114.6% +29.9, p=0.34). As expected, E2
treatment without IFNARI induced a reduction of 38.4% 8.5 in FFU (p<0.001) and of 37.2% +16.4
in intracellular HCV RNA levels (p<0.001). On the contrary, the E2 antiviral effect was completely
abolished when we performed E2 treatment in presence of IFNARI. In the HCVcc+E2+IFNARI
model, on one hand FFU and HCV RNA levels (94.9% £8.6 and 93.1% £6.0, respectively) were
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significantly higher compared to HCVcc+E2 model (FFU: p=0.002; intracellular HCV RNA:
p=0.008). On the other hand, no differences were found between the HCVcc+E2+IFNARI model to
the HCVcc+DMSO model added with the IFNARI (FFU: p>0.999; intracellular HCV RNA: p=0.108,
respectively).
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Figure 23. 17,p-estradiol (E2) antiviral effect in combination with IFN alpha-IFNAR-IN-1 hydrochloride
(IFNARI). HuH7 cells were treated and infected according to the HCVcc model shown in Figure 11A. Viral
infection was evaluated at 72 hours post infection by FFU assay and intracellular HCV RNA performed.
Results are shown as the percentage mean+SD normalized to control (dot line). ns= not significant, **= p<0.01.

The same FFU assay experiment was performed also in presence of fulvestrant (F) in combination
with E2 (E2+F) with or without IFNARI (Figure 24). Fulvestrant control treatment (104.4% FFU
+8.8) or in combination with IFNARI (86.1% FFU £23.9) had no significant differences compared to
control infected cells (p>0.999 and p=0.397, respectively) and DMSO+IFNARI condition (p=0.343
and p>0.999, respectively). Also the E2+F treatment abolished the antiviral effect of E2 without or
with IFNARI (91.8% FFU 8.3 and 92.4% FFU £9.9, respectively) without differences with infected
control cells (p=0.920 and p=0.997, respectively) and DMSO+IFNARI condition (p>0.999).
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Figure 24. Antiviral effect evaluation of fulvestrant with or without 17,p-estradiol (E2) and IFN alpha-
IFNAR-IN-1 hydrochloride (IFNARIi). HuH7 cells were treated and infected according to the HCVcc model
shown in Figure 11A. Viral infection was evaluated at 72 hours post infection by FFU assay. Results are
shown as the percentage mean+SD normalized to control (dot line).
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Based on our previous results showing time-dependency of the estrogen-mediated interferon
induction (Figure 18B and Figure 21), we investigated the role of each interferon peak on anti-HCV
activity (6 vs. 48 hours). Based on the model shown in Figure 11B, we treated HUH7 cells with E2
(400 nM) for 1h, and then we infected them still in presence of E2. After 3 hours, the viral inoculum
was removed and IFNARIi was added at different times post infection, 0, 24 or 48h, respectively.
Adding the inhibitor immediately post infection (0-72h), resulting in a block for both peaks, showed
a complete rescue of viral infection compared to E2 treated infected cells (102.7% FFU £25.7 vs.
60.6% FFU +13.9, p=0.002) without significant differences compared to IFNARI treated cells
(p>0.999). Similarly, when the inhibitor was added at 24h post infection (24-72h), after the first peak
passed and during the refractory period, we still observed a full infection restoration (105.8% FFU
+35.7, p<0.001). Adding IFNARI at 48h post infection (48-72h), during the second peak, was not
sufficient to revert antiviral phenotype, showing FFU levels similar to E2 control (60.9% £18.6 vs.
60.6% +13.9, p>0.999) and significantly lower compared to IFNARI treatment control (p=0.03),

suggesting that the first peak was essential to induce a strong antiviral response (Figure 25).
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Figure 25. 17,g-estradiol (E2)-induced antiviral activity loss. HuH7 cells were treated according to the
HCVcc+E2 model shown in Figure 11B. IFN alpha-IFNAR-IN-1 hydrochloride (IFNARi) was added to the
HCVcc+E2 model immediately (0-72h), 24h (24-72h) or 48h (48-72h) post infection, and viral presence was
evaluated at 72h by FFU assay. Results are shown as the percentage mean=SD normalized to control (dot line).
ns= not significant, *= p<0.05, **= p<0.01, ***= p<0.001

17,p-estradiol-conditioned medium antiviral effect
Our findings showed that 17,B-estradiol was able to early stimulate a type | interferon gene expression

and the estrogen antiviral activity could be reverted by blocking IFN type | signaling pathway.

Furthermore, as shown in the re-sensitising experiment (Figure 15A), in the short-term treatment
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model the first 24 hours post treatment was crucial to preserve the E2 antiviral effect. All of these
results led us to hypothesize that the E2-stimulated cells could early release molecules in the cell

culture media able to induce a pre-activated antiviral status in HuH7 and to exert an antiviral effect.

To assess the hypothesis we focused on the conditioned medium (CM) obtained 24, 48 and 72 hours
post an E2 treatment of 4 hours (CM24, CMa4g and CM72) (Figure 12). We initially tested whether our
short model phenotype could still be reverted by 24h re-sensitisation as observed in the short-term
treatment; the used model is shown in Figure 13A. We obtained a significant difference between E2
treated cells without or with 24 hour re-sensitisation before infection (63.0% FFU £14.3 vs. 92.8%
FFU 8.5+, p<0.001) demonstrating that E2 treated cells were completely re-sensitised if infected 24
hours post treatment (Figure 26A).

Using the same model, we tested if the CM24 was essential to maintain the estrogen induced antiviral
effect. As shown in Figure 26B, when untreated and infected cells were incubated for 72 hours post
infection in CM24 we obtained a partial reduction of infection compared to control (74.7% FFU +£11.9,
p<0.001), first showing that CM>4 has an antiviral activity. Similarly, when E2-treated and re-
sensitised cells were incubated post infection in the CM24, we observed the antiviral effect restoration
(51.1% FFU #£19.1) with a significant difference compared to infected control (p<0.001).
Surprisingly, despite these cells were re-sensitised, we found a significant difference compared to
cells incubated in CM24 post infection without a previous E2 treatment (p<0.001), demonstrating an
E2-induced pre-activation status in HuUH7 which was able to maximise CM24 antiviral activity.
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Figure 26. Antiviral effect evaluation of conditioned medium (CM) harvested at 24 hours post 17,-
estradiol (E2) treatment. HuH7 cells were treated for 4 hours with E2 or DMSO (control). Post treatment
cells were maintained in the fresh medium for 24h (re-sensitised) and then infected for 3 hours. A) post
infection cells were incubated in the fresh medium. B) post infection, cells were incubated in the conditioned
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medium collected at 24h (CM.4). FFU assay was performed 72h post infection. Results are shown as the
percentage mean+SD normalized to control (dot line). ***= p<0.001.

