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Introduction

1 Introduction

1.1 Hepatitis C virus

Hepatitis C virus (HCV) causes acute and chronic liver diseases. According to the
WHO (World Health Organization) currently estimated 58 million people suffer from
chronic HCV infection, with about 1.5 million new infections per year and approximately
290.000 people, who die each year due to HCV-associated liver cirrhosis and
hepatocellular carcinoma (WHO HCV 2021). The WHO has launched the global HCV
elimination program by 2030, but many barriers have to overcome. The treatment of a
chronic infection with direct-acting antivirals agents (DAAs) allows a cure rate over
97%. However, these therapies are very cost-intensive and therefore not accessible
for every patient. Another barrier to achieve HCV elimination is the absence of a
prophylactic vaccine. For the development of effective cures and a vaccination, a better

understanding of the viral life cycle is indispensable.

1.1.1 History

A new parenterally-transmitted hepatitis form was identified in the 1970s that was not
caused by the hepatitis A or the hepatitis B virus (Feinstone et al. 1975). In 1988, after
the development of a diagnostic test, scientists were able to identify the hepatitis C
virus as a cause for the non-A, non-B hepatitis (NANBH) (Choo et al. 1989). Initial
limitations impeded the establishment of in vitro systems based on subgenomic
replicons to analyze the HCV replication. Virus replication and production of viral
particles for analysis of the complete HCV life cycle however was not possible until a
heterologous expression system was developed (Bartenschlager et al. 1994). In
addition, the development of subgenomic replicon systems (Lohmann et al. 1999;
Blight et al. 2000) and pseudoparticles (Bartosch et al. 2003) further enabled
investigation on the life cycle.
For the host cell line, Huh7.5 were identified as convenient cells in being highly
permissive for HCV and contributed to an improved cell culture system to study the
HCV life cycle (Blight et al. 2002; Zhong et al. 2005). From the serum of a Japanese
patient with fulminant hepatitis (JFH1) a clone was isolated, which replicates up to high
levels without any adaptive mutations (Lindenbach et al. 2005; Wakita et al. 2005;
Zhong et al. 2005). A higher infectivity was achieved with a generated chimera of a J6
1
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and JFH1 isolate called Jc1 (Pietschmann et al. 2006), which represents a further

improvement of the cell culture system.

1.1.2 Infection and pathogenesis

Since HCV is a blood-borne virus, infection occurs through parenteral exposure to
contaminated blood, blood products or by the use of injectable drugs (Alter 2007; Frank
et al. 2000). HCV is also transmitted by tattooing, hemodialysis, from an infected
mother to the unborn child or by sexual activity (Sy and Jamal 2006; Clarke and
Kulasegaram 2006; Roberts and Yeung 2002; Terrault 2002). Diagnostic HCV tests
and inactivation of the virus minimizes the risk of infection by blood products. HCV
virions can keep stability and infectivity after drying at room temperature for a long time
(Ciesek et al. 2010). Due to this, a cross contamination of insufficient hospital hygiene
is not excepted (Kamili et al. 2007).

The incubation period varies from a few weeks to several months. Because of flu-like
symptoms or an absence of any symptoms the acute infection goes unnoticed.
Infection with HCV is cleared in about 15% spontaneously, while the remaining 85%
develop a chronic hepatitis (Alter 1997; Nawaz et al. 2015). A spontaneous elimination
of HCV can occur due to virus-related factors like genotype, high rate of mutations or
immune response suppression by viral antigens or through host-related factors, e.g.,
race, gender, age and rare immune responses (Janiak et al. 2018).

In acute HCV-related metabolic disturbances, the liver, skeletal muscle and adipose
tissue are mainly targeted. In the liver ectopic fat, inflammation and oxidative stress is
increased, which contribute to the development of steatosis (Chaudhari et al. 2021).
Further inflammation and oxidative stress together with fibrogenesis and insulin
resistance progress within 30 years to end-stage liver disease. This includes cirrhosis
and a high risk for hepatocellular carcinoma (HCC), which is the third leading cause of
cancer-related deaths worldwide (Pascual et al. 2016; Chaudhatri et al. 2021). Beside
the metabolic shift, the pathogenesis of a chronic infection originates from the affected
immune response of the host (Irshad et al. 2013). Elevated levels of reactive oxygen
species (ROS) causes persistent liver damage and exhausted liver regeneration leads
to replaced non-functional connective tissue, which progresses into liver fibrosis
(Rockey and Bissell 2006). In HCV positive cells, elevated ROS is produced due to ER
stress, UPR (unfolded protein response), mitochondrial dysregulation, high cytosolic
Ca?* levels and NADPH oxidases (NOXs) (Medvedev et al. 2016). ROS contributes to

2
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the HCV-associated pathogenesis and the induction of autophagy, which is required
for viral replication and release (Ploen and Hildt 2015). Furthermore, ROS leads to the
activation of Nrf2 (nuclear factor erythroid 2 (NF-E2) related factor 2). However, Nrf2
signaling is impaired upon HCV infection, which results in further increase of ROS and
the activation of JNK (c-Jun N-terminal kinase). Activated JNK induces
phosphorylation of IRS1/2 (insulin receptor substrate 1/2) on Ser/Thr residues and
thereby impairs the insulin signaling (Medvedev et al. 2016). Moreover, increased
expression of PGC-1a (peroxisome proliferator-activated receptor-gamma coactivator
1a), enhanced fatty acid uptake and upregulation of genes involved in cholesterol and
lipid synthesis may contribute to oxidative stress-induces insulin resistance (Medvedev
et al. 2016). Furthermore, Nrf2 activation due to defects in the autophagic flux, which
results in p62 accumulation has been associated with drug resistance and cancer
(Bender and Hildt 2019). In addition to metabolic shifts, oxidative stress, immune
response and insulin, chronic HCV affects the iron metabolism. Iron is a central
component for HCV replication and translation, however it is controversial whether iron
promotes or suppresses viral replication (Chaudhari et al. 2021). A hepatic iron
overload by high serum ferritin levels in chronic infected patients are considered as an
independent risk factor for advanced liver fibrosis (Zou and Sun 2017; Chang et al.
2020). In several studies, statins, beta-blockers, Mediterranean diet and coffee were
found to act as protective factors, which can reduce the risk of developing HCC
(Pascual et al. 2016). Up to now, the development of tumor cells is still unclear, but the
main factor might be the induction of oxidative stress. High ROS-levels result in DNA
damage and its accumulation may lead to several genetic mutations and mutagenesis.
(Kryston et al. 2011). Moreover, oncogenic properties were observed for some HCV
proteins (Tang and Grisé 2009).

1.1.3 Diagnosis

In direct laboratory tests, HCV RNA and core antigen are characterized, while specific
antibodies against HCV can be detected in an indirect test (Gupta et al. 2014).
The “gold standard” for the detection of active HCV replication is the screening of RNA
by nucleic acid tests (NAT) in early infection even after 4-6 days (Gupta et al. 2014;
Marwaha and Sachdev 2014). Viral RNA can be detected 1-3 weeks after infection by
using target amplification with polymerase chain reaction (PCR) and signal
amplification (hybrid capture or the branched DNA assay) (Chevaliez and Pawlotsky
3
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2008). Quantitative real-time PCR assays progressively replace classical techniques
and allow a direct quantification of the viral load and can detect very low RNA levels
(10-15 IU/ml) (Chevaliez and Pawlotsky 2008).

Since the HCV core antigen levels follow HCV RNA dynamics, core can be detected
by enzyme-linked immunosorbent assay (ELISA) and chemiluminescence
immunoassays (CLIA) (Seme et al. 2005).

After approx. 6-8 weeks of infection, antibodies against HCV can be detected by ELISA
(Gupta et al. 2014). Current generation of ELISA enables detection of HCV capsid
antigen and antibodies against core and the nonstructural proteins NS3, NS4 and
NS5A.

1.1.4 Therapy

Treatment against HCV started with the administration of interferon alpha (IFN-a),
followed by a combination with ribavirin, which is a guanosine analogue with antiviral
effects. To measure the success of a treatment, sustained virological response (SVR)
was used as unit and is based on an undetectable level of HCV RNA 12 weeks
(SVR12) or 24 weeks (SVR24) after the termination of the treatment (Lynch and Wu
2016). A quite low SVR of 7-11% by use of IFN-a and 28-31% in combination with
ribavirin was obtained (Pawlotsky et al. 2015). For more than over two decades, HCV
was then treated by pegylated IFN-a with ribavirin, which led to a moderate efficiency
of 42-46%. However, the combinated therapy has severe side effects like depression,
fatigue, flu-like symptoms and anemia (Pawlotsky et al. 2015).

Later in the year 2011, first-generation of direct-acting antivirals (DAAs) HCV NS3-
NS4A protease inhibitors Telaprevir and Boceprevir were approved combined with
pegylated IFN-a and ribavirin and increased the SVR rate to 67-75% (Ghany et al.
2011).

As a new generation of therapy, further inhibitors were developed to inhibit NS5A,
nucleotide analogue inhibitors of the HCV RNA-dependent RNA polymerase (RdRp)
NS5B and non-nucleoside inhibitors of the viral RdRp (Pawlotsky et al. 2015). All
inhibitors had in common, that there are mainly active only against genotype 1 and
exhibit a low barrier to resistance.

Therefore, second-generation of NS3-4A protease inhibitors were developed. This

generation improved the barrier to resistance to a higher level and had pangenotypic
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activity. Second-generation of NS5A inhibitors with pangenotypic activity but a low
barrier to resistance followed (Pawlotsky et al. 2015).

Finally in 2014, two new IFN-a free DAA combinations have been approved. Harvoni®
is a combination of Sofosbuvir (nucleotide analogue of HCV RNA polymerase NS5B)
and Ledipasvir (NS5A inhibitor) in one pill and improved the SVR rate to 93-100%
when administered daily for 8-24 weeks (Pawlotsky et al. 2015). Grazoprevir combined
with Elbasvir in Zepatier® contains an NS3-4A and NS5A inhibitor, respectively and
the combination of Sofosbuvir and Velpatasvir (NS5A inhibitor) is sold as Epclusa®.
Further antiviral drugs are Vosevi™, a triple combination of Sofosbuvir, Velpatasvir and
Voxilaprevir (NS3-4A inhibitor) as well as Mavyret™ for the administration of
Glecaprevir (NS3-4A inhibitor) and Pibrentasvir (NS5A inhibitor) (WHO 2018; DGVS
2020).

To this day, new DAAs and combinations are being tested in clinical trials in the hope
that HCV can be totally cured one day. However, the prohibitive pricing of the drugs as
well as HCV resistance to DAAs are still limiting the therapy. Despite the high
prevalence of HCV, only approx. 20% of infected individual have been diagnosed and
only 7% have received treatment worldwide (Zhang et al. 2021). The major challenges
remain in the implementation of diagnosis and new therapies, not only in low- to
middle-income countries, but also in high-income countries (Pawlotsky et al. 2015). It
is forecasted, that more people globally in 2040 die due to viral hepatitis than HIV,
tuberculosis and malaria combined and demonstrate how crucial progresses on

therapies and vaccines against HCV are (Foreman et al. 2018; Cox 2020).

1.1.5 Epidemiology

Studies on the global distribution of HCV in 138 countries and with 177 million HCV-
infected people estimated the total HCV prevalence of about 2.5% (Petruzziello et al.
2016). The highest prevalence is estimated in central Asia and central Africa (> 3.5%).
A moderate prevalence (1.5% - 3.5%) was observed in South-, East- and Southeast
Asia, West-, East- and North Africa and Middle East, Latin America, Australasia and
Eastern Europe. The lowest prevalence has occurred in Southern Africa, North
America, Pacific Asia and Western and Central Europe (< 1.5 %) (Petruzziello et al.
2016).

The different HCV genotypes distinguish in their distribution worldwide. In the

geographic distribution, shown in figure 1, genotype 1 is the most common and has
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the highest prevalence in the high-income countries, genotype 2 is highly present in
West Africa and genotype 3 in Asia. For genotype 4, the highest prevalence is in North
Africa and the Middle East. In Central and Northern Africa and in Southeast Asia the
genotypes 4 and 6 are mostly present (Petruzziello et al. 2016).

Discriminated in their proportion worldwide, genotype 1 has the highest (46.2%),
followed by genotype 3 (30.1%), genotype 2 (9.1%), genotype 4 (8.3%), genotype 6
(5.4%) and genotype 5 (0.8%) (Warkad et al. 2018).

Compared with other infectious diseases such as tuberculosis, HIV and malaria that
have a steady decline in prevalence and mortality over the last years, HCV infection

remains on the rise and is a global health problem moving forward (Zhang et al. 2021).

& e S
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Figure 1 Relative prevalence and distribution of HCV genotypes worldwide.
The most common genotype for each country and the number of seroprevalent cases
is shown (Messina et al. 2015).

1.1.6 Classification of hepatitis C virus

HCV is an RNA virus that belongs to the genus of Hepacivirius within the family of
Flaviviridae to which the yellow fever virus, dengue virus and Zika virus are also related
to (Blazquez et al. 2014). It can be subdivided into 7 genotypes (1-7) and various
subtypes (a, b, c, etc.) and distinguished in geographical distributions and medication
(Kuiken and Simmonds 2009; Simmonds 2004). Within the genotypes the nucleotide
sequence differs by about 30-35% and by another 20-25% within the subtypes (Irshad
et al. 2010). Due to a lack of proof-reading function of the viral RNA-dependent RNA
polymerase (RdRp), a high mutation rate of the viral genome occurs. Based on this, a

high genetic diversity with different but closely related genomes (quasispecies) is
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observed that makes treatment of chronic hepatitis C in patients challenging (Martell
et al. 1992; Farci and Purcell 2000).

1.1.7 Genome organization

As a hallmark for flaviviruses, HCV has a single-stranded, positive-sense, uncapped
RNA genome with a size of 9.6 kB. The single open reading frame (ORF) is flanked by
highly structured 5’ and 3’ untranslated regions (UTR) harboring conserved structures
required for viral replication (Lohmann et al. 1999). The internal ribosomal entry site
(IRES) of the 5 UTR binds the 40S ribosomal subunit and initiates the translation of
the viral genome in a cap-independent manner (Bartenschlager et al. 2013). The
resulting polyprotein of about 3000 amino acids (aa) is cleaved by cellular and viral
proteases into ten mature proteins: The structural proteins Core, E1 and E2 and the
nonstructural proteins p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Gu and Rice
2013; Neufeldt et al. 2018). The HCV genome organization is shown in figure 2. To
assemble the viral particle, the structural proteins core, E1 and E2 envelope and form
the nucleocapsid that harbors the viral RNA. The nonstructural proteins NS3-NS5B are
not part of the viral particle and represent the replicon complex (RC), which is essential
for viral replication and involved in the regulation of cellular processes (Bartenschlager
et al. 2013). The ion channels p7 and NS2 are not part of the viral particle but required
for viral assembly as p7/NS2 dictate the relocalization of core from LDs to ER
(Bartenschlager et al. 2011; Madan and Bartenschlager 2015). The 3’ UTR contains a
short variable sequence (VAR), a poly (U/UC) region and a highly conserved 98
nucleotide sequence (X-tail) (Tanaka et al. 1996; Kolykhalov et al. 1996).

of of. /
gl | e Protease Helicasel | NS48 | NsoA
AUG * p7 NS3 NS4A )
Stop
: 5"NIR e Structural proteins : Non-structural proteins : 3"NIR !

IRES Assembly module I Replication module

Figure 2 HCV genome organization.

The ORF of the HCV genome, flanked by 5’ and 3’ non-translated regions (NTR) with
start and stop codons. The 5 NTR contains the internal ribosome entry site (IRES).
The structural proteins core (C), E1 and E1 together with p7 and NS2 present the
assembly module. The remaining nonstructural proteins NS3-NS5B are required for
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RNA replication (replication module). Indicated scissors show the polyprotein cleavage
by cellular proteases. The cleavage removing the carboxy-terminal regions of core is
indicated by an asterisk. Cleavage by viral proteases is indicated with arrows
(Bartenschlager et al. 2013).