The hypothesized antiviral action of CMsg and CM7, was tested according to the HCVcc model
reported in Figure 13B. To evaluate if the antiviral activity could be mediated by type | interferon

molecules, HuH7 cells were treated with the CM with or without IFNARI.

Both CM4g and CM72 were able to reduce supernatant viral titer (FFU/mL) with significant difference
compared to infection control (CMas: 59.8% +24.9, p<0.001; CM72: 58.4% +16.8, p<0.001) (Figure
27). Whereas, adding IFNARI to the conditioned medium we obtained the nullification of CM
antiviral activity (CMag: 100.3% FFU/mL +29.9; CM7,: 112.8% FFU/mL £17.3) with a significant
difference compared to CM treated cells without the inhibitor (CMag vs. CMag+IFNARI: p=0.008;
CM72vs. CM72+IFNARI: p<0.001).
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Figure 27. Antiviral effect evaluation of conditioned medium (CM) harvested at 48 and 72 hours post
17,p-estradiol (E2) treatment. The conditioned medium was collected at 48 and 72h (CM4g and CM+,) post
E2 treatment. Naive HuH7 cells were treated 1 hour with CM4g and CM+, added with or without IFNAR:I, then
infection was performed for 3 hours still in the presence of treatments. Cells were incubated in the fresh
medium and supernatant viral titers were quantified at 72 hours post infection by FFU assay (FFU/mL). Results
are shown as the percentage mean£SD normalized to control (dot line). **= p<0.01, ***= p<0.001
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2" part: 17,p-estradiol - HCV - Pseudohypoxic state

HCV infection and DMOG treatment

A cellular hypoxic state is able to influence the HCV infection and may play a significant role in viral
hepatocarcinogenesis. Moreover, several studies showed the relationship between hypoxia and
estrogens, so we evaluated the 17,p-estradiol antiviral effect in combination with
dimethyloxalylglycine (DMOG). The DMOG is a chemical compound often used to mimic an
artificial hypoxic state (pseudohypoxic condition) [112]. The experiments were performed using
several DMOG concentrations and two different treatment models shown in Figure 14. In the short
treatment model HuH7 cells were incubated with DMOG overnight before infection (Model 1),
instead in the long treatment model HuH7 cells were treated for 72 hours post infection (Model 2).
The effect on cell proliferation was tested for all DMOG concentrations with or without JFH-1
infection. In Model 1 without infection we found a slight proliferation reduction using the
concentrations of 40 and 80 uM (-11.9% OD 8.2, p=0.008; -16.8% OD 8.2, p=0.02). In Model 2
there was a modest proliferation reduction incubating cells with DMOG at 40 uM without and with
infection (-16.2% +3.5, p=0.03; -11.0% £13.9, p=0.04) (Figure 28).
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Figure 28. DMOG proliferation assay. HuH7 cells were treated with the reported DMOG concentrations
with or without infection (MOI 0.1) according to Model 1 and 2. Cellular proliferation was evaluated by crystal
violet assay at 72 hours, optical density (OD) results are shown as percentage mean+SD normalized to DMSO-
treated control (dot line). Asterisks are referred to the statistical analysis performed between treatment vs.
control groups. *= p<0.05, **= p<0.01.

To assess if Model 1 and Model 2 were able to induce a pseudohypoxic condition we evaluated the
MRNA levels of two hypoxia-related genes (HIFLA and CA9) in cells treated with DMOG (80 uM)
without or with JFH-1 infection (Figure 29). As shown in Figure 29A, ON exposure (Model 1) did
not induce an hypoxia-related response at 72 hours post treatment compared to control cells (HIF1A:
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1.26 FC +0.47, p=0.256; CA9: 1.76 FC %1.61, p=0.274), instead the 72h-long DMOG exposure
(Model 2) was able to slightly up-regulate the HIFLA mRNA (1.33 FC £ 0.14, p<0.001) and a trend
was observed in CA9 mRNA levels (4.67 FC +5.55, p=0.06) compared to control cells. We did not
find significant differences evaluating HIF1LA and CA9 mRNA expressions in presence of JFH-1
infection (HCVcc vs. HCVcc+DMOG) (Figure 29B).
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Figure 29. DMOG-induced hypoxic-gene evaluation. A) HuH7 cells were treated with DMOG at 80 uM
overnight (Model 1(Black)) or for 72 hours (Model 2 (Grey)). B) The HCVcc system was performed according
to Model 1 and Model 2 with or without DMOG treatment (80 puM) (HCVcc+DMOG and HCVcc,
respectively). Gene expression analysis was performed at 72 hours and mRNA levels are shown as FC
normalized to DMSO-treated control (dot line). Asterisks and circles are referred to the statistical analysis
performed between treatment vs. control groups. °= p=0.06, ***= p<0.001.

Although Model 1 and Model 2 showed no gene expression differences in an infective context,
assessing intracellular HCV RNA we found two different infection kinetics between the two treatment
models (Figure 30A). In Model 1, we observed a progressive increase of intracellular viral RNA over
time reaching a peak at 72 hours post infection compared to control (72h: 338.6% +130.7, p<0.001),
while in Model 2 HCV RNA levels remained similar to control (79.8% +45.9, p>0.999). Viral RNA
kinetics resulted to be significantly different between Model 1 and Model 2 at 72 hours post infection
(p<0.001). Similar results were obtained treating cells with DMOG serial dilutions, we found
significant differences in FFU count between Model 1 and 2 in the highest tested concentrations (40
uM: 189.8% +15.0 vs 89.5% +38.9, p<0.001; 8 uM: 169.5% +23.9 vs. 104.7% +21.4, p<0.001)

(Figure 30B).
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Figure 30. DMOG treatment effects on viral infection (MOI 0.1). According to Model 1 (Black) and 2
(Grey), HuH7 cells were treated with DMOG at 80 uM (A) or DMOG serial dilutions (0.064-40 uM) (B) and
were infected with a MOI of 0.1. Infection was evaluated by intracellular HCV RNA quantification at 24, 48
and 72 hours post infection (A) or by FFU assay at 72 hours post infection (B). Results are shown as the
percentage mean+SD normalized to infected control (dot line). Asterisks are referred to the statistical analysis
performed between Model 1 vs. Model 2 groups. ***= p<0.001.