1.1.8 Structural proteins
1.1.8.1 Core

The highly conserved RNA-binding protein core has a size of 21 kDa and forms the
viral capsid (McLauchlan 2000). From three different domains, the RNA-binding
domain 1 is hydrophilic and involved in oligomerization. The membrane-binding
domain 2 is hydrophobic and binds the mature core at the endoplasmatic reticulum
(ER) and on the surface of lipid droplets (LDs) where virion assembly takes place
(Hope et al. 2002; Boulant et al. 2006). The hydrophobic domain 3 serves as signal
peptide and mediates E1 translocation into the ER lumen. Subsequently, the signal
peptide is cleaved by the cellular signal peptide peptidase, which leads to the
maturation of core (McLauchlan 2000). The core protein mediates the recruitment of
nonstructural proteins to the LDs (Miyanari et al. 2007). Furthermore, core has various
regulatory functions and is involved in the HCV pathogenesis by affecting host cell
functions (Khalig et al. 2011). Core is involved in the deregulation of cell signaling
pathways, which contribute to the development of HCC (Pascut et al. 2021). The up-
or downregulation of miRNAs by core enables inhibition of the interferon response,
promotes viral replication and alters hepatic lipid metabolism (Pascut et al. 2021).
Recently, core was reported to inhibit the cleavage of MHC class | molecules and
induce their degradation, thus suggesting that core functions as an immunoevasin
(Hirano et al. 2021).

1.1.8.2E1 and E2

The two envelope proteins E1 and E2 are type | transmembrane proteins, which form
a heterodimer. After translocation to the ER the proteins get glycosylated, which is
important for the proper folding and release (Khan et al. 2015). Depending on their
glycosylation, the molecular size of E1 is ~33 kDa and of E2 ~70 kDa (Deleersnyder
et al. 1997). The C-terminal putative fusion peptide of E1 play a role in E1E2
heterodimerization, assembly and release, while the a2-helix is involved in receptor
interaction and infectivity (Moustafa et al. 2018). Moreover, E1 is required for the fusion
between viral and endosomal membrane to release the nucleocapsid into the cytosol
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(Ashfaq et al. 2011). Despite extensive research, the molecular mechanism of the
fusion between the membranes is not clear (Tong et al. 2018). The E2 protein mediates
host cell recognition and entry by interaction with the cellular receptors CD81 and
scavenger receptor B1 (SRB1) (Scarselli et al. 2002; Dao Thi et al. 2012; Bankwitz et
al. 2010) . Due to two hypervariable regions that are prone for mutations, the E2 protein
allows the virus to evade neutralizing antibodies (Ashfaq et al. 2011). Recently, a study
showed syntenin and HCV structural proteins expressing cells, which release
exosomes containing E2, but lacking core and exhibit a higher resistance to
neutralizing antibodies (Deng et al. 2019).

1.1.9 Nonstructural proteins

All nonstructural proteins are tethered to intracellular membranes by one or several
transmembrane domains (TMD) or by amphipathic a-helices. The membrane topology

and major functions of the HCV proteins are shown in figure 3.
1.1.9.1p7

The small membrane protein p7 has a molecular weight of 7 kDa and is located in the
ER where it oligomerizes to form a cation channel. The p7 protein has two
transmembrane domains and is relevant for virus assembly and HCV infectivity (Griffin
et al. 2003; Sakai et al. 2003; Steinmann et al. 2007). lon channel-independent
functions of p7 are subcellular localization of NS2, membrane-to-membrane adhesion
at lipid rafts and membrane permeabilization (Tedbury et al. 2011; Lee et al. 2016a;
Lee et al. 2020).

1.1.9.2 NS2

The hydrophobic protein NS2 has a size of 21-23 kDa and is essential for viral
assembly, but dispensable for viral replication. The N-terminus is located at the ER
membrane, while the C-terminus remains in the cytoplasm (Ashfaq et al. 2011).
Together with the N-terminal part of the NS3 protein the C-terminus of NS2 forms a
metalloproteases and mediates the release of NS3 by autocleavage (Moradpour et al.
2007; Ashfaq et al. 2011).

1.1.9.3NS3

The N-terminal amino acids of the 70 kDa protein NS3 harbor a serine protease, which
is involved in the cleavage of the vial polyprotein (Bartenschlager et al. 1993). NS3 can
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modulate the innate immune response in infected cells by inhibiting the RIG-1 and TLR3
signaling (Foy et al. 2005; Li et al. 2005). The C-terminus has an NTPase/helicase
activity that converts double-stranded RNA or secondary structures into single-
stranded RNA, which makes NS3 essential for the viral replication (Morikawa et al.
2011).

1.1.9.4 NS4A

NS4A serves as a cofactor for the NS3 protease and has a molecular size of 8 kDa.
The anchoring of the NS3/NS4A complex on the ER membrane is mediated by the N-
terminal transmembrane helix of NS4A (Brass et al. 2008). NS4A is involved in the
activation of NS3 active site and contributes to the efficiency of their protease activity
(Kim et al. 1996). In addition, NS4A is necessary for the hyperphosphorylation of NS5A
(Lindenbach et al. 2007).

1.1.9.5NS4B

The hydrophobic membrane protein NS4B has a size of 27 kDa and four
transmembrane domains (TMD), which are tethered in the ER membrane (Lundin et
al. 2006). NS4B induces the formation of the membranous web that is composed of
ER-derived membranes, LDs and double-membrane vesicles (DMV) (Egger et al.
2002; Romero-Brey et al. 2012; Ferraris et al. 2010). The replicon complex is formed
through a direct interaction of NS4B with NS4A and indirect interaction with NS3 and
NS5A (Hugle et al. 2001).

1.1.9.6 NS5A

The RNA-binding phosphoprotein NS5A exists in two phosphorylation forms, a basally
phosphorylated (hypophosphorylated) form with the size of 56 kDa and a
hyperphosphorylated form with 58 kDa (Moradpour et al. 2007). NS5A is required for
the viral replication, interaction with several cellular and viral proteins and is involved
in the regulation of cell signaling pathways and immune responses (Ashfaq et al. 2011).
NS5A is hydrophilic and composed of three domains with an amphipathic a-helix at the
N-terminus, which mediates the attachment to the ER membrane (Brass et al. 2002).
In addition, the domain | has a zinc binding motif, which is required for the RNA
replication (Tellinghuisen et al. 2004). Domain Il contributes to viral replication and
domain 11l is involved in infectious particle assembly (Appel et al. 2008; Tellinghuisen
et al. 2008; Ross-Thriepland et al. 2013). NS5A has an interferon-a-sensitivity-
determining region (ISDR), which enables the repression of the antiviral interferon-
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induced protein kinase R (PKR) (Gale et al. 1997). The phosphorylation forms of NS5A
are supposed to act as a switch between viral replication and viral particle
assembly/release in which the basal form may play a role in replication and the
hyperphosphorylation is required for assembly and release (Masaki et al. 2014,
Goonawardane et al. 2017). The hyperphosphorylation of NS5A depends on the NS3-
mediated autocleavage between NS3 and NS4A and is followed by the release from
the NS4A-5A polyprotein (Chiang et al. 2020). NS5A is able to modulate the MAPK
(mitogen activated protein kinase) pathways, which can cause hepatocyte
transformation and HCC formation, since MAPK signaling is involved in apoptosis, cell
growth, ROS-dependent pathways and the PI3K (phosphatidylinositol 3-kinase)
pathways (Macdonald et al. 2004). Furthermore, NS5A mediates the recruitment of the
c-Raf kinase to the replicon complex where it gets activated and is required for the viral
replication. The recruitment is resulting in the activation of the MEK/ERK (Mitogen-
activated protein kinase kinase/extracellular signal-regulated kinase) signaling

pathway (Burckstimmer et al. 2006; Himmelsbach et al. 2009).
1.1.9.7 NS5B

NS5B is the RNA-dependent RNA polymerase (RdRp) with a molecular weight of 65
kDa and synthesizes the viral RNA. The a-helix form at the C-terminus region anchors
the NS5B protein at the ER membrane (Moradpour et al. 2007). By using the plus-
strand RNA as matrix, NS5B produces a complementary minus-strand RNA, from
which a new plus-strand genome is directly synthesized (Ashfaq et al. 2011). Due to a
lack of a proof-reading function, a lot of mutations can occur during viral replication,
which results in various so-called quasispecies (Martell et al. 1992). As the NS5B
protein is crucial for viral replication, it is a major target for antiviral agents (Ashfaq et
al. 2011).
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Figure 3 Membrane topology of viral proteins.

Membrane topology and major functions of the HCV proteins. The proteins are tethered
to intracellular membranes by one or several transmembrane segments. Core and
NS5A are tethered by amphipathic a-helices and NS3 via a small a-helix and via NS4A.
NS4A is intercalated into the amino-terminal protease domain of NS3. Here, NS5A is
shown as a dimer, but most HCV proteins form homo- or heterodimers or oligomeric
complexes (Bartenschlager et al. 2013).

1.1.10 Life cycle of HCV
1.1.10.1 Entry and uncoating

HCV exclusively infects humans and chimpanzees with hepatocytes as the main target
(Moradpour et al. 2007). After the primary infection, HCV patrticles circulate in the blood
stream until they reach the surface of hepatocyctes. The virus enters the cell through
an interaction with several cell receptors shown in figure 4 (Zeisel et al. 2013). The
scavenger receptor B1 (SRB1) and the heparan sulfate proteoglycan (HSPG)
syndecan-1 and syndecan-4 are required for the attachment of viral particles (Scarselli
et al. 2002; Dao Thi et al. 2012; Shi et al. 2013; Lefevre et al. 2014). Also required for
the viral entry are the low density lipoprotein receptor (LDLR), tetraspanin CD81,
claudin-1 (CLDN1) and occludin (OCLN), the cholesterol transporter Niemann-Pick
Cl-like (NPC1L1) and the transferrin receptor 1 (Agnello et al. 1999; Albecka et al.
2012; Scarselli et al. 2002; Pileri et al. 1998; Evans et al. 2007; Ploss et al. 2009; Sainz
et al. 2012; Martin and Uprichard 2013). Due to this compilation of these surface
proteins, hepatocytes are the target host cell for HCV (Reynolds et al. 2008).

The HCV entry occurs in a coordinated chronological and spatial order. The entry is
initiated by binding of the viral particle to SRB1 and a modified lipid composition of the
associated lipoproteins on the HCV particle where the CD81 binding site of the E2
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glycoprotein is presented (Scarselli et al. 2002; Dao Thi et al. 2012; Bankwitz et al.
2010). The endopeptidase calpain-5 (CAPN5) and the ubiquitin ligase Casitas B-
lineage lymphoma proto-oncogene B (CBLB) were found to form a complex with CD81
and support the HCV entry (Bruening et al. 2018). The transferrin receptor 1 is involved
in the early step of the entry and is supposed to have a post-CD81 role (Martin and
Uprichard 2013). Subsequently, attached viral particles move lateral to tight junctions
and interact with CLDN1 (Harris et al. 2010; Harris et al. 2008). The formation of a
CD81-CLDN1 co-receptor is involved in downstream processes of the viral entry, such
as Rho GTPase signaling, protein kinase A (PKA) and the Ras/MEK/ERK pathway,
which is promoted by the signaling of epidermal growth factor receptor (EGFR) or the
ephrin type A receptor 2 (EphA2) (Brazzoli et al. 2008; Farquhar et al. 2012; Farquhar
et al. 2008; Lupberger et al. 2011). The tight junction protein OCLN is essential for viral
entry, but it is supposed to be involved at the late step of the entry (Benedicto et al.
2009). Together with the CD81-OCLD1 complex the lipoviral particles are endocytosed
in a clathrin-dependent manner (Farquhar et al. 2012; Blanchard et al. 2006; Meertens
et al. 2006). The internalized viral particles are transported retrograde on actin
filaments to early endosomes (EE) (Coller et al. 2009). Due to the low pH in early
endosomes, an E1-mediated fusion of the viral membrane and EE is induced, which
results in the release of the viral genome into the cytoplasm (Blanchard et al. 2006).
Subsequently, the uncoated viral RNA is translocated to the rough ER (rER)

membrane.
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Figure 4 Entry and uncoating of HCV.

(1) The lipoviral particle (LVP) interacts with heparan sulphate proteoglycans (HSPGSs),
low-density-lipoprotein receptor (LDLR) and scavenger receptor class B member 1
(SRB1). The modified lipid composition of the associated lipoproteins on the LVP
causes the exposure of the CD81 binding site of E2 glycoproteins. (2) Interaction of
viral E2 and CD81 activates signal transduction through epidermal growth factor
receptor (EGFR) via HRAS and through RHO GTPases. (3) These signaling events
cause the lateral movement of the HCV-CD81 complex to sites of cell-cell contact and
interaction of CD81 with claudin 1 (CLDNL1). (4) HCV is internalized by endocytosis in
a clathrin-dependent manner. (5) The low pH of the endosome induces fusion between
the viral envelope and the bounding endosomal membrane. NPC1L1, Niemann—Pick
C1l-like 1; OCLN, occludin; HRAS, Harvey rat sarcoma viral oncogene homolog; RHO,
Ras homologue (Lindenbach and Rice 2013).

1.1.10.2 HCV RNA translation and replication

The IRES-mediated translation of viral RNA is initiated at the rough ER where the
polyprotein is synthesized. The viral polyprotein is co- and post-translationally cleaved
by cellular and viral proteases into ten mature proteins, the structural proteins (core,
E1 and E2) and the nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B)
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(Penin et al. 2004; Bartenschlager et al. 2004, Lindenbach and Rice 2005). The cellular
proteases cleave the structural proteins and p7, while viral proteases are required to
cleave the nonstructural proteins (Moradpour et al. 2007).

Host cell factors and the viral proteins induce vesicular membrane alterations to form
the so-called membranous web. It is composed of ER-derived membranes, LDs and
double-membrane vesicles (DMV) (Egger et al. 2002; Romero-Brey et al. 2012;
Ferraris et al. 2010). The oligomerized NS4B plays a major role in forming the scaffold
for the membranous web (Gouttenoire et al. 2010b; Dubuisson and Cosset 2014).
NS5A induces the DMV and the interaction with the phosphatidylinositol-4-kinase-Ill
(P14KIII), which induces the accumulation of phosphatidylinositol-4-phosphate (P14P)
within the membranous web and is crucial for its formation (Romero-Brey et al. 2012;
Reiss et al. 2011). In addition, the PI14KIlIl induces the accumulation of cholesterol and
other lipids into the membranes, which are essential for the viral replication (Diamond
et al. 2010; Paul et al. 2013). The DMVs are highly enriched in sphingolipids and
cholesterol. To ensure the establishment of cholesterol-enriched DMVs for viral
replication, HCV hijacks the lipid transfer proteins (Stoeck et al. 2018).

Lipid droplets are intracellular storage organelles of excess fatty acids, cholesterol
esters and triacylglycerides (TAG) surrounded by a phospholipid monolayer, which is
coated with several proteins (Dubuisson and Cosset 2014). Synthesis of LDs can occur
through the fusion of existing LDs or by an accumulation of neutral lipids in the ER
membrane within the bilayer followed by forming lens-like structures (Wilfling et al.
2014; Choudhary et al. 2015). Proteins of the FIT (fat storage-inducing transmembrane
protein)-family are required for budding of the mature lipid droplets from the ER and
for the monolayer membrane of LDs, which consists of ER proteins (Choudhary et al.
2015). In the life cycle of HCV, LD-associated proteins play a crucial role in replication
and morphogenesis. The interaction of nonstructural proteins with LDs, mediated by
Rab18, promotes the viral replication (Salloum et al. 2013). Furthermore, the tail-
interacting protein of 47 kDa interacts with NS5A and together with Rab9 involved in
the shuttling of viral RNA from the RC to LDs where particle assembly takes place
(Ploen et al. 2013a; Ploen et al. 2013b).

RNA replication is catalyzed by the RNA-dependent RNA polymerase activity of NS5B
and supported by other viral nonstructural proteins and host cell factors like cyclophilin
A and B as well as the liver-associated microRNA miR-122, which enhance the

replication (Lohmann 2013; Tabata et al. 2020). The plus-stranded RNA serves as a
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matrix for NS5B and is used for the synthesis of a negative-sense RNA that in turn is
a matrix for the positive-sense RNA, which can be processed for RNA translation,
replication or incorporated in viral particles (Bartenschlager et al. 2013; Shi and Suzuki
2018). The activity of NS5B was shown to depend on redox-sensitive posttranslational
modifications like S-glutathionylation or cysteine modification (Kukhanova et al. 2019).
Recently, the activation of mMTOR (mammalian target of rapamycin) by HCV early
during infection was demonstrated to be an antiviral response by the cells as viral RNA
levels were low. HCV replication is restricted by mTORCL1 through ULK1, which further
modulates the levels of miR-122 and functions as a balance between viral replication,
virion packaging and release (Johri et al. 2020). Moreover, a higher level of miR-22 is
supported by the glycogen synthase kinase 3 (GSK3), which enhances viral replication

(Saleh et al. 2018). HCV translation and replication is shown in figure 5.
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Figure 5 Translation and replication of HCV.