Reducing the JFH-1 MOI from 0.1 to 0.05, the infection differences between the two Models resulted
deeper (Figure 31). Comparing Model 1 and 2, we found significant differences in three DMOG
concentrations tested (1.6 uM: 121.4% FFU £22.6 vs. 77.7% FFU £23.4, p<0.001; 8 uM: 136.0%
FFU +14.9 vs. 69.9% FFU +18.3, p<0.001; 40 uM: 132.9% FFU +17.9 vs. 43.0% FFU %15.6,
p<0.001). Moreover, focusing on Model 2 the same three concentrations were able to reduce viral
infection compared to infected control (1.6 uM: p=0.02; 8 uM: p=0.01; 40 uM: p<0.001). DMOG
treatment performed before infection had a positive effect on JFH-1 infection, instead a prolonged

post infection treatment induced a concentration-dependent reduction of viral infection.
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Figure 31. DMOG treatment effects on viral infection (MOI 0.05). HuH7 cells were treated with serial
dilutions of DMOG (0.064-40 uM) and infected with a MOI of 0.05 according to Model 1 (Black) and 2
(Grey). Infection was evaluated by FFU assay at 72 hours post infection and results are shown as the percentage
meanxSD normalized to infected control (dot line). Asterisks are referred to the statistical analysis performed
between Model 1 vs. Model 2 groups. ***= p<0.001.

17,p-estradiol antiviral effect in combination with DMOG
To assess if the 17,3-estradiol antiviral activity persisted also in DMOG-induced conditions, we tested

E2 (400 nM) in combination with serial dilutions of DMOG in both models. Treating cells before
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infection (Model 1) the E2 antiviral effect (E2 treatment control: 48.5% FFU £8.8) resulted partially
lost when estrogen was used in combination with DMOG concentrations (0.064 uM: 73.9% FFU
+19.9, p=0.03; 0.32 uM: 77.6% FFU £26.1, p=0.008; 8 uM: 83.0% FFU +23.1, p<0.001; 40 uM:
107.0% FFU +28.1, p<0.001), the combination of E2 with DMOG at 1.6 uM showed a trend (67.0%
FFU £17.8, p=0.06) (Figure 32A). However, the E2 combined with all the DMOG concentrations
was still able to induced an infection reduction compared to the DMOG-treated group (0.064 pM:
p=0.001; 0.32 uM: p=0.002; 1.6 uM: p<0.001; 8 uM: p<0.001; 40 uM: p<0.02) (Figure 32A).

Similarly, evaluating the effect of the combination DMOG+E2 vs. DMOG in Model 2, we observed
an infection reduction in E2-treated cells only in combination with the lowest DMOG concentrations:
0.064 uM (68.7% FFU %15.5 vs. 108.5% FFU +20.0, p<0.001), 0.32 uM (76.5% FFU £20.5 vs.
97.6% FFU £30.1, p=0.02) and 1.6 uM (62.4% FFU +15.0 vs. 77.7% FFU £23.5, p=0.008). No
differences were found combining E2 with DMOG at 8 and 40 uM (Figure 32B). Compared to E2-
treated cells (51.9% FFU +12.7), viral infection was significantly higher in cells treated with E2 in
combination of DMOG at 0.32 uM (76.5% FFU £20.5, p=0.02) and 8 uM (71.4% FFU +£19.2, p=0.03)
(Figure 32B).

Overall, in Model 1 the infection promoting activity of DMOG was partially counteracted by E2 (400
nM) and in Model 2 the 17,B-estradiol antiviral action was present only in combination with the
lowest DMOG concentrations. Since in Model 2 the DMOG antiviral action increased with increasing

concentration, the E2 antiviral effect progressively overlapped the DMOG effect.
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Figure 32. 17,g-estradiol (E2) antiviral activity in combination with DMOG serial dilutions. HuH7 cells
were treated and infected according to Model 1 (A) and Model 2 (B). Serial dilutions of DMOG (0.064-40
uM) were used with or without E2 at 400 nM (DMOG+E2 and DMOG, respectively). Infection was evaluated
at 72 hours by FFU assay and results are shown as the percentage mean+SD normalized to infected control
(upper dot line). E2 control treatment value was reported as the lower dot line. Asterisks are referred to the
statistical analysis performed between DMOG+E2 vs. DMOG groups, white circles are referred to the
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statistical analysis performed between DMOG+E2 vs. E2 groups. */°= p<0.05, **/°°= p<0.01, ***/°°°=
p<0.001.

Based on these data, we focused on the two DMOG concentrations of 1.6 and 8 uM, which in Model
2 presented opposite results comparing DMOG+E2 vs. DMOG treatment conditions. Treating cells
before or post infection, the antiviral effect of E2 serial dilutions (from 400 nM to 6.25 nM) were

tested in combination of the two DMOG concentrations (1.6 or 8 uM).

As shown in Figure 33A, in Model 1 the DMOG concentration of 1.6 uM combined with E2
concentrations did not alter estrogen antiviral effect; no differences were found compared to E2
treatment controls. Instead, compared to DMOG treatment (1.6 uM: 121.4% FFU £22.6), significant
differences were found when DMOG was used in combination with E2 at 50, 100, 200 and 400 nM
(50 nM: 86.8% FFU £18.8, p=0.006; 100 nM: 88.5% FFU £33.8, p=0.01; 200 nM: 84.2% FFU £17.7
p=0.003; 400 nM 67.0% FFU £17.8, p<0.001). Increasing DMOG concentration to 8 uM, we noticed
a partial loss of the estrogen antiviral activity in the whole E2+DMOG conditions tested compared to
E2 (6.25 nM: 120.2% FFU +12.5 vs. 89.3% FFU %16.4, p=0.01; 12.5 nM: 125.7% FFU +17.2 vs.
89.2% FFU +16.4, p<0.001; 25 nM: 111.7% FFU £17.7 vs. 73.0% FFU +14.0, p<0.001; 50 nM:
121.6% FFU £38.4 vs. 72.5% FFU +26.1, p<0.001; 100 nM: 117.8% FFU %35.6 vs. 59.9% FFU
+12.6, p<0.001; 200 nM: 102.3% FFU £21.6 vs. 58.7% FFU +31.4, p<0.001; 400 nM: 83.0% FFU
+23.1vs. 48.5% FFU £8.8, p=0.001) (Figure 33B). In combination with DMOG only the two highest
E2 concentration tested (200 and 400 nM) were able to significantly reduce viral infection compared
to DMOG control (8 uM: 137.0% FFU £14.9) (200 nM: p=0.006; 400 nM: p<0.001).
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Figure 33. 17,B-estradiol (E2) serial dilution antiviral activity in combination with DMOG (Model 1).
HuH7 cells were treated overnight before infection (Model 1) with E2 serial dilutions (6.25-400 nM) with or
without DMOG (E2+DMOG and E2, respectively) at 1.6 uM (A) and 8 uM (B). Infection was evaluated by
FFU assay at 72 hours post infection and results are shown as the percentage mean+SD normalized to infected
control (lower dot line). In each graph, DMOG control values were reported as the upper dot line. Asterisks
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are referred to the statistical analysis performed between E2+DMOG vs. E2 groups, white circles are referred
to the statistical analysis performed between E2+DMOG vs. DMOG groups. °°= p<0.01, ***/°°°= p<0.001.

Observing the post infection treatment model (Model 2) (Figure 34A), no significant differences
were found between E2+DMOG(1.6 uM) and estrogen treatment control, except using E2 at 6.25 nM
(67.3% FFU £17.4 vs. 96.4% FFU +11.3, p=0.009). Moreover, combining E2 at 400 nM with DMOG
we observed significant lower levels in FFU compared to DMOG control (67.3% +17.4 vs. 77.7%
+23.5, p=0.03). When the DMOG concentration was increased to 8 uM, the combined treatments
were equal to E2 treatment for all the concentrations tested excluding the one at 400 nM (71.4% FFU
+19.2 vs. 51.9% FFU £12.7, p=0.04). The combination of E2 at 6.25 nM with DMOG (8 uM) slightly
increased the FFU levels compared to DMOG control (89.0% *17.1 vs. 69.9% +18.3, p=0.03)
(Figure 34B).

Model 2
A) 150 B) 150
g g °
< 1004 € 400 - e T e
28 28 - i;
5 3 11
ey e R RGIR T Tkt i T
= 504 = 50
8 &
e e
0 T T 1 0 T T 1
1 10 100 1000 1 10 100 1000
E2 [nM] E2 [nM]
o E2 o E2
- E2+DMOG(1.6 uM) -&- E2+DMOG(8 uM)

Figure 34. 17,g-estradiol (E2) serial dilution antiviral activity in combination with DMOG (Model 2).
HuH?7 cells were treated 72 hours post infection with E2 serial dilutions (6.25-400 nM) with or without DMOG
(E2+DMOG and E2, respectively) at 1.6 uM (A) and 8 uM (B). Infection was evaluated by FFU assay at 72
hours post infection and results are shown as the percentage mean+SD normalized to infected control (upper
dot line). In each graph, DMOG control values were reported as the lower dot line. Asterisks are referred to
the statistical analysis performed between E2+DMOG vs. E2 groups, white circles are referred to the statistical
analysis performed between E2+DMOG vs. DMOG groups. */°= p<0.05, ***= p<0.001.

Observing the post infection treatment model, individually DMOG and E2 treatments induced a
reduction of viral infection but the combined effects of the two compounds did not result in a higher
antiviral effect. So we hypothesized that the DMOG and the E2 antiviral effect could be exerted
activating a common estrogen receptor (ER)-mediated molecular pathway. To evaluate this
hypothesis, we tested the antiviral action of DMOG in presence of the ER antagonist fulvestrant.

As shown in Figure 35, we noticed a full recovery of viral infection when both DMOG concentrations

were used in combination with fulvestrant serial dilutions. We found significant differences between
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DMOG (1.6 uM) control (77.7% FFU £23.5) and DMOG with fulvestrant at 400 nM (107.8% FFU
+42.8, p=0.04), 200 nM (115.6% FFU +46.3, p=0.02) and 100 nM (126.6% FFU +34.3, p<0.001). A
reduction of the DMOG antiviral effect was also found using fulvestrant at 400 and 200 nM in
combination with DMOG at 8 uM (400 nM: 106% FFU £31.8, p=0.002; 200 nM: 110.3% FFU +23.9,
p<0.001) compared to DMOG control (69.9% FFU £18.3).
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Figure 35. DMOG antiviral effect in combination with fulvestrant serial dilutions (Model 2). HuH7 cells
were treated 72 hours post infection with fulvestrant serial dilutions (6.25-400 nM) in combination with
DMOG at 1.6 uM and 8 puM. Infection was evaluated at 72 hours post infection by FFU assay and results are
shown as the percentage mean+SD normalized to infected control (dot line).

In order to better characterise the relationship between ER, DMOG and viral infection we assessed
the interactions between DMOG, E2 and fulvestrant on viral products: intracellular HCV RNA, intra
and extra -cellular viral particles and viral assembly efficiency. Looking at our previous experiments,
we focused on the Model 2, in which the E2 treatment (400 nM) combined with DMOG (8 uM)

resulted in an antiviral effect reduction if compared to the E2 treatment control (Figure 34B).

Firstly, we evaluated the mitochondrial activity in cells, with or without previous infection, treated
with DMOG (8 uM), E2 (400 nM), fulvestrant (400 nM) and the respective combinations
(E2+DMOG and F+DMOG) for 24, 48 and 72 hours. As reported in Figure 36, no differences were

found between all the conditions tested in presence or not of JFH-1 infection.
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Figure 36. Mitochondrial activity assay. HuH7 cells were treated with DMOG, 17,B-estradiol (E2) or
fulvestrant (F) and the respective combinations (E2+D, F+D) with or without previous infection, DMSO was
used as treatment control. MTT and Crystal violet (CV) assays were performed at 24, 48 and 72 hours from
the beginning of the treatment. The OD ratios (OD MTT/OD CV) are shown as mean+SD.

Evaluating viral infection products we observed similar levels in intracellular HCV RNA in the
control DMOG treatment condition compared to the infected control (128.8% +39.8, p=0.250)
(Figure 37A). However, both intracellular and extracellular viral particles were found to have
significantly lower levels in the control DMOG treatment condition (49.5% +22.9, p=0.003 and
64.6% +25.9, p=0.006, respectively) (Figure 37B-C). In agreement, virion assembly efficiency was
found to be lower in the DMOG treated cells compared to control (40.4% +10.6, p=0.002,) (Figure
37D).