In the early step of the HCV life cycle, the viral gene is expressed into the polyprotein.
The ten viral proteins, cleaved from the polyprotein, are recruited to the ER membrane.
The RNA is replicated by the replicon complex, which consist of nonstructural proteins.
The structural proteins E1 and E2 as well as p7 and NS2 remain in the ER membrane.
Trafficking of core is mediated by the cytosolic phospholipase A2 (cPLA2) to cytosolic
lipid droplets (cLD), which are formed by the diacylglycerol O-actetyltransferase 1
(DGAT1). Adapted from Lindenbach and Rice 2013.

1.1.10.3 Assembly and release

The complex process of assembly and release is the last step of the viral life cycle and
tightly coupled to the host cell metabolism. Homodimerized core proteins are
transported from the ER membrane to the cytosolic LDs, which is mediated by
diacylglycerol  acyltransferase-1 (DGAT1) and MAPK-regulated cytosolic
phospholipase A2 (PLA2G4) (Barba et al. 1997; Boulant et al. 2006; Herker et al. 2010;

Menzel et al. 2012). The accumulated core at the surface of LDs binds to viral RNA
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and forms the nucleocapsid in close proximity to accumulated E1 and E2, which retain
in the ER (Bartenschlager et al. 2011). Accumulation of the heterodimer E1E2 is
mediated by NS2, p7 and SPCS1 (signalpeptidase complex unit 2) and crucial for the
migration to the viral particle assembly site (Jirasko et al. 2010; Popescu et al. 2011,
Ma et al. 2011, Stapleford and Lindenbach 2011; Gentzsch et al. 2013; Suzuki et al.
2013). By budding into the ER lumen, the capsid acquires the envelope, which consists
of a bilayer membrane and E1-E2 complexes (Dubuisson and Cosset 2014). LVPs are
formed through fusion or binding to lipoproteins and acquire their low buoyant density
(Gastaminza et al. 2006; Gastaminza et al. 2008).

The release out of the host cell occurs on the classical secretory pathway through the
Golgi (Counihan et al. 2011; Coller et al. 2012). Beside the classical way, LVPs release
can also occur via the endosomal pathway independent of the very-low density
lipoprotein (VLDL) pathway (Elgner et al. 2016b; Bayer et al. 2016). In studies with the
multivesicular body (MVB) inhibitor U18666A and expression of dominant negative
mutants of the ESCRT (endosomal sorting complexes required for transport)
machinery, the release of LVPs was prevented and viral particles accumulated in the
cytosol (Elgner et al. 2016b). Furthermore, fluorescent-tagged viral particles were
colocalized with structural proteins on endosomal compartments (Bayer et al. 2016).
HCV core was localized on endosomal structures and dominant negative mutants of
Rab-GTPases, involved in the endosomal release, inhibited the release of viral
particles (Lai et al. 2010; Coller et al. 2012; Mankouri et al. 2016). Moreover, HCV
mediates the decrease of a-taxilin (Elgner et al. 2016a). a-taxilin interacts with free
syntaxind (Stx4), a member of the t-SNARE complex, which interferes with the
vesicular trafficking of MVBs (Nogami et al. 2003a; Nogami et al. 2003b). Through
decrease of a-taxilin, HCV favors the SNARE complex formation and the release of
viral particles. In line with this, in HCV-infected cells half-life of Stx4 is extended and
an overexpression facilitates viral release, while silencing of Stx4 inhibits the release
of HCV patrticles (Ren et al. 2017). In addition, knockdown of autophagy related genes
like Beclinl and Atg7 inhibit the release of HCV particles by the exosomal pathway
(Shrivastava et al. 2016). Particle assembly and release are illustrated in figure 6.
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Figure 6 Particle assembly of HCV.

In the late step of the HCV life cycle, viral RNA is shuttled from the RC to cLDs where
viral particles are assembled. Interaction of p7-NS2 and NS3-NS4A recruits core to the
particle assembly site. The particles are assembled by recruitment of E1-E2 complexes
and budding into the ER lumen. Adapted from Lindenbach and Rice 2013.

1.1.11 Viral particle

HCV particles represent lipoviral particles (LVP), therefore every step of the viral life
cycle is related to the lipid metabolism (Popescu et al. 2014). The viral particle is
surrounded by a host-derived lipid bilayer and the two envelope glycoproteins E1 and
E2. The single-stranded RNA genome is encapsulated by the nucleocapsid, which
consists of oligomerized core protein, shown in figure 7 (Lindenbach and Rice 2013).
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Figure 7 Model of the HCV particle.

The membrane bilayer contains the E1/E2 glycoprotein complex and surrounds the
nucleocapsid containing core proteins and the viral RNA genome (Lindenbach and
Rice 2013).

The formation of disulfide-linked complexes by E1E2 dimers during particle maturation
contributes to the acid resistance of HCV patrticles (Vieyres et al. 2010; Tscherne et al.
2006). The putative fusion peptide of E1 is supposed to mediate the fusion between
the viral and the endosomal membrane, which releases the viral capsid into the
cytoplasm, while E2 interacts with several host cell receptors (Dubuisson and Cosset
2014).

Enveloped viral particles are 50-80 nm in diameter. Different populations of particles
where observed, where enveloped particles are 60,7+ 10,4 nm and non-enveloped
particles smaller with 44,24 + 4,74 nm (Gastaminza et al. 2010).

Up to now, HCV particles are not well characterized due to their low and heterogenous
buoyant density when compared to other flaviviruses (André et al. 2002; Lindenbach
et al. 2005). The mean density of in vitro viral particles is ~1,10 g/ml in which those
with low density are more infectious (Gastaminza et al. 2010; Sabahi et al. 2010).
Based on the production of lipoproteins in the host, viral particles from cultivated
hepatoma cell lines differ from in vivo hepatocytes (Bartenschlager et al. 2011;
Lindenbach and Rice 2013). LVPs from patient sera have a higher density (1,06-1,25
g/ml) and contain ApoA, ApoB, ApoC and ApoE, while density of cell-culture-derived
particles (HCVcc) is lower and lack the ApoB protein (Merz et al. 2011). Regarding
this, various cell lines were shown to produce infectious particles (HCVcc) depending
on ApoE, but independent of ApoB (Lindenbach and Rice 2013). The lipid composition

of viral particles resembles the very-low density lipoproteins (VLDL) and low density
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lipoproteins, that’s why HCV particles are called lipoviral particles (LVPs) (Merz et al.
2011; Lindenbach and Rice 2013).

Based on these findings and the pleomorphic structures in electron microscopy, two
model systems were proposed, shown in figure 8. The first model is the two-particle
model, where viral particles have a transient interaction with divisible serum lipoprotein
particles (left panel in figure 8). And in the second model, the viral particle share the
envelope with a lipoprotein as a hybrid-particle (right panel in figure 8) (Lindenbach
and Rice 2013; Dubuisson and Cosset 2014). No matter which model reflects the real
HCV particle, both describe a poor accessibility for specific antibodies against E1 and
E2 glycoproteins as well as lipoproteins to be essential for HCV infection (Lindenbach
and Rice 2013; Dubuisson and Cosset 2014).

Figure 8 Two model systems for lipoviral particles.

(Left) The two-particle model, where the viral particle transiently interacts with
lipoproteins. (Right) The hybrid-particle model, where the viral particle shares the
envelope with a low or very-low density lipoprotein (Lindenbach and Rice 2013).

1.1.12 Model systems

The first attempts to develop a suitable model system failed, as HCV isolates from
patients were not able to establish infections in cell culture. From the discovery in 1989
it took 8 years until HCV clones were able to infect chimpanzees, but failed to produce
viral particles (Yanagi et al. 1997).
A breakthrough in in vitro studies was the establishment of a subgenomic replicon
(genotype 1b), which allowed replication in the human hepatoma cell line Huh7
(Lohmann et al. 1999). The subgenomic replicon is a bicistronic RNA expresses an
antibiotic resistance gene (e.g. neomycin) under control of the HCV IRES and
containing the HCV nonstructural proteins NS3-NS5B under control of a second IRES.
Antibiotic selection of RNA transfected Huh7 results in stable cell lines, which replicate
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HCV at low levels. One clone of the stable cell line is named Huh9-13 (Lohmann et al.
1999). Due to a lack of the structural proteins core, E1 and E2, no infectious particles
can be produced or released (Lohmann et al. 1999). Adaptive cell culture mutations in
the HCV genome resulted in higher replication level in vitro, but production of viral
particles was still prevented (Lohmann et al. 2001).

The replicon system enables studies on intracellular replication or antiviral effects, but
not on viral entry. Hence, entry of HCV was studied with recombinant HCV-like
particles or HCV E1E2 pseudoparticles (HCVpp) (Baumert et al. 1998; Bartosch et al.
2003).

Finally, in 2005, the isolation of a clone with genotype 2a from a Japanese patient with
fulminant hepatitis (JFH1) was able to replicate in Huh7 cells and produce infectious
viral particles (HCVcc) and enabled studies on the complete HCV life cycle in cell
culture (Zhong et al. 2005; Lindenbach et al. 2005; Wakita et al. 2005).

Shortly afterwards, different chimeras were developed to study the life cycle. One
chimera is a combination of the NS3-NS5B region of JFH1 and the core-NS2 region
from another isolate of genotype 2a (J6) (Pietschmann et al. 2006). The chimera with
a genotype breakpoint between NS2 and NS3 is called J6/JFH1 and a breakpoint
within NS2 is named Jcl (Lindenbach et al. 2006; Pietschmann et al. 2006; Catanese
and Dorner 2015). The JFH1 region enables efficiently in vitro replication and infection,
while the J6 region enhances production of viral particles.

Based on the Jcl construct, a bicistronic luciferase reporter virus was developed in
which enzyme activity is directly proportional to viral replication (Koutsoudakis et al.
2006). A NS5A-GFP variant of the Jc1 construct enables visualization of viral replicon
complex, while an E1-mCherry variant can be used to monitor assembled viral particles
(Moradpour et al. 2004; Bayer et al. 2016; Elgner et al. 2016b).

A replicon deficient virus was developed by a point mutation in the catalytic motif of the
RNA-dependent RNA polymerase NS5B from GDD to GND, which can be used as a
negative control (Wakita et al. 2005). The different HCV constructs are visualized in
figure 9.

Up to now, human hepatoma cell line Huh7 and its derivates are the most permissive
cells for HCV in cell culture. The Huh7.5 cell line is used the most for cell culture
experiments. The cell line has a loss-of-function missense mutation in the retinoic acid-
inducible gene | (RIG-I), therefore a higher production of infectious viral particles and
spread in vitro (Blight et al. 2002; Sumpter et al. 2005). A limitation of Huh7.5 is the
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lack of cell polarity, as it does not enable mimicking the compartmentalization of HCV
receptors or the directionality of the secretory route like in polarized hepatocytes
(Catanese and Dorner 2015). Furthermore, viral particles produced in Huh7 cells differ
from the lipoviral particles in primary cell cultures or in vivo (Podevin et al. 2010). The
natural host cell for HCV are primary human hepatocytes (PHH), which can be isolated
from liver tissues after partial hepatectomy (Farquhar and McKeating 2008; Ploss et
al. 2010; Zeisel et al. 2011). However, PHHs have several limitations like poor
availability, high costs, loss of differentiation, short survival under cell culture conditions
and poor permissiveness to HCV (Catanese and Dorner 2015).

Since the discovery of HCV, only human and chimpanzees have been found as natural
hosts. Chimpanzees were the most important in vivo models for HCV study until HCV
research on chimpanzees was banned in 2011 (Berggren et al. 2020). Additionally,
difficulties in caring for chimpanzees, ethical aspects and the rare development of
chronic liver disease after infection were leading to the development of an alternative
and smaller animal model for HCV.

Transgenic mice were generated, which express full length HCV as well as specific
HCV proteins and enable studies on HCV pathogenesis (Berggren et al. 2020).
Specific lines of immunodeficient mice were developed to allow xenotransplantation of
tissues or cell types, but the utility of this model is limited due to the lack of immune
responses (Berggren et al. 2020). Genetically humanized mice expressing human
HCV entry factors or knock-in of hepatocyte receptor genes were used for studies on
the viral entry. However, replication and infectious particle production is low,
highlighting the difficulty of developing an animal model, which does not natively

sustain HCV infection (Berggren et al. 2020).
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Figure 9 Schematic overview of different HCV constructs.

The bicistronic subgenomic replicon 9-13 consists of NS2-NS5B and a neomycin
resistance gene. The JFH1 isolate (genotype 2a) and the replication deficient GND
mutant (based on JFH1). The chimeric construct Jcl, which consists of structural
proteins, p7 and parts from NS2 from the J6 isolate (genotype 2a) and the nonstructural
proteins from the JFH1 isolate. The bicistonic reporter virus Jcl-Luc has an IRES-
dependent luciferase prior to the Jc1 sequence. Adapted from Elgner 2016.

1.2 Protein degradation

In the changing environment of a living cell, proteins are involved in most of the
processes and functions. The timely and proper activity of proteins is mainly regulated
by their degradation (Cohen-Kaplan et al. 2016). The two major protein degradation
systems in eukaryotic cells are the autophagy-lysosome and the ubiquitin-proteasome.
Both are highly regulated and conserved and maintain the protein homeostasis and
adaptation to environmental changes (Cohen-Kaplan et al. 2016). One degradation
system is not independent from another as ubiquitination can target substrates for
disposal via both pathways and activity is linked between the two systems (Korolchuk

et al. 2010) . Hence, a crosstalk between autophagy and UPS is prevalent.

1.2.1 Autophagy

Macroautophagy (hereafter: autophagy; “self-eating”) is a highly regulated and
conserved cellular quality control system, required to remove damaged proteins or
organelles to maintain the cellular homeostasis (Mizushima et al. 2008). Autophagy
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plays a role in programmed cell death, prevention of cancer, neurodegeneration, aging
and innate and adaptive immunity (Eskelinen and Saftig 2009).

The catabolic process is induced as a response to nutrient starvation, elevated ROS
levels or electrophiles, aggregation of damaged proteins and organelles or pathogen
infection (Eskelinen and Saftig 2009).

Autophagy can be distinguished in macroautophagy for the disposal of organelles and
proteins, microautophagy in which uptake of cargo occurs directly at the lysosome, and
chaperone-mediated autophagy (CMA), where chaperones instead of membrane
structures identify and sequester cargo (Parzych and Klionsky 2014). Pexophagy,
mitophagy and ribophagy are subordinated to macroautophagy and describe the
degradation of peroxisomes, mitochondira and ribosomes, respectively (Korolchuk et
al. 2010). Furthermore, macro- and microautophagy can be divided in selective and
nonselective degradation, while CMA is highly specific (Feng et al. 2014; Parzych and
Klionsky 2014). The formation of autophagosomes is tightly regulated by more than 32
autophagy-related genes (Atg) (Kroemer et al. 2010). Moreover, the autophagosomal
pathway is functionally connected to the endocytic pathway, which includes the release
of exosomes. Both pathways have components of the ESCRT system, Rab GTPases

and SNARE proteins in common (Medvedev et al. 2017a).
1.2.1.1 Initiation and nucleation

Under nutrient-rich conditions, the serine/threonine kinase mammalian target of
rapamycin (mMTOR kinase) represses autophagy through phosphorylation of the Unc-
like kinase 1 and 2 (ULK1/2-complex) (Alers et al. 2012).

But during starvation or metabolic stress, the kinase activity of mTOR is inhibited by
AMP-activated protein kinase (AMPK) and the ULK1/2 complex gets activated (Alers
et al. 2012). The class lll phosphatidylinositol-3-kinase (PI3K3) Vps34, Vpsl15, p150,
Beclin-1 and Atgl4 are generating phosphatidylinositol-3-phosphate (PI3P) (Carlsson
and Simonsen 2015). PI3P recruits the effector DFCP1- (double FYVE-containing
protein 1) and WIPI- (WD-repeat domain phosphoinositide interacting) proteins to
promote formation of an ER-associated Q.-structure, called omegasome. The
omegasome is considered as intermediate structure for the formation of the isolation
membrane (IM) (Axe et al. 2008; Itakura and Mizushima 2010).

Subsequently, the phagophore is formed, a crescent-shaped double membrane

derived from the ER, Golgi-, mitochondrial or plasma membranes as well as
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endosomes (Ploen and Hildt 2015; Yen et al. 2010; Reggiori et al. 2005; Ravikumar et
al. 2010).

1.2.1.2 Elongation

By ubiquitin-like reactions, Atgl2 is conjugated to Atg5, which require Atg7 (E1-like)
and Atg10 (E2-like). The conjugate of Atgl2-Atg5 associates with Atg16L to form the
Atgl2-Atg5-Atgl6L complex (E3-like) (Ploen and Hildt 2015). The Atg4 cleaves the
microtubule-associated protein 1 light chain (LC3) at its carboxy terminus. LC3 is being
converted from its cytosolic form LC3-I to a phosphatidylethanolamine (PE)-conjugated
form LC3-1l by Atg7 and Atg3 (Fujita et al. 2008).

The two ubiquitin-like conjugation systems Atg5-Atgl12-Atgl6L and Atg4-Atg3-LC3 are
required to elongate the phagophore and form the enclosed autophagosome
(Mizushima et al. 2011).

1.2.1.3 Closure and maturation

The autophagy adaptor protein p62 (sequestosome 1/SQSTM1) is a cargo protein
targeting other proteins that bind to p62 and interact with LC3. The interaction of p62
and LC3-1l on the phagophore membrane leads to the engulfment of the substrates by
closing autophagosome (Johansen and Lamark 2011).

1.2.1.4 Fusion

Enclosed and mature autophagosomes can fuse directly with lysosomes to form
autolysosomes directed by the Rab7 GTPase protein (Mizushima et al. 2008). Another
way is a Rab7-mediated fusion between late endosomes/multivesicular bodies
(LE/MVBs) and autophagosomes to form amphisomes, followed by a fusion with
lysosomes (Fader and Colombo 2009).

The autophagosomal SNARE (soluble N-ethylmaleimide sensitive factor attachment
protein) syntaxin 17 (STX17) is also involved in the fusion of autophagosome-
lysosome. Syntaxinl7 is located on the membrane of enclosed autophagosomes and
interacts with SNAP29 (synaptosomal-associated protein, 29 kDa) and SNARE
VAMPS8 (Vesicle-associated membrane protein 8) to promote the fusion with
lysosomes (ltakura et al. 2012; Itakura and Mizushima 2013; Hegeds et al. 2013).

1.2.1.5 Degradation

The integral membrane proteins, which include a vacuolar H* ATPase pump (v-
ATPase) as well as ion channels, lipid transporters, receptors, solute carriers and
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signaling complexes maintain the acidity in the lysosomal lumen (Mindell 2012). The
low pH is an optimal condition for lysosomal hydrolases, which lyse the inner
membrane and cleave the waste cargo (Mizushima et al. 2008). To protect the cell
from lysosomal, degradative enzymes, the integrity of the limiting membrane has to be
preserved during degradation by LIMP (lysosome integral membrane protein) and
LAMP (lysosome-associated membrane proteins) (Schulze et al. 2009).

Degraded macromolecules are released back into the cytosol and serve as energy
sources or are processed for recycling in order to de novo synthesis of molecules. A
schematic model for autophagy is shown in figure 10.

The ubiquitin-binding protein p62 is degraded with the waste cargo during selective
autophagy (Medvedev et al. 2017a). Therefore, LC3-Il and p62 can be used to monitor
autophagy, as decreased p62 levels and detection of LC3-IlI indicate enhanced
autophagy, while accumulation of p62 and less LC3-1l is a hint for insufficient
autophagic flux (Kabeya et al. 2000).
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Figure 10 Schematic model for autophagy.

The mammalian target of rapamycin (nTOR) represses the ULK1/2 complex through
phosphorylation. Inhibition of mMTOR kinase results in the activation of autophagy.
Beclin-1, Vps34 and pl150 forms the PI3K complex, which induces with ULK1/2
complex a PI3P-enriched environment. Effector double FYVE-containing protein 1
(DFCP1) and WD-repeat domain phosphoinositide-interacting (WIPI) proteins are
recruited by PI3P. The formation of an ER-associated Q-structure (omegasome)
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results in phagophore nucleation. For elongation, the Atg12-Atg5-Atg16L complex and
PE-conjugated LC3Il are required. Via p62 recycling material is recruited to the
autophagosome and interaction with LC3II-PE leads to a closing of the phagophore.
The mature autophagosomes can fuse directly with lysosomes to autolysosomes or
fuse with late endosomes/multivesicular bodies to form amphisomes, followed by the
fusion with lysosomes. Rab7 and the autophagosomal SNARE syntaxin 17 (STX17)
are mediating the fusion between autophagosome and lysosome. Adapted and
modified from Ploen and Hildt 2015.

1.2.1.6 Lysosome-associated membrane protein (LAMP)

The lysosome associated membrane proteins 1 and 2 (LAMP1 and LAMP2) are major
protein components of the lysosomal membrane and involved in the autophagosomal
process. LAMP1 and LAMP2 are type | transmembrane proteins with a luminal domain,
a transmembrane domain and a C-terminal cytoplasmic tail (Eskelinen 2006). LAMP1
and LAMP2 have a 37% amino acid homology and a polypeptide backbone with the
molecular mass of 40-45 kDa. However, after glycosylation the mass is approx. 120
kDa (Eskelinen 2006).

The glycoprotein LAMP2 is located in the membrane of lysosomes and late endosomes
and required for maturation and structural integrity of the membrane (Eskelinen 2006).
Furthermore, LAMP2 is involved in the transport of unfolded proteins and RNA to the
lysosomes (Arias and Cuervo 2011; Fujiwara et al. 2013).

Due to alternative splicing, LAMP2 has three isoforms, LAMP2A, LAMP2B and
LAMP2C. Deficiency of LAMP2 in human, mice and hepatocytes is characterized by
autophagic vacuoles (Nishino et al. 2000; Nishino 2003; Tanaka et al. 2000; Eskelinen
et al. 2002). A downregulation of LAMP2 showed a decreased expression of Stx17 and
translocation to the autophagosomes. Thereby, LAMP?2 is involved in the fusion of the

autophagosomes with lysosomes (Hubert et al. 2016).
1.2.1.7 HCV and autophagy

Many RNA viruses are known to exploit autophagy for their life cycle. HCV depends
on the autophagic machinery for its entry, replication, assembly and release. In several
studies it was reported, that autophagy is crucial for the viral replication and for the
release of viral particles (Tanida et al. 2009; Shrivastava et al. 2016; Ploen et al. 2013b;
Ren et al. 2016). Additionally, activated autophagy represses the innate immune
system and contributes to the survival of infected hepatocytes and HCV-associated
pathogenesis of the liver (Ploen and Hildt 2015; Rios-Ocampo et al. 2019).
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There are two possible mechanisms discussed, how HCV mediates indirect induction
of autophagy. The first is the elevated ROS level through HCV, which induces oxidative
stress (Bartosch et al. 2009; Medvedev et al. 2017b). The second mechanism is the
induced ER stress triggered by the concentration of ELE2 dimers in the ER membrane
as well as the membranous web where HCV replication takes place (Choukhi et al.
1998; Asselah et al. 2010; Tardif et al. 2002; Sir et al. 2008; Ke and Chen 2011a,
2011b).

The high ROS levels, which are induced by HCV, cause the phosphorylation of serine-
349 of the p62 protein and activate autophagy indirectly (Medvedev et al. 2017b).
Phosphorylated p62 has a higher affinity to Keapl and disrupt the interaction between
Keapl and Nrf2 (nuclear factor erythroid 2 (NF-E2) related factor 2), followed by the
activation of Nrf2 and the targeting of Keapl towards autophagosomal degradation
(Medvedev et al. 2017b). Through activation of Nrf2 in a non-canonical way, Nrf2 is
withdrawn from proteasomal degradation and translocate to the nucleus to bind to
sMAF (small musculoaponeurotic fibrosarcoma) proteins on ARE (antioxidant
response element) sequences for the expression of cytoprotective genes (Bender and
Hildt 2019). However, HCV core triggers the delocalization of SMAF proteins from the
nucleus to the replicon complex for interaction with NS3, which prevent binding of
sMAF with Nfr2 on ARE sequences, resulting in further increased ROS levels and
activation of autophagy (Carvajal-Yepes et al. 2011). Additionally, NS5A interferes with
Nrf2-activation via a crosstalk with the MAPK signaling cascade. The phosphorylation
of Nrf2 is triggered by the MAPK/ERK pathway, which results in the dissociation of Nrf2
to Keapl and the activation of Nrf2 (Bender and Hildt 2019). Interaction of NS5A and
PI4KA (phosphatidylinositol-4-kinase Ill a) is required for tethering the membranes
between ER and mitochondria, resulting in mitochondrial fragmentation (Siu et al.
2016). Hence, the HCV structural protein core as well as the nonstructural protein
NS5A are considered to be the main activators of ROS production (Bender and Hildt
2019).

At the ER the replicon complex of HCV is assembled, which induces ER stress and
UPR. This leads to the activation of ATF6 (activating transcription factor 6), IRE1
(inositol-requiring enzyme 1), and the double-stranded RNA-activated PERK (protein
kinase-like ER kinase) (Chu and Ou 2021). The core protein was also indicated to be
sufficient for induction of ER stress, although it activated only ATF6 and PERK, but not
IRE1 (Wang et al. 2014).
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The interaction of NS4B with Rab5, Vps34 and Beclin-1 inhibits the mTOR kinase and
can be considered as direct effect on autophagy activation (Li et al. 2010; Su et al.
2011). NS3/4A further triggers autophagy directly by interaction with human immunity-
associated GTPase family M (IRGM) protein, Atg5, Atgl0 and LC3 (Grégoire et al.
2011). NS5A induces the formation of LC3II-containing double membrane vesicles
(DMVs) as well as multi membrane vesicles (MMVs), which mediate the fusion of
autophagosomes and lysosomes (Ferraris et al. 2010; Romero-Brey et al. 2012;
Romero-Brey and Bartenschlager 2014; Shrivastava et al. 2012). DMVs have a
morphological similarity to autophagosomes, but can be distinguished in their size as
DMVs have an average diameter of ~200 nm and autophagosomes 500-1000 nm
(Tabata et al. 2020). Another difference is the duration of autophagosomal biogenesis.
In nutrient-starved cells, the progression of phagophores to autophagosomes took ~10
min whereas that induced by HCV took ~30 min (Wang and Ou 2018).
Autophagosomal factors like markers of early endosomes (EE), late endosomes (LE),
lipid droplets (LDs), mitochondria and Rab proteins are localized in the membranous
web (Romero-Brey et al. 2012).

A previous study on activation of autophagy in Huh7.5.1 KO cells showed that HCV
induces Atg5- and Atgl4-dependent selective autophagy in the early stage of infection
to promote replication, while in the late stage of infection an Atg5-dependent
impairment of the autophagic flux prevent autophagosomal degradation and favors
viral propagation (Mori et al. 2018). To mediate the RNA replication, it was shown that
HCV induces the localization of lipid rafts to autophagosomes (Kim et al. 2017).
However, HCV-induced phagophores were shown to play a role for viral replication
rather than autophagosomes (Fahmy and Labonté 2017; Wang et al. 2017).
Conversely to favor viral replication, in several studies IFN-induced autophagy was
shown to suppress HCV replication (Chan and Ou 2017).

Furthermore, it was reported that HCV downregulates the autophagosomal SNARE
protein syntaxin 17 to prevent formation of autolysosomes and to favor the release of
viral particles (Ren et al. 2016). Thereby, HCV affects an equilibrium between release
and intracellular degradation of viral particles.

Moreover, beside the VLDL pathway LVPs are released through the endosomal route
via exosomes (Elgner et al. 2016b). This reflects a further association of HCV with
autophagy, as the biogenesis of autophagosomal membranes is closely connected to

endosomes and components involved in endosomal trafficking. Despite many studies
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on autophagy-associated viral replication, morphogenesis and release the crosstalk
between the HCV life cycle and autophagy is not fully understood. Whether further
HCV life-cycle processes can be associated with autophagy still needs to be
elucidated. Hereof, to examine the autophagy-associated fate of excess nonstructural
proteins will not only clarify a non-existing protein accumulation in the host cell, but
could also reflect another host related-factor to restrict viral replication via the

autophagic flux.
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Figure 11 Schematic model of the crosstalk between autophagy and HCV.

The HCV replication complex assembles at the ER, which induces ER stress and
unfolded protein response (UPR). UPR activates the signaling pathways ATF6, IRE1
and PERK followed by autophagy. NS4B interferes with Ca?* homeostasis, that results
in elevated reactive oxygen species (ROS) and activation of the IRE1 and ATF6
pathway, which triggers UPR. Due to elevated ROS levels p62 is phosphorylated and
activates Nrf2. SMAF translocate from the nucleus to NS3 and interacts with Nrf2
resulting in the prevented binding to ARE sequence for cytoprotective genes.
Autophagy is stimulated by the complex of Rab5, Vps34 and Beclin-1 with NS4B. The
human immunity-associated GTPase family M (IRGM) protein interacts with NS3/4A
and Atg5, Atgl0 and LC3, which further triggers autophagy. Activated autophagy
favors HCV replication and viral particle release. Interaction between TIP47 and Rab9
(aRab9) on the particles is crucial. Based on HCV-induced autophagy, the inhibition of
apoptosis favors cell survival and the innate immunity is impaired. Adapted and
modified from Ploen and Hildt 2015.
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1.2.2 Proteasome system
1.2.2.1 Ubiquitin-dependent degradation

The ubiquitin-proteasome system (UPS) acts in a highly regulated manner to degrade
ubiquitinated substrates. The degradation of ubiquitinated molecules can occur
through the autophagic pathway or the UPS. Three types of enzymes are involved in
the ubiquitination. E1 is the ubiquitin-activating enzyme and two are known in
mammals. E2 is a ubiquitin-carrier protein, also called ubiquitin-conjugating enzyme,
around 40 are thought to be encoded in the mammalian genome. And E3 is a ubiquitin
ligase, from which the cell possesses several hundred (Korolchuk et al. 2010; Cohen-
Kaplan et al. 2016).

The enzyme E1 induces the ATP-dependent activation of ubiquitin (Ub) at its C-
terminal glycine residue. Ubiquitin is transferred to the ubiquitin-carrier protein E2.
Subsequently, E2 forms a complex with an E3 ligase, which specifically binds to a
substrate and performs its ubiquitination. Ubiquitin is either transferred directly from E2
to the lysine (K) residue of the substrate or is conjugated to an internal cysteine residue
of the E3 ligase. The lysine residue of ubiquitin enables an attachment of additional
molecules to create a ubiquitin chain to mark the substrate for proteasomal degradation
(Ciechanover 1994; Finley 2009). Ub can be attached to a substrate as
monoubiquitination, multiple monoubiquitination or polyubiquitination (Cohen-Kaplan
et al. 2016). Moreover, Ub chains can be elongated by E4, an additional type of ligase,
which is termed as Ub-chain elongation factor (Koegl et al. 1999).

The length of the Ub chain and the lysine residue, through which the chain is linked to,
determine the fate of the substrate (Pickart 2000). First it was reported, that short-lived
proteins are marked selectively by K48-linked Ub chains. However, all chain types are
probably involved in the degradation via proteasome (Cohen-Kaplan et al. 2016). As
another degradation signal for UPS, K63 Ub chains and monoubiquitination can also
target substrates to selective autophagy for degradation (Olzmann et al. 2007; Tan et
al. 2008; Wooten et al. 2008; Kim et al. 2008).

The barrel-shaped 26S proteasome is composed of a 20S core particle (CP), which is
coated by one or two 19S regulatory particles (RP) that recognize polyubiquitinated
substrates The deubiquitinating enzymes (DUB) mediate the removal of the Ub chain
on the substrate followed by an unfolding and transfer into the proteolytic chamber of
the 20S complex (Gallastegui and Groll 2010; Livneh et al. 2016).
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Substrates are degraded into oligopeptides by a combination of trypsin-like,
chymotrypsin-like and peptidyl-glutamyl peptide-hydrolyzing activities and are
released into the cytoplasm or nucleoplasm (Heinemeyer et al. 1997; Orlowski 1990;
Rivett 1989). The UPS commonly mediates the degradation of short-lived proteins like
regulatory proteins, while long-loved proteins are preferentially degraded through the
autophagic pathway. However, several studies reported that, vice versa, a degradation
of long-lived proteins can occur by the proteasome and short-lived by autophagy
(Cohen-Kaplan et al. 2016).