When the ER agonist 17,B-estradiol was used in presence of DMOG treatment (E2+DMOG), the
intracellular HCV RNA resulted to be higher if compared to E2 control (111.3% +48.6 vs. 65.3%
+18.4, p=0.01) without significant differences compared to DMOG control (p<0.999) (Figure 37A).
The intra- and extra- cellular viral particles had similar levels in E2-treated cells with or without
DMOG showing significant lower levels compared to infected control (E2+DMOG: 66.9% +28.4
intracellular viral particles, and 53.5% +31.1 extracellular viral particles; p<0.05 and p<0.001,
respectively; E2: 51.3% +17.3 intracellular viral particles, and 60.3% +26.6 extracellular viral
particles; p=0.02 and p<0.01, respectively). Evaluating the virion assembly efficiency no differences
were found between E2 treatments with or without DMOG (81.2% + 24.7 vs. 70.8% +16.2, p>0.999)
(Figure 37B-C-D).

Using the ER antagonist fulvestrant in combination with DMOG (F+DMOG), we found a significant
reduction of intracellular HCV RNA compared to DMOG control (88.65% +28.7, p=0.004) with
similar level to fulvestrant control treatment (86.7% £10.0, p<0.999) (Figure 37A). Furthermore, the
intra- and extra- cellular viral particles were not affected by fulvestrant treatment with or without
DMOG compared to infected control (F+DMOG: 70.6% £21.5 intracellular viral particles, and 87.6%
+49.2 extracellular viral particles; p=0.408 and p<0.999, respectively; F: 109.1% 6.9 intracellular
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viral particles and 82.7% +48.1 extracellular viral particles, p<0.999 and p<0.999, respectively). The
virion assembly efficiency in F+DMOG treated cells resulted significantly higher compared to
DMOG control (86.5% +29.3 vs. 40.4% +10.6, p=0.03) (Figure 37B-C-D).
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Figure 37. DMOG treatment antiviral effect in combination with estrogen receptor ligands. HuUH7 cells
were treated post JFH-1 infection (MOI 0.05) for 72 hours with 17,B-estradiol (E2), fulvestrant (F) with or
without DMOG (8 uM) . Intracellular HCV RNA (A), extra (B) and intra (C) -cellular viral particles and
assembly efficiency (D) were evaluated by gPCR and FFU assay. Results were shown as mean£SD normalized
to infected control (dot line). Asterisks are referred to the statistical analysis performed between treatment vs.
treatment groups, white circles are referred to the statistical analysis performed between treatment vs. infected
control groups. ns= not significant, */°= p<0.05, **/°°= p<0.01, °°°=p<0.001.
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DISCUSSION

Affecting more than 170 millions of people globally, the HCV is the leading cause of several liver
diseases [236]. The wide study of the virus led to the development of the Direct Antiviral Agents
(DAAS), which have revolutionized the disease treatment [237]. Nevertheless, some topics about the
natural history of HCV infection are still unclear. Principally, the relationship between sex differences
and HCV infection is an object of debate even in the DAASs era [238]. Indeed, females show a higher
spontaneous viral clearance rate, and the progression of HCV-associated liver diseases is slower in
women compared to men [162,239,240]. Particularly, the female sex is a protective factor against
fibrotic progression in patients with chronic liver disease [164]. Moreover, the male sex resulted to
be a strong risk factor for hepatocellular carcinoma (HCC) development; the HCC is 3 fold common
in males compared to females. However, the HCV infection persistence and the liver disease
progression in females are age-related, depending on whether females are in pre- or post- menopausal
period [164,172,174]. In a previous study published by our group, using different in vitro HCV cell
culture systems we demonstrated that 17,-estradiol (E2) exerts its antiviral effect acting on the HCV
particles release and partially with the viral entry. However, the E2-activated hepatocyte antiviral
mechanisms were still unknown [205]. Moreover, estrogen activity can also cross-talk with hypoxia-
induced conditions, which is an important factor in cirrhosis and HCC development [105,227].
Characterising the E2-dependent hepatocyte modulation in different environmental conditions can

lead to better understanding the female sex protective role observed in several liver diseases.

In the present study, we demonstrated that 17,B-estradiol (E2) stimulates the hepatocytes innate
immunity, inducing the generation of an intra- and extra- cellular environment with antiviral
properties. Moreover, we demonstrated that the E2-induced antiviral agents are linked to the
interferon type | system. In the second part of the study, we found that the dimethyloxalylglycine
(DMOG) treatment (a synthetic analogue of alpha-ketoglutarate used to mimic hypoxic conditions)
exerts opposite effects on viral infection, depending on exposure timing. Using the estrogen receptor
(ER) agonist (17,B-estradiol) and antagonist (fulvestrant (F)) compounds in DMOG-treatment
condition, we demonstrated a mutual interaction between the ER pathway and DMOG treatment

effect on viral infection.

Initially we focus on the clinical data about the progressive loss of HCV infection protection in
females during menopause period [174]. To explore this observation we evaluated the presence of a
re-sensitisation to infection in E2-treated hepatocytes. To better mimic physiological conditions,
hepatocytes were maintained in E2 treatment not only for a short period but also for a long one. The
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long-treatment period demonstrated an antiviral effect similar to a shorter model, highlighting an
antiviral effect threshold of approximately 50% (Figure 15). Performing the re-sensitisation
experiments, we evaluated the persistence of the estrogen-mediated antiviral status after removal of
the receptor stimulation and its impact on the infection susceptibility. The E2 antiviral activity loss
resulted to be time-treatment dependent. In fact, the infection susceptibility in the overnight (ON)
treatment model was recovered in approximately a few hours. While the prolonged treatment period
(14 days) showed a longer persistence of the antiviral effect up to a couple of days, and a full recovery
of viral infection after three days (Figure 16). These results are in line with the clinical observations,
showing a progressive loss over time of the E2 protective antiviral effect. The progressive antiviral
action loss could be related not only to a reduced direct estrogen effect on hepatocytes, but it also
could be ascribed to the removal of antiviral molecules present in the medium produced by the E2
treatment. In fact, it should be noted that the extracellular medium (E2-conditioned medium) was
removed before the infection, and the E2 could promote both intra- and extra- cellular antiviral

environments.

The hepatocyte innate immunity shows several molecular mechanisms (pathogen-associated
molecular patterns (PAMPS)) which are able to detect the HCV viral infection. PAMP activation
stimulates IFN molecule production, which exert an autocrine and paracrine action inducing
interferon-stimulated gene (ISGs) transcription and suppressing viral infection [59]. A different
immune response between females and males is well documented in literature. It has also been
reported that 17,B-estradiol can promote the interferon signaling during viral infections [241,242].
Also healthy female immune cells show higher IFN signaling pathway activation compared to male,
mainly linked to IRF5 and TLR signaling pathway [187,188]. So we hypothesized that the estrogen-
mediated antiviral status could be ascribed to an interferon signaling pre-activation. To test this
hypothesis, we performed a time course gene expression analysis, firstly focusing on interferon- and
inflammation- related genes in E2-treated hepatocytes without HCV infection. We observed a fast
transcription of the two estrogen-regulated genes (GREB1 and KDM4B), and we also demonstrated
that their transcription is mediated by the ER activation (Figure 17). In fact, treating cells with E2 in
combination with the ER antagonist fulvestrant the GREB1 and KDM4B mRNA levels remain
similar to control. The faster E2-induced gene transcription could be related to the estrogen lipophilic
nature, which allows them to easily cross cell membranes and bind intracellular receptors.
Furthermore, the presence of ER on plasma membranes can lead to a faster intracellular response
activation (indirect non-genomic signaling) [243]. HuH7 cells, treated for 4 hours with E2, showed a

particular gene expression profile. An early gene transcription activation at 0 and 6 hours post
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treatment is followed by a refractory period at 24 hours, at 48 hours we found a subsequent second
gene transcription activation, which partially persists at 72 hours (Figure 18A). The two well-known
inflammation-related genes IL1B and CXCL8 were found to be down-regulated, highlighting the
potential role of estrogens to control inflammation. Conversely, we observed profound changes in
IFN-related genes, a strong transcription activation was found at 6 hours post treatment concurrently
to GREB1 and KDM4B induction. Five genes (IL18, IRF5, IFNAL, IFNB1, TLR3 and TNF) were
found highly modulated in at least two time points (Figure 18B). These data demonstrate that the

innate immune gene transcription can be modulated in naive HuH7 cells by 17,B-estradiol.

Observing the infection context, in the HCVcc and the HCVcc+E2 models we found a general up-
regulation of interferon- and cytokines- related genes (Figure 20). However, the mRNA levels of
IFNL3 and the evaluated ISGs (excluding 1SG15) did not show significant differences compared to
control cells in each time point. These findings could be due by the low MOI used during the
experiment (0.1), and by the negative regulation exerted by the HCV suppressing innate immunity.
Also the choice of HuH7 cell line can explain our findings; in fact HuH7 cells have a defective innate
immunity, although exogenous IFN-a-stimulation can anyway lead to normal ISG induction [244].
Moreover, despite HuH7 cell line shows up-regulated IFN mRNA levels during viral infections, it is
still debated if this cell line can produce a higher amount of IFN molecules [91,245,246].

As expected, the E2 treatment induced a reduction of intracellular HCV RNA, starting from 48 hours
(Figure 19). Comparing the HCVcc+E2 and HCVcc models, the higher gene expression differences
were found in the early 0-24 hours post treatment and infection, consistent with the E2-induced early
response. At these time points, TLR3 and IFNB1 genes showed up-regulated mRNAs levels. In the
HCVcc+E2 model, IFNAL mRNA showed a kinetic similar to the one observed in E2-treated cells,
resulting significantly differently compared to the HCVcc model at 6 and 48 hours post infection.
These data are in line with the reported ability of estrogens to induce and promote IFN response in
different cell types and during viral infections [242,247,248].

At 24 hours, we also found a slight increase in ISG15 mRNA. The ISG15 protein is one of the most
IFN type I-induced I1SGs, but its role is controversial [249]. During in vitro HCV infection it has been
demonstrated that ISG15, combined with USP18, acts as a negative feedback loop of IFN response
[250]. It has been also demonstrated that ISG15 can be secreted from infected cells and can activate
T and NK cells, inducing IFN-y production [251]. The NKp46'9" cells produce higher amounts of
IFN-y and are highly expressed in HCV-infected female subjects; these cells are also inversely
correlated to HCV RNA levels and fibrosis degree [182]. Intriguingly, we could speculate that

released 1SG15 acts as an inflammation regulator: on one hand, it could recruit immune system cells,
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which lead to viral clearance, and on the other hand, it could dump hepatocyte interferon stimuli to
control local inflammation.

Looking at the later time point (72 hours), the two CXCL8 and TNF mRNAs were up-regulated in
the HCVcc+E2 model compared to the control infection condition. Despite their harmful role as
proinflammatory agents in chronic infection, several findings support their positive role to counteract
the infection establishment. It has been proposed that a low replicative virus acute infection can
induce these two cytokines release stimulating innate antiviral pathways; an IFN-stimulated response
element (ISRE) binding site was located in the CXCL8 promoter region, and the toll-like receptor
(TLR) signaling activation can promote TNF transcription [126,252]. In an in vitro HCV replicon
system the CXCL8 mRNA inversely correlated with IL8 protein and HCV RNA replication [253].
Furthermore, Laidlaw et al. found that TNF-a, independently and in combination with IFNs, can
inhibit HCV particle release [128].

Based on gene expression data, we hypothesized that the 17,B-estradiol antiviral effect could be
mediated by type | IFN system. The type | IFN family comprises a wide number of different
molecules, which exert their activity by binding to a single receptor complex (IFNAR1/IFNAR2).
Therefore, we evaluated the E2 treatment in combination with the compounds IFN alpha-IFNAR-IN-
1 hydrochloride (IFNARI), which is an inhibitor of the IFN-o/IFNAR interaction [235]. The chosen
inhibitor concentration did not affect cell proliferation and was able to blunt the pharmacological
action of the IFNa2a. Furthermore, the chosen IFNARI concentration did not alter basal HCV viral
infection; in line with a published result showing that JAK-STAT pathway inhibition did not alter
HCYV infection in HuH7 cell lines [244]. Adding the IFNARI to the HCVcc + E2 model, we obtained
the complete E2-antiviral effect loss (Figure 23). Based on our previous results showing time-
dependency of the estrogen-mediated interferon induction, we investigated the role of each interferon
peak on anti-HCV activity (Figure 25). We have added the IFNARI at different timelines to the
HCVcc+E2 model, and we found a viral infection full restoration only in cells treated with the
IFNARIi immediately (Oh) or 24h post infection. Adding the IFNARI at 48h post infection, during the
second peak, was not sufficient to revert antiviral phenotype. These data suggest that the first E2-
induced interferon peak is essential to induce a strong antiviral response.