1.2.2.2 Ubiquitin-independent degradation

Beside polyubiquitinated proteins a ubiquitin-independent proteolysis of the
proteasome was described (Orlowski and Wilk 2003). Several Ub-independent
substrates contain a sequence, which mediates their proteasomal targeting (‘degron’),
like IkBa, p35 and Nkx3.1 (Fortmann et al. 2015; Takasugi et al. 2016; Rao et al. 2012).
Moreover, a high structural flexibility and oxidation of proteins contribute to Ub-

independent degradation (Cohen-Kaplan et al. 2016).
1.2.2.3 HCV and UPS

HCV-induced elevated intracellular reactive oxygen species (ROS) trigger ER stress
followed by induction of unfolded protein response (UPR) and phosphorylation of p62.
In uninfected cells, phosphorylated p62 binds to Kelch-like ECH-associated protein 1
(Keapl) and activate Nrf2 through its dissociation from Keapl. Nrf2 translocate from
the cytosol to the nucleus, where it binds to ARE sequences together with SMAF
proteins to activate cytoprotective genes (Kensler et al. 2007; Kensler and
Wakabayashi 2010; Ichimura et al. 2013). During HCV infection, Nrf2 and sMAF
translocate to the replicon complex and bind to NS3, while expression of cytoprotective
genes is prevented. In addition, the activity of the constitutive proteasome is
decreased, as the expression of the catalytic active subunit of the proteasome
(PSMB5) depends on Nrf2-ARE signaling (Kwak and Kensler 2006; Carvajal-Yepes et
al. 2011).

Furthermore, the proteasome activator PA28y interacts with core and is involved in
viral particle production (Moriishi et al. 2010; Kwak et al. 2017).Knockdown of PA28y
results in enhanced ubiquitination of core and impaired particle production with no
effect on RNA replication (Moriishi et al. 2010). Conversely, the knockdown of E3

ubiquitin ligase E6AP reduced ubiquitination of core and enhanced virus production
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(Moriishi et al. 2010). Through interaction with NS5B, the retinoblastoma tumor-
suppressor protein (pRb) and the tumor suppressor NORE1A are targeted to
proteasomal degradation, which promotes cell proliferation (Munakata et al. 2005;
Munakata et al. 2007; Arora et al. 2017). Another interaction with NS5B was shown for
the E3 ligase TRIM26, which mediates a K27-linked ubiquitination of NS5B at residue
K51, and thus promotes the interaction between NS5B and NS5A, that is crucial for
the assembly of the RC (Liang et al. 2021). To favor its replication, HCV mediates the
ubiquitination and proteasomal degradation of suppressor of cytokine signaling 3
(SOCS3) (Shao et al. 2010).

In in vivo studies HCV was reported to affect the antigen process, as NS3 mutations
impair the induction of HCV-specific CD8" cells by the immunoproteasome. Moreover,
the low-molecular-mass protein 7 (LMP7) is involved in peptidase activities in the
immunoproteasome and downregulated through binding to NS3, which interferes with
the viral antigen processing for presentation by MHC class | molecules (Shoji 2012).
The IFN-y-induced immunoproteasomes influence the outcome of CD8* cytotoxic T
lymphocyte responses. It was reported, that in HCV-infected cells the induction of the
immunoproteasome is suppressed in a protein kinase R(PKR)-dependent manner to
evade the immune responses (Oh et al. 2016). Thus, HCV exploit the proteasome to
target host cell proteins for degradation as well as the immunoproteasome to regulate

innate and adaptive immunity for the facilitation of the viral life cycle.
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2 Aim of this study

As the hepatitis C virus possesses a single ORF, one polyprotein is synthesized and
processed into structural and nonstructural proteins. Hence, there are equal amounts
of viral structural and nonstructural proteins in the cell. Structural proteins are part of
the viral particle, in which some are released from the host cell and others are
lysosomal degraded, while the fate of the nonstructural proteins is unclear. Since
accumulation of viral nonstructural proteins was assumed but not observed yet, excess
nonstructural proteins must be degraded. Despite the preliminary data, the cellular
degradation pathways for the turnover of the remaining nonstructural proteins of HCV
are still not fully clarified. Furthermore, HCV is known to exploit autophagy in a great
extent to favor its replication and release.

This project aimed to investigate the fate of the HCV nonstructural proteins with a major
focus on autophagosomal-lysosomal pathway. For this purpose, de novo protein
translation was inhibited and autophagy modulated to determine the autolysosomal
turnover of NS3, NS4B, NS5A as well as NS5B in comparison to proteasomal
degradation.

The impact of the autophagosome marker LC3 as well as the lysosomal marker LAMP2
on the turnover of NS3 and NS5A was determined. A closer look on the subcellular
localization of NS3, NS4B, NS5A and NS5B in cell fractions further elucidated the

contribution of autophagy on the turnover of nonstructural proteins.
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3 Materials

3.1 Cells

3.1.1 Prokaryotic cells

Strain Genotype Source
) F- endAl gInV44 thi-1 recAl relAl gyrA96 deoR  Invitrogen,
E. coli DH5a
nupG purB20 ¢80dlacZAM15A(lacZYA- Karlsruhe,
argF)u169, hsdR17(rcmk*), A DE

F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 Invitrogen,
AlacX74 nupG recA1 araD139 A(ara-leu)7697 Karlsruhe,
galE15 galK16 rpsL(StrR) endA1 A DE

E. coli TOP10

3.1.2 Eukaryotic cells

Strain Description Source
Human hepatoma cell line derived from Huh7 Blight et al.
Huh7.5
cells 2002
Huh7.5-LC3

Huh7.5 cells stably overexpressing LC3 under _
(clone 6 and . _ This work
selection with 750 pg/ml G418
clone 18)

Huh7.5-LAMP2
Stable LAMP2 knockout Huh7.5 cells, generated _

KO (clone 3 and _ _ This work
via CRISPR/Cas9 with sgRNA1-LAMP2

clone 13)

Huh7.5-off target _ -
Huh7.5 cells transfected with unspecific sgRNA _
(clone 4 and This work
served as control for CRISPR/Cas9 cells

clone 10)
Huh9-13 (Huh7 Huh7 cells stably producing the HCV subgenomic Loh
ohmann
I377/NS3-3‘/wt/9- replicon 1377/NS3-3’ under selection with 1 mg/ml
et al. 1999

13) Neomycin (Geneticin, G418)
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3.2 Plasmids
Plasmid Description Source
pcDNA3.1+/C- .
) . _ Genscript
(K)DYK LC3 expression construct with a C-terminal
(ClonelD
MAP1LC3B DYKDDDDK tag
OHu18146)

cDNA OREF clone

Chimera of the HCV genotype 2a isolates JFH1 .
Pietschmann

pFK-Jcl and J6 producing higher titers of infectious
_ et al. 2006
particles
Addgene
pSpCas9(BB)-2A-
. _ # 62988
Puro (PX459) CRISPR/Cas9 cloning plasmid
(Ran et al.
V2.0
2013)
Invirtogen,
puUC18 Empty expression vector, served as control Karlsruhe,
DE
Matthias

CRISPR/Cas9 plasmid, which codes for
PX459 LAMP2(1) Dusemund
sgRNA1-LAMP2

(2019)
CRISPR/Cas9 plasmid, which codes for Dr. Fabian
PX459 off target N
unspecific sgRNA Elgner
3.3 Oligonucleotides
3.3.1 RT-qPCR-Primer
Description Sequence (5’ 2 3’)
JFH1-fwd (R6-260-R19) ATG ACC ACAAGG CCTTTCG
JFH1-rev (R6-130-146) CGG GAG AGC CAT AGT GG

3.3.2 Cloning primers

Description Sequence (5’ 2 37)
crRNA_off-target_fwd

CAC CGC ACT ACC AGA GCT AAC TCA
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crRNA_off-target_rev

Materials

AAA CTG AGT TAG CTC TGG TAG TGC

LAMP2_sgRNAL_fwd

CAC CGC CCAATACAACTCACTCCAC

LAMP2_sgRNA1 rev

3.3.3 Sequencing primers

Description

AAA CGT GGA GTG AGT TGT ATT GGG C

Sequence (5’ > 3’)

LAMP2_sgRNAL_fwd

GCG TAC AGG AGT GGC ACA GC

LAMP2_sgRNA1 rev

3.3.4 siRNA

SiRNA

CCATTG CAC AGA CTC TGA GGG ATG

Target Manufacturer

LAMP2 siRNA,
sc-29390 (10 puM stock solution in
RNase-free H20)

Santa Cruz Biotechnology,
Inc., USA

LAMP2

Scrambled RNA,
sc-37007 (10 uM stock solution in

a Santa Cruz Biotechnology,
Unspecific control

Inc., USA
RNase-free H20)
3.4 Antibodies
3.4.1 Primary antibodies
. Species, Dilution
Antibody _ Manufacturer
clonality (WBI/IF)
Thermo Fisher
Anti-EEA1 Rabbit, monoclonal  1:1000/ - o
Scientific, Schwerte, DE
Santa Cruz
Anti-GAPDH Mouse, monoclonal 1:10.000/- Biotechnology, Inc.,
USA
_ 1:1000/ '
Anti-HCV-NS3 Mouse, monoclonal 1:200 Abcam, Cambridge, UK
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Materials

Anti-HCV-NS3 Mouse, monoclonal  1:500/1:50 ViroStat, Inc., USA
_ 1:500/ _
Anti-HCV-NS4B Mouse, monoclonal 1:100 ViroStat, Inc., USA
) ) 1:1000/ Burckstimmer et al.
Anti-HCV-NS5A Rabbit, polyclonal
1:200 2006
_ ' 1:500 / '
Anti-HCV-NS5B Rabbit, polyclonal 1:100 Abcam, Cambridge, UK
) R&D Systems, Inc.,
Anti-LAMP2 Goat, polyclonal -/ 1:200
USA
Anti-LAMP2 Rabbit, monoclonal  1:200/ - Abcam, Cambridge, UK
Anti-LC3 Mouse, monoclonal -/1:100 Genetex, Inc., USA
_ _ 1:1000 /
Anti-LC3 Rabbit, polyclonal MBL, Inc., USA
1:100
_ Guinea pig, 1:1000 / Progen Biotechnik,
Anti-p62 )
polyclonal 1:200 Heidelberg, DE
Anti-PSMB4 Goat, polyclonal -/1:100 Abcam, Cambridge, UK
Anti-PSMB5 Rabbit, polyclonal 1:500/ - Abcam, Cambridge, UK
_ MyBioScource, Inc.,
Anti-Rab7a Goat, polyclonal 1:1000/ -
USA
Anti-B-Actin Mouse, monoclonal  1:10.000/-  Sigma-Aldrich, USA
3.4.2 Secondary antibodies
_ Species, Dilution
Antibody _ Manufacturer
clonality WBI/IF
Jackson
Anti-goat IgG Cy3 Donkey, polyclonal -/1:400 ImmunoResearch

Europe Ltd., Suffolk, UK
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Materials

LI-COR Biosciences

Anti-goat
Donkey, polyclonal ~ 1:10.000/- GmbH, Bad Homburg,
IRDye680RD DE
Anti-guinea pig LI-COR Biosciences
Donkey, polyclonal ~ 1:10.000/- GmbH, Bad Homburg,
IRDye800CW DE
Anti-mouse IgG- Thermo Fisher
Donkey, polyclonal -/1:1000 o
Alexa488 Scientific, Schwerte, DE
. Jackson
Anti-mouse 1gG-
ov3 Donkey, polyclonal -/ 1:400 ImmunoResearch
Y Europe Ltd., Suffolk, UK
Anti-mouse LI-COR Biosciences
Donkey, polyclonal ~ 1:10.000/- GmbH, Bad Homburg,
IRDye680RD DE
Anti-mouse LI-COR Biosciences
Donkey, polyclonal ~ 1:10.000/- GmbH, Bad Homburg,
IRDye800CW DE
_ _ Jackson
Anti-rabbit 1IgG
ov3 Donkey, polyclonal -/ 1:400 ImmunoResearch
Y Europe Ltd., Suffolk, UK
Anti-rabbit 1gG- Thermo Fisher
Donkey, polyclonal -/1:1000 S
Alexa488 Scientific, Schwerte, DE
Anti-rabbit LI-COR Biosciences
Donkey, polyclonal ~ 1:10.000/- GmbH, Bad Homburg,
Anti-rabbit LI-COR Biosciences
Donkey, polyclonal ~ 1:10.000/- GmbH, Bad Homburg,
IRDye800CW DE
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3.5 Fluorescent dye

Dye Dilution IF

Materials

Manufacturer

DAPI (0.1 mg/ml stock in PBS)  1:300

3.6 Molecular weight markers
3.6.1 DNA markers

Description

Carl-Roth, Karlsruhe,
DE

Manufacturer

Gene Ruler™ 1 kB Plus DNA ladder

3.6.2 Protein markers

Description

Thermo Fisher Scientific,
Schwerte, DE

Manufacturer

PageRuler™ Prestained Protein Ladder

Thermo Fisher Scientific,
Schwerte, DE

PageRuler™ Plus Prestained Protein Ladder

Thermo Fisher Scientific,
Schwerte, DE

3.7 Enzymes
Enzyme Manufacturer
Asel NEB, Frankfurt am Main, DE

RevertAid H Minus Reverse Transcriptase

Thermo Fisher Scientific,
Schwerte, DE

RQ1 RNase-Free DNase

Promega, Fitchburg, USA

T7 RNA-Polymerase

Biozym, Hessisch
Oldendorf, DE

40



3.8 Inhibitors

Inhibitor

Target

Materials

Manufacturer

Protease inhibitors

Aprotinin Serine protease Sigma.Aldrich, Seelze, DE
_ Serine and cysteine _ _
Leupeptin Sigma.Aldrich, Seelze, DE
protease
_ Acid-, aspartatic ) )
Pepstatin Sigma.Aldrich, Seelze. DE
proteases
PMSF Serine protease Carl-Roth, Karlsruhe, DE

Phosphatase inhibitor

Phosphatase inhibitor

. Phosphatases Sigma.Aldrich, Seelze. DE
cocktail
RNase inhibitors
. o Thermo Fisher Scientific,
RiboLock RNase Inhibitor RNase
Schwerte, DE

ScriptGuard RNase Biozym, Hessisch

RNase

Inhibitor

Oldendorf, DE

Protein synthesis
inhibitor

Cycloheximide (CHX)

The translocation step in

protein synthesis

Sigma.Aldrich, Seelze. DE

Modulators of

Autophagy

Bafilomycin-Al (BFLA)

Vacuolar H*-ATPase

Sigma.Aldrich, Seelze. DE

Phosphatidylinositol 3-

LY-294002 _ Selleckchem, USA
kinase (PI3K)
Rapamycin mTOR Selleckchem, USA
_ Phosphatidylinositol 3-
Wortmannin Selleckchem, USA

kinase (PI13K)

Modulators of UPS
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Bortezomib

20S proteasome

Materials

Selleckchem, USA

p38 mitogen-activated
protein kinases (MAPK)

PD169316

3.9 Reagents for cell culture

Reagent

Sigma.Aldrich, Seelze. DE

Manufacturer

DMEM (Dulbecco’s Modified Eagles

Medium) 4.5 g/l glucose

Lonza, Basel, CH

PBS without Ca?* and Mg?*

Paul-Ehrlich-Institut, Langen, DE

FCS (fetal calf serum)

Biochrom GmbH, Berlin, DE

L-glutamine

Biochrom GmbH, Berlin, DE

G418 (Geneticin)

Calbiochem, Darmstadt, DE

Penicillin/Streptomycin

Paul-Ehrlich-Institut, Langen, DE

Puromycin

Sigma.Aldrich, Seelze. DE

Trypsin/EDTA

3.10 Chemicals

Chemicals

Paul-Ehrlich-Institut, Langen, DE

Manufacturer

10 mM dNTPs

Thermo Fisher Scientific, Schwerte, DE

5x Reaction buffer for RT

Thermo Fisher Scientific, Schwerte, DE

10x T7-Scribe transcription buffer

Biozym, Hessisch Oldendorf, DE

6-Aminohexanoic acid

Carl-Roth, Karlsruhe, DE

Acetone Carl-Roth, Karlsruhe, DE
Agarose Genaxxon, Biberach, DE
Ampicillin Carl-Roth-Karlsruhe, DE

APS (Ammoniumperoxodisulfate)

Carl-Roth, Karlsruhe, DE

BSA (Bovine serum albumin)

PAA, Linz, AT

Bradford reagent

Sigma-Aldrich, Seelze, DE

Bromphenol blue

Merck, Darmstadt, DE
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Chloroform

Materials

Carl-Roth, Karlsruhe, DE

Chloroform/Isoamylalcohol, Roti-C/I

Carl-Roth, Karlsruhe, DE

DMSO (Dimetyl sulfoxide)