Therefore, we assumed that E2-stimulated HuH7 cells could produce a conditioned medium (CM)
able to interfere with the HCV viral infection. Furthermore, the presence of early-released antiviral
molecules in the medium, post the E2 treatment, could also explain the restoration of infection
observed in re-sensitising experiments. In fact, we found an E2 antiviral effect loss when four hours-

treated cells were incubated for 24 hours in fresh medium, which was subsequently removed before
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the infection (Figure 26A). The CM produced in the first 24 hours (CM24) was sufficient to induce a
modest infection reduction. Surprisingly, when the re-sensitised cells were incubated for 72 hours in
the CM24 post infection, we obtained the complete restoration of the antiviral (Figure 26B). The
significant difference between the above-mentioned conditions suggests that the previously E2-
treated cells have a higher sensitivity to extracellular antiviral factors. These data are in line with
other published observations, which demonstrate a greater IFN-related response in female isolated
cells compared to male ones [179,187,188]. The late-harvested CM (CMagand CM72) showed a strong
antiviral effect (Figure 27). This could be explained by a higher accumulation of E2-induced antiviral
molecules during time. Moreover, the IFNARI addition to the CM completely abrogated the CM
antiviral activity, confirming the presence of IFN-related molecules in the medium, which are able to

interfere with viral infection.

Taken together, these findings demonstrate a role of the type I interferon system in estrogen-mediated
antiviral activity in hepatocytes. Hence, we also demonstrated that the E2 antiviral effect is not only
limited to hepatocyte intracellular level, but it also acts at an extracellular level. The hepatocyte-
released antiviral molecules also modulates other cell type behavior. It is well aware that the HCV
infection context and liver disease progression is not restricted only to the hepatocyte function. The
antiviral response against HCV infection is a complex event, which is orchestrated by the interaction
of the hepatocytes with the non-parenchymal liver cells (Kupffer cells (KCs), hepatic stellate cells
(HSCs) and liver sinusoidal endothelial cells (LSECs)) and other immune cells [254]. The persistence
of HCV infection and a insufficient antiviral response promotes the establishment of an inflammatory
environment, which can lead to a chronic infection and the onset of liver diseases such as cirrhosis
and hepatocellular carcinoma. In the future, we aim to deeply characterise the interferon intracellular
response in order to find the ISGs involved in viral clearance. We also aim to evaluate the conditioned
medium effect on liver non-parenchymal cells. Co-culture experiments would be the best conditions

to deeply understand the estrogen protective role in liver disease progression.

Considering the entire hepatic context is a fundamental step to study and evolve new strategies against
liver disease progression. In this sight, a factor that is increasingly being taken into consideration is
the hypoxic condition [105]. An oxygen gradient is physiologically present in the liver lobule, and
the onset of liver disease (such as the HCV infection) can promote the establishment of a hypoxic
environment. The cellular hypoxic state appears to influence the HCV infection itself and may play
a significant role in viral hepatocarcinogenesis, interplaying with chronic inflammation. Several

studies show a cross-talk between hypoxia and estrogen signaling pathway [227]. Hence, in the
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second part of our study, we focused on the interplay between 17,B-estradiol and HCV infection in a
chemically-induced pseudohypoxic state.

To establish a pseudohypoxic state we used the compound dimethyloxalylglycine (DMOG), a
synthetic analogue of 2-oxoglutarate that acts as a PHD competitive inhibitor, inducing HIF-1la
stabilization. However, being an 2-oxoglutarate the DMOG activity is not specific, and this
compound can modulate the signaling pathway mainly linked to metabolism [112]. We used two
different treatment models, which are based on an ON treatment before infection (Model 1) and a 72
hours treatment post infection (Model 2). The DMOG is normaly used at 1-2 mM concentrations
[255,256], but some published work showed a DMOG dose-dependent reduction in cell growth in
long-time treatment experiments [257—259]. We used low DMOG concentrations (0.064 - 80 uM) to
avoid a detrimental impact on cell proliferation, which could affect viral infection analysis. The
chosen concentrations did not markedly affect HuH7 cell proliferation (Figure 28). To assess the
pseudohypoxic state induction, we did not evaluate HIF-1a protein stabilization, but we performed a
gene expression analysis of two hypoxia-related genes (HIF1A and CA9). Treating cells for 72 hours
with the higher DMOG concentration tested (80 uM) we observed a slightly HIFLA mRNA up-
regulation at 72 hours, while a trend was observed in CA9 mRNA levels. Conversely, no HIF1A and
CA9 mRNA level differences were observed treating cells ON, probably due the restricted time of
exposure (Figure 29A). No gene expression differences were also found using both models in
combination with the HCV infection (Figure 29B). Therefore, we cannot assert the reaching of a
complete pseudohypoxic state under HCVcc conditions. The low used MOI was insufficient to induce
mitochondrial impairment (Figure 36).

However, we found a significantly different viral infection kinetic between the two DMOG treatment
models, evaluating the intracellular HCV RNA (Figure 30). More marked results were obtained using
a lowest MOI and DMOG serial dilutions in FFU assay (Figure 31). Viral infection promotion or
impairment resulted in dose and timing dependent. Our data demonstrated that a short DMOG
treatment before infection promotes late HCV RNA up-regulation, while a prolonged DMOG
treatment post infection compromises viral infection. These DMOG double effects lead us to assume
that a hypoxic or pseudohypoxic environment could be a double edge sword for HCV viral infection.
A low oxygen tension can enhance viral replication and can promote viral entry by VLDLR up-
regulation [115,260]. However, Magri et al. observed the HCV infection reduction under 72h-long
strong hypoxic conditions [261]. Under hypoxic conditions, the histone demethylase family (KDMs)
is transcriptionally activated and is an important transcription regulator. The N-Myc downstream-
regulated gene 1 (NDRGL1) gene can be regulated by KDM4B, and NDRG1 expression is enhanced
by high hypoxic conditions (1.5% O2) and by DMOG treatment in normoxic conditions (uM
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concentration) [262—264]. Conversely, the HCV can promote NDRG1 down-regulation to favour its
particle formation. In fact, it has been demonstrated that NDRG1 can modulate lipid droplet
formation, negatively affecting the HCV assembly phase [265]. These data would support the idea of
two distinct effects exerted by hypoxic conditions on the viral replication cycle.

The KDM family transcription can be activated not only by hypoxia but also by estrogens, underling
a common signaling pathway between hypoxia and estrogen signaling pathway [226]. Therefore, we
focused on the ER-mediated antiviral activity evaluation in DMOG treatment model conditions. We
found that in Model 1 the DMOG infection-promoting activity was partially counteracted by E2 in a
concentration-dependent manner. In fact, the highest E2 concentration (400 nM) partially
counteracted DMOG-related infection up-regulation (Figure 32A). While, the E2 serial dilution
antiviral activity was dependent by the DMOG concentration tested. The DMOG concentration of 1.6
uM combined with E2 concentrations did not alter antiviral estrogen effects. Increasing the DMOG
concentration to 8 uM, we found the E2 antiviral activity maintenance only in the highest tested
concentrations (Figure 33). Observing the post infection treatment model (Model 2), individually
DMOG and E2 treatments induced a reduction of viral infection, but the combined effects of the two
compounds did not result in a higher antiviral effect. Furthermore, we found a slight reduction in E2
(400 nM) antiviral activity in combination with DMOG at 8 uM (Figure 32B and Figure 34B). Based
on these data, we assumed that the DMOG and the E2 antiviral effect could be exerted activating a
common estrogen receptor-mediated molecular pathway. To evaluate this hypothesis we tested the
ER antagonist fulvestrant in combination with DMOG, and we found that the ER inhibition
compromised the DMOG antiviral action in a dose-dependent manner (Figure 35).

Finally, we better characterised the interplay between ER agonist (E2), ER antagonist (F) and DMOG
treatment on HCV viral cycle (Figure 37). The treatment combination E2+DMOG induced an up-
regulation of the intracellular HCV RNA compared to E2 control treated cells, explaining the partial
loss of E2 antiviral activity previously reported. However, in the three treatment conditions (E2,
E2+DMOG and DMOG) we found a profound decrease of the intra- and the extra- cellular viral
particles. While the viral assembly efficiency resulted unbalanced only in the DMOG treatment
control condition; these findings are in line with previously reported data, which demonstrated that
E2 mainly affected the viral particle release [205]. The unbalanced viral assembly efficiency leads us
to hypothesize that the DMOG treatment on one hand could promote viral replication; on the other
hand, it could generate a harmful intracellular environment, which negatively affects viral particle
assembly/release. The DMOG proviral activity on HCV RNA seems to be dependent on an activated
or unoccupied ER, although the E2 presence still reduces the viral infection. In fact, blocking the ER

activity with fulvestrant, we observed the HCV RNA decrease in F+DMOG condition compared to
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DMOG treatment control, and we found the partial restoration of viral assembly efficiency. However,
the HCV replicon system should be used to better study the interaction between ER, DMOG treatment
and HCV replication.

It has been demonstrated that fulvestrant is able to alter hypoxia-induced gene transcription in breast
cancer cells [266]. Furthermore, an E2-activated ER-a/p can promote HIF-1a transcription, while
Tamoxifen-blocked ER exters an opposite effect [266]. Some studies showed that the hypoxia-
activated transcription factors and the ER-o/p can interplay modulating the gene transcription by
binding to estrogen responsive elements (ERES) or to hypoxia-responsive elements (HRES)
[230,233]. We can suppose a different DMOG-induced gene transcription regulation in an ER status-
dependent manner, which may lead to different effects on viral infection. Nevertheless, the DMOG
use showed some limitations in inducing a pseudohypoxic state. In future, we aim to investigate the

interaction between estrogen and HCV under not chemical-induced hypoxic conditions.

To conclude, we can affirm that 17,3-estradiol promotes the in vitro hepatocyte IFN-related gene
expression and the conditioned medium production with IFN type | system-mediated antiviral
activity. In addition, the 17,B-estradiol induces an hepatocyte pre-activation status that emphasizes
the antiviral conditioned medium activity.

The 17,B-estradiol antiviral effect can be altered under DMOG treatment conditions, in a mutual
concentration-dependent manner. The DMOG also exert opposite effects on the HCV viral infection,
depending on the exposure timing. Moreover, the DMOG antiviral action can be blocked by the ER
antagonist fulvestrant, demonstrating an interplay between ER activation and DMOG treatment effect

on the HCV viral infection.
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During the PhD period, | collaborated on several projects in the epathology field. These projects were
related to the research of liquid biopsy-based biomarkers implicated in liver diseases and potentially
related to HCC risk development. In most of the studies, | worked on the experimental setting of the
single nucleotide polymorphisms (SNPs) analysis and for serological marker quantification. The

project-related articles include:

- Severity of Nonalcoholic Fatty Liver Disease in Type 2 Diabetes Mellitus: Relationship
between Nongenetic Factors and PNPLA3/HSD17B13 Polymorphisms [267].

- Periostin Circulating Levels and Genetic Variants in Patients with Non-Alcoholic Fatty Liver
Disease [268].

- Interplay of PNPLA3 and HSD17B13 Variants in Modulating the Risk of Hepatocellular

Carcinoma among Hepatitis C Patients [269].

- Genes modulating liver fat accumulation and lipogenesis predict development of
hepatocellular carcinoma among DAA treated cirrhotics C with and without viral clearance

(Manuscript under review).

Furthermore, | actively participated in the organisation of a multicentric study in collaboration with
“Universita degli studi Milano - Bicocca”, “Ospedale San Gerardo” (Monza), “ASST Grande
Ospedale Metropolitano Niguarda” (Milano). The project is entitled “Finding the seed of recurrence:
the role of the liquid biopsy to detect circulating tumor cells as markers of advanced disease and
prognosis in hepatocarcinoma”. | worked on the isolation and characterisation of circulating tumor
cells (CTCs) in enrolled patients. Currently the preliminary results were exposed at the EASL - Liver
Cancer Summit, 5-6 February 2021 [270]. The acquired knowledge in the “HCC and CTC” field

allowed us to write a review (Manuscript under review).
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