Genaxxon, Ulm, DE

EDTA (Ethylendiaminotetraacetic acid)

Paul-Ehrlich-Institut, Langen, DE

Ethanol

Carl-Roth, Karlsruhe, DE

Ethidiumbromide

AppliChem, Darmstadt, DE

Formaldehyde 37.5%

Carl-Roth, Karlsruhe, DE

Isopropanol

Carl-Roth, Karlsruhe, DE

Maxima Probe SYBR Green gPCR
Master Mix

Thermo Fisher Scientific, Schwerte, DE

Methanol Carl-Roth, Karlsruhe, DE
Mowiol Sigma-Aldrich, Seelze, DE
NEBuffer 3.1 NEB, Frankfurt am Main, DE

N-TER peptide

Sigma-Aldrich, Seelze, DE

NTP-Mix

Thermo Fisher Scientific, Schwerte, DE

Optiprep (lodixanol)

Progen Biotechnik, Heidelberg, DE

Phenol

Applichem, Darmstadt, DE

Polyethylenimine (PEI)

Polysciences, Eppelheim, DE

Random Hexamer Primer

Thermo Fisher Scientific, Schwerte, DE

Roti®-Block

Carl-Roth, Karlsruhe, DE

Roti-Phenol/Chloroform/Isoamylalcohol

Carl-Roth, Karlsruhe, DE

Rotiphorese Gel 40

(Acrylamide/bisacrylamide)

Carl-Roth, Karlsruhe, DE

RQ1 RNase-Free DNase 10x Reaction
Buffer

Promega, Fitchburg, USA

RQ1 DNase stop solution

Promega, Fitchburg, USA

Sodium acetate

Paul-Ehrlich-Institut, Langen, DE

Sodium desoxycholat

Carl-Roth, Karlsruhe, DE

SDS 10%

Paul-Ehrlich-Institut, Langen, DE

siRNA Dilution Buffer

Sigma-Aldrich, Seelze, DE

Sucrose

Carl-Roth, Karlsruhe, DE
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TEMED

Materials

Carl-Roth, Karlsruhe, DE

Trichlormethan/Chloroform

Carl-Roth, Karlsruhe, DE

Tris Paul-Ehrlich-Institut, Langen, DE
Tris-HCI Paul-Ehrlich-Institut, Langen, DE
Triton-X-100 Fluka, Deisenhofen, DE
Tween20 Genaxxon, Ulm, DE

B-Mercaptoethanol

3.11 Kits

Kit

Sigma-Aldrich, Seelze, DE

Manufacturer

Cellscript T7-Scribe™ Standard RNA IVT
Kit

Biozym, Hessisch Oldendorf, DE

DNeasy Blood & Tissue Kit

Qiagen, Hilden, DE

Lysosome Isolation Kit

Sigma-Aldrich, Seelze, DE

Maxima™ SYBR Green gPCR Kit

Thermo Fisher Scientific, Schwerte, DE

N-TER™ Nanoparticle sSiRNA

Transfection System

Sigma-Aldrich, Seelze, DE

QIAamp Viral RNA Mini Kit

Qiagen, Hilden, DE

Qiagen Plasmid Maxi Kit

3.12 Buffers and solutions

Buffer

Qiagen, Hilden, DE

Composition

Anode buffer |

20% Ethanol (v/v)
300 mM Tris

Anode buffer Il

20% Ethanol (v/v)
25 mM Tris

Cathode buffer

20% Ethanol (v/v)

40 mM 6-Aminohexanoic acid

DNA loading dye (6x)

10 mM Tris HCI pH 7.6
0.03% Bromphenol blue
0.03% Xylene Cyanol
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Materials

60% Glycerol
60 mM EDTA

Lysogeny broth medium (LB)

1% Trypton (w/v)
0.5% Yeast extract (w/v)
1% Sodium chloride (w/v)

Mounting medium (Mowiol)

10% Mowiol (w/v)

25% Glycerol (w/v)
2.5% DABCO

100 mM Tris/HCI pH 8.5

Phosphate buffered saline (PBS) 10x

80.0 g NaCl

2.0 g KCI

14.4 g Na2HPO4
2.4 g KH2POa4
ad 1 L ddH20

Radioimmunoprecipitation assay buffer
(RIPA)

50 mM Tris-HCIl pH 7.2

150 mM NacCl

0.1% SDS (w/v)

1% Sodium desoxycholat (w/v)
1% Triton X-100

SDS loading buffer (4x)

4% SDS (w/v)

125 mM Tris-HCIl pH 6.8
10% Glycerol (v/v)

10% 3-Mercaptoethanol (v/v)
0.02% Bromphenol blue (w/v)

SDS running buffer (10x)

0.25 M Tris

2 M Glycin
1% SDS (w/v)
pH 8.3

Separation gel buffer

1.5 M Tris-HCI
0.4% SDS (w/v)
pH 8.8

Stacking gel buffer

0.5 M Tris
0.4% SDS (w/v)
pH 6.7
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TAE-Puffer (50x)

Materials

2 M Tris

1 M NaAc

50 mM EDTA
pH 8.0

TBS-T (10x)

3.13 Devices
3.13.1 Electrophoresis

System

200 mM Tris-HCI pH 7.8
1.5 M NaCl

0.5% Tween

Manufacturer

Horizontal electrophoresis system HE33

GE Healthcare Europe GmbH, Freiburg,
DE

Mighty small multiple gel caster SE200

GE Healthcare Europe GmbH, Freiburg,
DE

Mighty small 1l vertical electrophoresis
system SE 250

GE Healthcare Europe GmbH, Freiburg;
DE

Standard power pack P25

Biometra GmbH, Géttingen, DE

TE77 ECL semi dry transfer unit

3.13.2 Microscopy

Mircoscope

GE Healthcare Europe GmbH, Freiburg,
DE

Manufacturer

Axiovert 40C

Carl Zeiss AG, Jena, DE

Confocal Laser Scanning Microscope
510 meta

Carl Zeiss AG, Jena, DE

Confocal Laser Scanning Microscope
TCS SP8

3.13.3 Imaging

Imaging system

Leica Microsystems, Wetzlar, DE

Manufacturer

INTAS-Imaging System

Intas, Gottingen, DE

Odyssey CLx Imaging System

LI-COR, Bad Homburg, DE
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3.13.4 PCR-Cycler

PCR Cycler

Materials

Manufacturer

LightCycler® 480 Instrument Il
3.13.5 Centrifuges

Centrifuge

Roche, Mannheim, DE

Manufacturer

Heraeus Cyrofuge 5500i

Thermo Fisher Scientific, Schwerte, DE

Heraeus Fresco 17 centrifuge

Thermo Fisher Scientific, Schwerte, DE

Heraeus Fresco 21 centrifuge

Thermo Fisher Scientific, Schwerte, DE

Heraeus Megafuge 16R

Thermo Fisher Scientific, Schwerte, DE

Heraeus Multifuge 1S-R

Thermo Fisher Scientific, Schwerte, DE

Heraeus Multifuge X3 FR

Thermo Fisher Scientific, Schwerte, DE

Heraeus Sepatech Cryofuge 8500

Thermo Fisher Scientific, Schwerte, DE

Microcentrifuge

Carl-Roth, Karlsruhe, DE

Optima L-70 Ultracentrifuge

Beckman Coulter, Krefeld, DE

Optima XPN-80 Ultracentrifuge
3.13.6 Other devices

Device

Beckman Coulter, Krefeld, DE

Manufacturer

Accujet® pro

Brand GmbH & Co. KG, Wertheim, DE

Electroporator Gene Pulser MXcell™

BioRad, USA

Incubator BBD 6220

Heraeus, Osterode, DE

Incubator Innova 44

New Brunswick Scientific, Enfield, USA

Infinite M1000

Tecan, Mannedorf, CH

NanoDrop™ One C

Thermo Fisher Scientific, Schwerte, DE

Neubauer chamber

Marienfeld, Lauda-Kdnigshofen, DE

pH-Meter 766 Calimatic

Knick, Berlin, DE

RCT Classic magnetic stirrer

IKA, Staufen, DE

Refractometer

Bausch & Lomb, USA

Rocking Plattform

Biometra, Gottingen, DE

Sartorius analytical balance

Sartorius, Goettingen, DE
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Sartorius balance LP 6000 200S

Materials

Sartorius, Goettingen, DE

Sonopuls HD 2200

Bandelin Sonopuls, Berlin, DE

SterilGardRIIl Advance

The Baker Company, ME, USA

Stuart roller mixer SRT9

Bibby Scientific, UK

Thermomixer 5436

Eppendorf, Enfield, USA

Thermomixer compact

Eppendorf, Hamburg, DE

VacuSafe vacuum pump

Integra Bioscience, Zizers, CH

Vortex®Genie 2

Scientific Industries, USA

Waterbath 1228-2F

3.14 Relevant materials

Material

VWR, Darmstadt, DE

Manufactuer

Cell culture flasks (T25, T75, T175)

Greiner Bio-One, Frickenhausen, DE

Cell culture plates (6, 12, 24, 96 wells)

Greiner Bio-One, Frickenhausen, DE

Cell scrapers

A. Hartenstein, Wirzburg, DE

Coverslips, 18mm

Carl Roth, Karlsruhe, DE

Electroporation cuvettes, 4 mm

VWR, Darmstadt, DE

Falcon tubes (15 ml, 50 ml)

Greiner Bio-One, Frickenhausen, DE

Filter tips (20 pl, 200 pl, 300 pl, 1 ml)

Sarstedt, NUmbrecht, DE

Graduated pipettes (5, 10, 25 ml)

Greiner Bio-One, Frickenhausen, DE

Microscope slides SuperFrost

Carl Roth, Karlsruhe, DE

Parafilm

Bemis, Bonn, DE

Phase Lock Gel Heavy, 2 ml

5 PRIME GmbH, Hilden, DE

Pipette tips (2,5 ul, 20 ul, 100 pl, 1 ml)

Sarstedt, NUmbrecht, DE

Roti®-Fluoro PVDF membrane

Carl Roth, Karlsruhe, DE

RotiLabo® syringe filter 0,22 ym

Carl Roth, Karlsruhe, DE

Safe-lock micro test tubes (1.5 ml, 2 ml)

Sarstedt, NUmbrecht, DE

Sterican® single-use hypodermic

needles

B. Braun, Melsungen, DE

Syringes (10 ml, 20 ml)

B. Braun, Melsungen, DE
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Whatman filter paper, 3 mm

3.15 Software

Software

Materials

VWR, Darmstadt, DE

Manufacturer

Citavi 5

Swiss Academic Software GmbH, CH

GraphPad Prism 8.4.3

GraphPad, USA

i-control 1.8

Tecan, Mannedorf, CH

Image Studio

LI-COR, Bad Homburg, DE

Image Studio Lite 5.2

LI-COR, Bad Homburg, DE

ImageJ Fiji Wayne Rassband, USA
INTAS GDS Intas, Gottingen, DE
LAS X Leica, Wetzlar, DE

LightCycler 480 SW 1.5

Roche Diagnostics, Mannheim, DE

MS Office

Microsoft, Redmond, USA

Zen 2012

Zeiss, Jena, DE
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Methods

4 Methods

4.1 Cell biology

4.1.1 Prokaryotic cell culture

E.coli strain TOP10 or DH5a from glycerol stocks were cultivated for 16 h in LB medium
at 37°C and 200 rpm in Erlenmeyer flasks. For selection of transformed bacteria, 100
pg/ml ampicillin was added to the LB medium. For new glycerol stocks, 5 ml of the

overnight culture was pelleted and mixed with 50% glycerol (v/v) for storage at -80°C.
4.1.2 Eukaryotic cell culture

In this study, the HCV permissive Huh7-derived cell line Huh7.5 and HCV subgenomic
replicon cells Huh9-13 were used (Blight et al. 2002; Lohmann et al. 1999).
Furthermore, Huh7.5 CRISPR-Cas9 LAMP2 knockout (Huh7.5-LAMP2 KO) and
Huh7.5 with an LC3 overexpression (Huh7.5-LC3) were generated and cultivated. All
cell lines were grown in Dulbecco’s modified Eagle’s medium (4.5 g/l glucose)
supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 units/mL penicillin
and 100 pg/mL streptomycin (DMEM complete) at 37°C, 5% CO2 and 290% humidity.
For Huh9-13 cells, 1 mg/ml G418 (Geneticin) was added to DMEM complete. Huh7.5-
LC3, harboring the pcDNA3.1+/C-(K)DYK MAP1LC3B cDNA ORF clone, were
cultivated in DMEM complete with 750 ug/mL G418 for selection of clones.

Cells were passaged at ~90% confluency through washing with 10 ml PBS and 3 ml
trypsin/EDTA for 5 min at 37°C to detach the cells from the flask. Enzymatic activity of
trypsin was stopped with 7 ml DMEM complete. Cells were resuspended and seeded

at 1:2 to 1:10 dilutions in fresh medium.
4.1.3 Electroporation of Huh7.5 cells

Huh7.5 cells with a confluence of ~90% were harvested as described in 4.1.2 and
washed twice with ice cold PBS. Cells were resuspended in 50 ml PBS, counted and
adjusted to 5x10° cells/ml in PBS. 800 pl of the cell suspension and 10 pg in vitro
transcribed RNA (chapter 4.2.7) were mixed and transferred to a 4 mm electroporation
cuvette. Cells were electroporated in a Gene Pulser MXcell™ with 300 V and 950 pF
to allow the entry of HCV RNA by the cell membrane. After 10 min incubation at room
temperature, cells were diluted in 12 ml DMEM complete and seeded in a T75 cell
culture flask. 3-4 h after electroporation medium was changed to remove cell debris

and dead cells. Transfected cells were cultured as normal Huh7.5 cells.

50



Methods

4.1.4 Transfection of Huh7.5 cells

Seeded Huh7.5 or Huh7.5-Jcl cells were transfected with 1 pg plasmid DNA and 10
ul PEI/ug plasmid DNA in 200 ul PBS. After 15 sec vortexing and 15 min incubation at
room temperature, the transfection mix was added dropwise to 2 ml DMEM complete
in a 6 well plate. To minimize cytotoxic effects of PEI, medium was changed after 16 h

post transfection.
4.1.5 Silencing of gene expression

For transfection of siRNA, the N-TER™ Nanoparticle siRNA Transfection System was
used according to the manufacturer’s protocol. 50 nM of SIRNA LAMP2 or scrRNA was
mixed with N-TER™ reagent in DMEM complete and added dropwise to Huh7.5-Jc1
cells, respectively. 16 h post transfection medium was changed. Cells were harvested

96 h after transfection with RIPA lysis buffer and analyzed by Western blot.
4.1.6 CRISPR-Cas9 knockout cells

The sgRNA coding DNA oligopairs for LAMP2 sgRNA1 or off-target sgRNA (chapter
3.3.2) were annealed, phosphorylated and ligated into the vector pSpCas9(BB)-2A-
Puro (PX459) V2 according to the instructions from the Zhang lab (Le Cong et al. 2013;
Ran et al. 2013). Huh7.5 cells were transfected with the plasmids by PEI (chapter
4.1.4). 48 h after transfection, cells were selected with DMEM complete supplemented
with 5 pg/ml Puromycin up to four weeks. Medium was changed twice a week to
remove dead cells. Monoclonal colonies were washed once and covered with PBS. A
microscope was used to pick the colonies with a 100ul pipette tip under sterile
conditions. Picked colonies were transferred into DMEM complete without Puromycin
in a 96 well plate. Confluent cells were passaged into a 24 well, followed by a 12 well
and 6 well plate. Knockout was confirmed by immunofluorescence staining, Western

blot and gene sequencing.
4.1.7 Modulation of protein degradation pathways

To examine the turnover of nonstructural proteins, degradation was inhibited or
enhanced with several modulators. Huh7.5-Jc1 and Huh9-13 cells were treated each
with 50 nM Bafilomycin Al (hereafter: BFLA), 100 nM Rapamycin, 20 pM LY294002,
5 uM Wortmannin, 10 nM Bortezomib or 5 uM PD169316 for 16 h to modulate
degradation by autophagy or proteasome. Wortmannin and LY294002 block
autophagosome formation and were used to investigate the degradation at an early
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stage, while BFLA inhibits autophagosomal-lysosomal fusion in the late step of
autophagy. Rapamycin inhibits the mTOR signaling which allows induction of
autophagy. For the UPS, the 20S proteasomal inhibitor Bortezomib was used and
PD169316 to enhance proteasomal degradation. Every substance was diluted in fresh
DMEM and cells were treated 16 h before cell lysis or fixation.

4.1.8 Cell harvest and lysis

For Western blot lysates, cells were washed once with PBS and lysed 5 min on ice
with 200 pl RIPA buffer supplemented with protease- and phosphatase-inhibitors.
Lysed cells were scraped from the cell culture plate and transferred into a 1.5 ml
reaction tube. Lysates were sonicated 10 sec at 30% power and centrifuged for 10 min

at full speed and 4°C to get rid of cell debris.
4.2 Molecular biology

4.2.1 Agarose gel electrophoresis

Plasmid DNA and RNA were analyzed by agarose gel electrophoresis. For DNA 0.7%
(w/v) and for RNA 1% (w/v), agarose was dissolved in 1x TEA buffer by heating. The
cooled, liquid agarose was poured into a horizontal gel chamber and 0.1 pg/ml
ethidiumbromide was added. The solid gel was placed in an electrophoresis chamber
containing 1x TAE buffer. Samples were supplemented with 6x loading buffer and
loaded into the gel pockets. Nucleic acids were separated at 90 V and visualized with
UV-light (254/365 nm) at the INTAS imaging system.

4.2.2 Determination of nucleic acid concentration

A nanophotometer was used to determine nucleic acid concentration. The absorbance
(A) of the aromatic nucleobases was measured at 260 nm wavelength (A). For
determination of purity, absorbance was measured at A=230 nm for solvents and A=280
nm for proteins. Pure DNA samples should obtain the ratio Azeo280=1.8 and RNA

samples Azes0/280=2.0 as well as the ratio A260/230=2.0-2.2.
4.2.3 Isolation of plasmid DNA

Plasmid DNA was isolated from E.coli DH5a or E.coli TOP10 using the QIAGEN
Plasmid Maxi Kit according to the manufacturer’s protocol. DNA was extracted from
500 ml bacterial overnight culture. Bacteria are lysed under alkaline conditions with
SDS. DNA is bound to the column, washed and precipitated by isopropanol. The pellet

was resuspended in ddH20 and stored at -20°C.
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4.2.4 Restriction endonuclease digestion

To linearize circular plasmid DNA containing HCV genomes, 40 ug pFK-Jcl was
digested using 40 U of restriction enzyme Asel and NEBuffer3.1. Digestion of DNA

was performed according to the manufacturer’s protocol.
4.2.5 Transformation of competent bacteria

For transformation of chemically competent E.coli DH5a or E.coli TOP10, 100 ng
plasmid DNA were added to 100 ul competent cells and incubated on ice for 30 min.
After a heat shock for 90 sec at 42°C, cells were incubated 2 min on ice. 400 pl LB
medium was added and incubated at 37°C for 1 h with shaking (700 rpm). The
suspension was added to 250 pl LB medium with ampicillin in an Erlenmeyer flask and

incubated at 37°C and 200 rpm overnight.
4.2.6 Phenol/chloroform extraction of nucleic acids

The nucleic acids were extracted from aqueous solution with phenol/chloroform
extraction. The solution was mixed with 0.1 volume 3 M sodium acetate (pH 5.2) and
one volume phenol/chloroform/isoamylalcohol (25:24:1) and transferred into a Phase
lock tube. After centrifugation for 5 min at 17.000 g and 4°C, one volume of
chloroform/isoamylalcohol (24:1) was added and centrifuged again. The upper
aqueous solution was transferred into a new reaction tube. To precipitate nucleic acids,
solution was mixed with 2.5 volume ice cold ethanol for DNA or 0.7 volume of
isopropanol for RNA. After centrifugation for 60 min at 17.000 g and 4°C, the
supernatant was discarded and the pellet washed with 70% ethanol. The pellet was air
dried and resuspended in ddH20 for DNA and DEPC-H20 for RNA.

4.2.7 In vitro T7 transcription

Isolated, linearized and purified plasmid DNA with a T7 promoter was used to generate
HCV genome by T7 transcription. The T7 Scribe™ Standard RNA IVT Kit was used

and reaction mixed according to the manufacturer’s protocol (table 1).

Table 1 T7 transcription.

Reagent Volume Final concentration
Linearized DNA 4 ug
10x T7-Scribe 2 ul 1x

transcription buffer

53



Methods

100 mM ATP 1.5 pl 7.5 mM
100 mM CTP 1.5 pl 7.5 mM
100 mM UTP 1.5 pl 7.5 mM
100 mM GTP 1.5 pl 7.5 mM
100 mM DTT 2.0 ul 10 mM
ScriptGuard RNase 0.5 ul

inhibitor

T7-Scribe enzyme 2 ul

solution

RNase free water ad 20 pl

Reaction mixture was incubated 2 h at 37°C. Plasmid DNA was digested by 1 ul RNase
free DNase | for 15 min at 37°C. Transcribed RNA was purified by phenol/chloroform
extraction (chapter 4.2.6) and resuspended in DEPC-H20. For electroporation, 10 ug

RNA aliquots were prepared and stored at -20°C.
4.2.8 RNA isolation

For viral RNA isolation, 140 ul of each fraction from membrane flotation assay was
used. RNA was isolated with the QIAamp Viral RNA Mini Kit (spin protocol) according
to the manufacturer’s instructions. For elution of viral RNA, 60 ul elution buffer was

used.
4.2.9 cDNA synthesis

The remaining DNA in purified RNA samples was digested and the cDNA synthesized
(table 2).

Table 2 DNA digestion and cDNA synthesis.

Reagent Volume Incubation
Purified RNA 8 ul
RQ1 RNase-free DNase | 1l

1 hat37°C
RQ1 RNase-free DNaselOx reaction 1 pl
buffer
RQ1 DNase Stop solution 1l 10 min at 65°C
Random Hexamer Primer 1l 15 min at 65°C
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Master mix for first strand cDNA

synthesis
5x RT buffer 4yl
dNTP mix (10 mM) 2 4l 10 min at room temperature,

followed by 1 h at 42°C and
10 min at 72°C

RevertAid™ H Minus RT (200 U/ul) 1u

Nuclease-free water 1pl
Nascent cDNA was cooled on ice, diluted 1:10 in nuclease-free water for RT-gPCR
and stored at -20°C.
4.2.10 Real-Time qPCR

Detection and quantification of HCV transcripts was performed with the synthesized
cDNA by real-time gPCR at the LightCycler 480 system. 3 pl of diluted cDNA was
mixed on ice with specific HCV primers (chapter 3.3.1) and 2x Maxima SYBR Green

gPCR Maser mix as shown in table 3. Each sample was pipetted in duplicates.

Table 3 RT-gPCR sample composition.

Component Volume (per sample)
Diluted cDNA 3ul

Forward primer (10 pM) 0.25 ul

Reverse primer (10 uM) 0.25 ul

2x Maxima SYBR Green Master Mix 5ul

Nuclease-free water 1.5u

The fluorescent dye SYBR Green intercalates in the complementary DNA. The
fluorescence intensity of SYBR Green is proportional to the amount of amplified DNA
and measured after each cycle. For quantification of HCV RNA, a provided HCV
standard was used. The RT-gPCR program is shown in table 4.
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Table 4 RT-gPCR program.

Program Temperature (°C) Hold time (sec) Slope (°C/sec) Cycles
Denaturating 95 600 20 1
Cycling 95 15 20 45

56 30 20

72 30 5
Melting 95 60 20 1

60 30 20

95 0 0.1
Cooling 40 30 20 1

4.3 Protein biochemistry
4.3.1 Half-life determination

To determine half-life of nonstructural proteins, cells were treated with Cycloheximide
(CHX) and several modulators for autophagy and proteasome (see chapter 4.1.7). For
this, seeded Huh9-13 cells as well as Huh7.5-Jc1 48 hpe were used. After 16 h of
treatment, the 0 min timepoint was harvested. For timepoint 15 min to 120 min, every
treatment was refreshed and mixed with Cycloheximide at a concentration of 142 uM
to prevent de novo protein translation. The cells were harvested with RIPA buffer and
analyzed by Western blot. The half-life was calculated from nonlinear regression

equation of the mean values.
4.3.2 Autolysosome isolation

Lysosomes and autolysosomes were isolated from three to four weeks post
electroporation cultivated Huh7.5-Jcl by the Lysosome Isolation Kit according to the
manufacturer’s protocol. Crude lysosomal fractions (CLF) were resuspended in 1x
extraction buffer and further purified by OptiPrep density gradient with
ultracentrifugation. Subsequently, remaining rough ER and mitochondria in fractions
were precipitated by 8 mM calcium chloride. Immediately, fractions were mixed with
SDS loading buffer (4x) and stored at -20°C.

56



Methods

4.3.3 Isolation of HCV RC by membrane flotation assay

HCV replicon complex (RC) was isolated through subcellular fractionation by an
OptiPrep density gradient with ultracentrifugation. For this, a membrane flotation assay
was performed as described by Vogt and Ott 2015.

Four T175 flasks of three to four weeks cultivated Huh7.5-Jc1 cells were washed with
PBS and harvested in ice cold PBS by scraping. Cells were washed with PBS and
centrifuged at 400 g for 5 min. 6 ml cold sucrose (250 mM) in PBS supplemented with
1% protease inhibitor and 1% phosphatase inhibitor cocktail (PBS-Sucrose-P/P) was
mixed with the cell pellet. For cell lysis a Potter-Elvehjem and a stirrer was used with
a duration of 5 min for breakage. To remove nuclei, unlysed cells and cellular debris,
lysed cells were centrifuged for 10 min at 2500 g and 4°C. The post-nuclear
supernatant (PNS) was mixed on ice 1:1 with 60% (w/v) OptiPrep medium (lodixanol)
to obtain a gradient input of 30% lodixanol-PNS. The gradient was performed on ice
with 4 ml PNS containing lodixanol (30%) suspension at the bottom of an
ultracentrifuge tube, followed by 4 ml of 20% and 4 ml of 10% lodixanol mixed in PBS-
Sucrose-P/P. OptiPrep gradient was ultracentrifuged for 16 h at 209.000 g and 4°C
using a SW41Ti rotor with slowest acceleration and no brake. After 16 h, 23 fractions
with each 500 pl were collected from the top of the gradient. To determine refractive
indices at the refractometer, 20 pl of each fraction was used. 150 pl of each fraction
and the PNS (control) was mixed with 50 pl SDS loading buffer (4x) for gel
electrophoresis and Western blot analysis. For RNA quantification, 140 ul of each
fraction was used for RNA isolation and subsequent cDNA synthesis for RT-qPCR. All

fractions were stored at -20°C.
4.3.4 Protein quantification by Bradford assay

The protein amount in cell lysates was determined using Bradford assay. The reagent
contains the Coomassie-Brilliant-Blue G-250 dye, which binds to proteins. The binding
shifts the light absorption maximum from 465 nm to 595 nm. 2 ul cell lysate were mixed
with 100 pl Bradford reagent in a 96 well plate and incubated 5 min at room
temperature in exclusion of light. Each sample was pipetted in duplicates. The
absorption at A=595 nm was measured using the Tecan reader (Infinite M1000) and

protein concentration was calculated based on a BSA standard curve.
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4.3.5 SDS-PAGE

To separate proteins depending on their molecular weight, the sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was used. The gel is composed of a
stacking gel and a separation gel. The polymer density of the stacking gel is 4% and
allows proteins to concentrate. In the separation gel, the SDS-denatured proteins are
separated and the polymer density varies from 8-14% depending on the size of the
target protein. The composition of the gels is shown in table 5. The equal amount of
protein (20-60 pg) was denatured in SDS loading buffer (4x) by heating at 95°C for 10
min and separated in a vertical chamber at 90-120 V. In case of the samples from
autolysosome isolation and membrane flotation assay, determination of protein
concentration was skipped and the maximal volume per gel pocket in equal amounts

was used.

Table 5 Composition of the stacking and separation gel.
Reagent Stacking gel Separation gel
4% 8% 10% 12% 14%
Stacking gel 15 ml - - - -
buffer (4x)

Separation - 20 ml 20 ml 20 ml 20 ml
gel buffer (4x)

Rotiphorese 6 ml 16 mi 20 ml 24 ml 28 ml
Gel 40 (29:1)

ddH20 45 ml 44 ml 40 ml 36 ml 32 ml
APS 600 ul 800 ul 800 ul 800 ul 800 ul
TEMED 60 pl 80 ul 80 ul 80 ul 80 ul

4.3.6 Western blot

After separation by SDS-PAGE, proteins were transferred on a methanol-activated
PVDF membrane. A semi-dry blotting chamber and discontinuous buffer system were
used with an electric field of 1.3 mA/cm? for 1 h. After blotting, unspecific binding of
antibodies was blocked for 1 h by 1x Roti®-Block blocking solution at room
temperature. The primary antibody was diluted in blocking solution and membrane
incubated for 1h at room temperature or at 4°C overnight. Unbound antibody was

removed by 3x 10 min washing steps with TBS-T. The membrane was incubated with
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fluorophore-conjugated secondary antibody diluted in blocking solution for 1h at room
temperature in exclusion of light, followed by repeat of TBS-T washing steps to remove
unbound antibody. Proteins were detected by using the Li-Cor Odyssey CLx imaging
system. Protein signals were analyzed by densitometric quantification using the Li-Cor
Image Studio software.

[
Cathode
6x Whatman paper (Cathode buffer)
SDS polyacrylamide gel
PVDF membrane
2x Whatman paper (Andode buffer 1)
4x Whatman paper (Andode buffer 1)
Anode

Figure 12 Principle for a semi-dry Western blot stack.

PVDF membrane and Whatman paper were adjusted to the size of the gel. The
Whatman paper were soaked in the respective buffer and air bubble-free stacked
together with the gel as shown in the figure.

4.3.7 Indirect immunofluorescence microscopy

Immunostaining was performed with fluorophore-labeled antibodies to analyze the
intracellular localization and distribution of proteins. Cells were grown on 18 mm cover
slips in a 12-well plate and washed once with PBS. Fixation was performed either with
3.7% formaldehyde in PBS for 20 min at room temperature or with Ethanol/Acetone
1:1 for 30 min at -20°C. Cells were washed 3x 5 min in PBS and permeabilized with
0.5% Triton X-100 in PBS for 10 min at room temperature. After permeabilization, cells
were washed again 3x 5 min in PBS and unspecific antibody binding blocked by 1%
BSA in PBS for 15 min at room temperature. Afterwards, cells were incubated in 50 pl
primary antibody diluted in PBS for 1h at room temperature or overnight at 4°C in a
humid chamber. Unbound primary antibody was removed by washing 3x 5 min in PBS.
Then cells were incubated with 50 pl fluorophore-labeled secondary antibody and DAPI
to stain the nuclei for 1 h at room temperature under exclusion of light. Unspecifically
bound antibody was removed again by washing 3x 5 min in PBS and coverslips were
mounted with Mowiol on microscope slides. Stained cells were stored at 4°C in the

dark until analysis at the confocal laser scanning microscope.
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4.4 Microscopy

4.4.1 Confocal laser scanning microscopy

The localization and distribution of the stained cells was analyzed by a confocal laser
scanning microscope (CLSM) at the LSM 510 Meta (Zeiss) or at the CLSM TCS SP8
(Leica). In conventional fluorescence microscopy, all fluorophores in the sample are
excited by a fluorescent lamp. Thus, the emitted fluorescence from the entire sample
is detected. With CLSM, a confocal arranged pinhole aperture filters the light from
higher or lower levels. Therefore, only the emitted fluorescence of a certain layer is
detected. Furthermore, fluorophores are excited with monochromatic light from a laser
and the emitted fluorescence is sequentially detected by a dot matrix. Then, detected
and amplified light quanta can be digitally combined by the computer to form a finished
image. A z-stack can capture multiple layers of a sample and create a three-
dimensional image of the cell. The used objectives were 100x and 40x (NA, 1.46).

To analyze the colocalization, the tMOC (threshold Mander’s overlap coefficient) was
calculated using ImageJ Fiji software. The tMOC is independent from the intensity of
the fluorescence signal and ranges from 0 to 1. A coefficient of 1 is defined as absolute
colocalization.

Total fluorescence per cell was calculated using ImageJ Fiji and the formula: Corrected
total cell fluorescence (CTCF) = integrated density - (area of selected cell x mean
fluorescence of background readings).

4.5 Statistical analysis

All results are described as means + standard errors of the means (SEMs) from at least
three biological replicates. The bars in the figures represent SEMs. The significance of
the results was analyzed by two-tailed unpaired Student’s t test, using GraphPad Prism
8.4.3 software. In histograms showing relative changes compared with the control
cells, the control group was arbitrarily set as 1. Here, a SEM for the control group
cannot be reported, as standardization of the measured values (relative to the control
group) was performed for each of the independent assays. Therefore, measurements
for the treatment groups in each assay were dependent (matched). Statistical
significance is represented in the figures as follows: *P<0.05, **P<0.01, ***P<0.001.
****P<0.0001.
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5 Results

5.1 Prolonged half-life of NS proteins by autophagy inhibitors

5.1.1 Half-life of NS3 is extended after inhibition of the autophagic flux and the
proteasome

To study the relevance of autophagosomal and proteasomal degradation of HCV
nonstructural proteins, half-life was investigated in the presence of inhibitors or
activators of autophagy or proteasome. For this purpose, the half-life was determined
in Jcl electroporated Huh7.5 cells.

For activation of autophagy, the mTOR inhibitor Rapamycin was used. To inhibit
autophagic flux in an early stage, cells were treated with LY294002 and Wortmannin.
Late stage of autophagy was inhibited through BFLA, which targets the vacuolar H*-
ATPase and therefore prevent acidification of lysosomes. To investigate the fate via
the ubiquitin-proteasome-system (UPS), Bortezomib was used to inhibit and
PD169316 to induce proteasomal degradation. After incubation, the reagent
cycloheximide (CHX) was added to the cells to prevent de novo protein translation in
combination with refreshed treatment with modulators against autophagy and the
proteasome for a small screening. Changes in protein half-life then can be considered
as an influence of respective degradation pathway on the turnover of nonstructural

proteins.

In figure 13A, a simplified graph of the half-life is depicted. Half-life of NS3 was
decreased after autophagy-induced treatment with Rapamycin, while inhibition of early
and late autophagy with Wortmannin, LY294002 and BFLA showed a higher half-life
compared to the DMSO control.
Half-life was aligned with proteasomal degradation. For this, Huh7.5-Jc1 cells were
exposed to Bortezomib, which showed a higher half-life for NS3 and lower in
PD169316 cells when compared to DMSO (Figure 13A).
In Figure 13B, each measured protein amount of NS3 after use of modulators and
cycloheximide is displayed, in which a strong decline of the regression line indicates
short half-lives and a minor decline a long half-life of the protein. Based on these non-
linear regression line, half-life for each treatment was calculated.
NS3 half-life in untreated Huh7.5-Jc1 cells was 271 min similar to 301 min of the DMSO
control. Rapamycin with 209 min and PD169316 with 244 min had shorter half-lives for
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NS3. For BFLA, a half-life of 306 min was calculated, Wortmannin had 446 min,
LY294002 508 min and proteasome inhibitor Bortezomib 440 min and thereby longer
than the DMSO control (Figure 13B).

The impact of almost all modulators on the half-life indicates that both pathways, the

autophagic as well as proteasomal, are involved in the turnover of HCV NS3 protein.
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Figure 13 Altered half-life of NS3 after modulation of the autophagosomal and
proteasomal pathway.

(A) Huh7.5-Jcl were treated 16 h each with Rapamycin (100 nM), BFLA (50 nM),
Wortmannin (5 uM) and LY294002 (20 uM) to modulate autophagy and Bortezomib
(10 nM) and PD169316 (5 uM) to modulate proteasome. Subsequently, Cycloheximide
(142 pM) was added to prevent de novo protein translation of NS3. Half-life of NS3 is
indicated as mean of at least three independent experiments for each treatment; (B)
NS3 bands of Western blot analysis were normalized to 3-actin (at least n=3, mean +
SEM). NS3 half-life was calculated for each treatment with one phase decay as
exponential equation and constrains set to YO=1 and plateau=1 as non-linear
regression by GraphPad Prism 8.4.3.
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5.1.2 Inhibited autophagy results in longer half-life of NS5A, while proteasomal

inhibition was unaltered

Like for NS3, the relevance of the degradation route by calculation of half-life was

examined in Huh7.5-Jc1 treated with the modulators mentioned before and CHX.

Compared to the DMSO control, cells treated with Rapamycin showed a decreased
half-life of NS5A, while for LY294002, Wortmannin and BFLA a higher half-life was
detected.

In Bortezomib-treated cells, half-life was slightly increased for NS5A and lower in
PD169316 cells as in the DMSO control (Figure 14A).

Particularly, for untreated and DMSO-treated cells, the half-life of NS5A was 189 min
and 197 min, respectively (Figure 14B). Shorter time was observed when using
Rapamycin with 162 min or PD169316 with 177 min. Prolonged half-life for NS5A was
calculated when Huh7.5-Jc1 were exposed to BFLA with 349 min, Wortmannin with
307 min and LY294002 with 499 min and slightly for Bortezomib with 205 min (Figure
14B).

As inhibited autophagy increased and induction decreased half-life, while proteasome
treatment seemed to be unaffected, these results can indicate an importance of the

autophagosomal degradation pathway for NS5A.
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Figure 14 Autophagosomal route plays a role in determining the half-life of
NS5A.

(A) Huh7.5-Jcl were treated 16 h each with Rapamycin (100 nM), BFLA (50 nM),
Wortmannin (5 uM) and LY294002 (20 uM) to modulate autophagy and Bortezomib
(10 nM) and PD169316 (5 uM) to modulate proteasome. Subsequently, Cycloheximide
(142 uM) was added to prevent de novo protein translation of NS5A. Half-life of NS5A
is indicated as mean of at least three independent experiments for each treatment; (B)
NS5A bands of Western blot analysis were normalized to 3-actin (at least n=3, mean
+ SEM). NS5A half-life was calculated for each treatment with one phase decay as
exponential equation and constrains set to YO=1 and plateau=1 as non-linear
regression by GraphPad Prism 8.4.3.

5.1.3 Half-life between the phosphorylation states of NS5A differs

Huh7.5-Jcl cells were treated with modulators against autophagy or the UPS and with
CHX to examine the relevance of these two degradation routes, which clarifies the fate
of NS5A. The phosphoprotein NS5A possesses two different phosphorylation states.
Basally/hypophosphorylated NS5A is involved in viral replication, whereas
hyperphosphorylated NS5A is crucial for viral assembly (Moradpour et al. 2007;
Masaki et al. 2014; Goonawardane et al. 2017). In Western blot analysis, basally
phosphorylated NS5A can be detected at 56 kDa, while hyperphosphorylated NS5A
has a molecular weight of 58 kDa and therefore enables separate calculation of each
half-life. To distinguish between the two phospho-states and their half-life can indicate
to which part of NS5A, or viral life-cycle step autophagy interferes regarding the protein

turnover.

Similar to whole NS5A (both phosphorylation states together) the basally
phosphorylated NS5A showed a shorter half-life in cells treated with Rapamycin and
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PD169316 and prolonged half-life in cells treated with BFLA, Wortmannin, LY294002
and Bortezomib (Figure 15A).

Particularly, untreated cells had a half-life of 224 min and DMSO-treated 237 min for
basally phosphorylated NS5A. The time was shorter with Rapamycin 196 min and
longer with autophagy inhibitors BFLA with 344 min, Wortmannin with 343 min and
LY294002 with 373 min. In parallel, Bortezomib led to a longer half-life of 320 min and
PD169316 with 184 min to a shorter when compared to the DMSO control (Figure
15B).

Quite contrary to basal phosphorylation of NS5A, the half-life of hyperphosphorylated
NS5A was higher in Rapamycin and PD169316 treated cells as well as after treatment
with LY294002 (Figure 15C). Shorter half-life than in DMSO control cells could be
observed after treatment with BFLA, Wortmannin and Bortezomib.

Both, untreated and DMSO-treated cells, had a half-life for NS5A of 183 min, higher
for Rapamycin with 417 min, LY294002 with 236 min and PD169316 with 250 min
(Figure 15D). A strong decline compared to the control cells was observed after use of

BFLA with 150 min calculated, Wortmannin with 154 min and Bortezomib with 116 min.

To sum it up, the calculated half-lives of basally phosphorylated NS5A can be
compared to those of the whole NS5A, as it shows a stronger effect of modulators
against autophagy when compared to the UPS modulators, suggesting that basally

phosphorylated NS5A is targeted to autophagic degradation.

Compared to basally phosphorylated NS5A, half-life of the hyperphosphorylated form
indeed differed. Since Rapamycin as an activator of autophagy strongly changed half-
life, autophagy is assumed as well, but may occur in another time-dependent
degradation as basally phosphorylated NS5A.
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Figure 15 Altered half-life between basally and hyperphosphorylated NS5A after
modulated autophagosomal and proteasomal degradation.

(A) Huh7.5-Jc1 were treated 16 h each with Rapamycin (100 nM), BFLA (50 nM),
Wortmannin (5 pM) and LY294002 (20 uM) to modulate autophagy and Bortezomib
(10 nM) and PD169316 (5 uM) to modulate proteasome. Subsequently, Cycloheximide
(142 uM) was added to prevent de novo protein translation of basally phosphorylated
NS5A. Half-life of basally phosphorylated NS5A is indicated as mean of at least three
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independent experiments for each treatment; (B) Basally phosphorylated NS5A bands
of Western blot analysis were normalized to 3-actin (at least n=3, mean + SEM). NS5A
half-life in basal phosphorylation was calculated for each treatment with one phase
decay as exponential equation and constrains set to YO=1 and plateau=1 as non-linear
regression by GraphPad Prism 8.4.3; (C) Huh7.5-Jcl were treated 16 h each with
Rapamycin (100 nM), BFLA (50 nM), Wortmannin (5 pM) and LY294002 (20 uM) to
modulate autophagy and Bortezomib (10 nM) and PD169316 (5 uM) to modulate
proteasome. Subsequently, Cycloheximide (142 uM) was added to prevent de novo
protein translation of hyperphosphorylated NS5A. Half-life of hyperphosphorylated
NS5A is indicated as mean of at least three independent experiments for each
treatment; (D) Hyperphosphorylated NS5A bands of Western blot analysis were
normalized to R-actin (at least n=3, mean + SEM). NS5A half-life in
hyperphosphorylation was calculated for each treatment with one phase decay as
exponential equation and constrains set to YO=1 and plateau=1 as non-linear
regression by GraphPad Prism 8.4.3.

5.1.4 Modulation of both, autophagic and proteasomal degradation, has an
impact on NS5B half-life

To examine the role of autophagy in the fate of the viral RNA-dependent RNA
polymerase (RdRp) NS5B, half-life was determined by the use of CHX and treatment
with different modulators for autophagy. The proteasomal pathway was modulated as
well, to compare results with those for autophagosomal turnover. Rapamycin, BFLA,
Wortmannin and LY294002 act as modulators for autophagy, while Bortezomib and
PD169316 were used to modulate the UPS. As before for NS3 and NS5A, treated
Huh7.5-Jcl cells were lysed at each timepoint and analyzed via Western blot analysis.
Signal intensities were again used for the calculation of the half-life of NS5B for each

treatment, respectively.

As seen in figure 16A, the calculated mean of the half-life for NS5B from untreated
cells was equal to the DMSO control. Enhancement of autophagosomal degradation
by Rapamycin showed a decrease in half-life, while it was prolonged after inhibition of
autophagy by BFLA, Wortmannin or LY294002 when compared to the control cells.
Half-life was shorter with enhanced proteasomal degradation under treatment with
PD169316 and slightly increased in comparison to the control cells with proteasome
inhibitor Bortezomib (Figure 16A).

Untreated Huh7.5-Jcl cells had a NS5B half-life of 501 min, while for DMSO control
cells, 546 min were calculated. NS5B in Rapamycin-treated cells had a half-life of 288
min, for BFLA 618 min, 704 min for LY294002 and strong prolonged with 1636 min for
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Wortmannin. The calculated NS5B half-life after Bortezomib treatment was 571 min
and after PD169316 128 min (Figure 16B).

Taken all together, the strong effect of activators for autophagy and UPS as well as for
inhibition of the autophagic flux on the half-life of NS5B assume an importance of both

degradation pathways.
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Figure 16 Decreased half-life of NS5B after autophagy and UPS induction.

(A) Huh7.5-Jc1 were treated 16 h each with Rapamycin (100 nM), BFLA (50 nM),
Wortmannin (5 pM) and LY294002 (20 uM) to modulate autophagy and Bortezomib
(10 nM) and PD169316 (5 uM) to modulate proteasome. Subsequently, Cycloheximide
(142 uM) was added to prevent de novo protein translation of NS5B. Half-life of NS5B
is indicated as mean of at least three independent experiments for each treatment; (B)
NS5B bands of Western blot analysis were normalized to [3-actin (at least n=3, mean
+ SEM). NS5B half-life was calculated for each treatment with one phase decay as
exponential equation and constrains set to YO=1 and plateau=1 as non-linear
regression by GraphPad Prism 8.4.3.
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5.1.5 Altered half-life for NS4B due to modulated autophagy

Beside NS3, NS5A and NS5B, the turnover for the nonstructural protein NS4B
regarding autophagy was investigated as well. Here, Huh9-13 cells were treated with
the same modulators for both pathways as mentioned before and with CHX, to prevent
de novo protein translation. Based on Western blot analysis, the half-life for NS4B was
calculated for each treatment. Furthermore, as the anti-NS4B antibody is more suitable
against HCV genotype 1, but Huh7.5-Jc1 harbor the genotype 2, the subgenomic
replicon cells Huh9-13 were used to investigate the half-life of NS4B. Since the HCV
genome in Huh9-13 lack the structural proteins and thereby cannot produce viral

particles, it has to be considered that it does not represent the full HCV life-cycle.

As seen in the simplified graph for half-life, the calculated mean half-life after Western
blot analysis for DMSO was slightly increased compared to untreated cells.

A shorter half-life was observed for Rapamycin and PD169316, while it was strongly
increased with BFLA. NS4B half-life for Wortmannin, LY294002 and Bortezomib was
similar to DMSO control cells, but slightly increased in untreated Huh9-13 (Figure 17A).

The half-life more detailed showed for untreated and DMSO-treated cells a duration of
211 min and 314 min, respectively. Huh9-13 cells had a shorter half-life of 147 min for
Rapamycin and 163 min for PD169316 after the respective induction of autophagy and
UPS. By using the inhibitors, BFLA-treated cells had a half-life of 577 min, with
Wortmannin 282 min, after LY294002 355 min and with proteasome inhibitor
Bortezomib 278 min (Figure 17B).

Summarized, especially due to the effect of BFLA, there is a strong tendency of NS4B
to be targeted to autophagy for its turnover. A potential accumulation of NS4B after the
inhibition of the UPS, which is indicated by an extended half-life, is not assumed due

to an equal half-life to the control cells.
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Figure 17 Modulated autophagy has a strong effect on the half-life of NS4B.
(A) Huh9-13 cells were treated 16 h each with Rapamycin (100 nM), BFLA (50 nM),
Wortmannin (5 uM) and LY294002 (20 uM) to modulate autophagy and Bortezomib
(10 nM) and PD169316 (5 uM) to modulate proteasome. Subsequently, Cycloheximide
(142 pM) was added to prevent de novo protein translation of NS4B. Half-life of NS4B
is indicated as mean of at least three independent experiments for each treatment; (B)
NS4B bands of Western blot analysis were normalized to GAPDH (at least n=3, mean
+ SEM). NS4B half-life was calculated for each treatment with one phase decay as
exponential equation and constrains set to YO=1 and plateau=1 as non-linear
regression by GraphPad Prism 8.4.3.

5.2 Affected NS5A phosphorylation upon modulation of autophagy
and UPS

In addition to determine the half-life of NS5A under treatment with modulators for
autophagy or the proteasome and CHX by Western blot, the two phosphorylation
states of NS5A were considered separately. Basal phosphorylated NS5A is involved
in viral replication, while hyperphosphorylated NS5A plays a role in viral assembly
(Moradpour et al. 2007; Masaki et al. 2014; Goonawardane et al. 2017).
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As shown in figure 18A, the quotient between both phosphorylation states was
calculated to obtain a ratio. Thereby, changes in the ratio within the timepoints of a
treatment or as well between the different treatments can be examined to figure out

the influence of the degradation pathways on NS5A.

For untreated and DMSO treated Huh7.5-Jcl as the control, the amount of NS5A at
basal phosphorylation and hyperphosphorylation is steady from timepoint 0 min to 120
min.

The ratio of basal phosphorylated NS5A increased after treatment with autophagy
inhibitors BFLA, Wortmannin and LY294002 as well as with autophagy induction by
Rapamycin. Simultaneously, the hyperphosphorylated NS5A decreased. For
Rapamycin and Wortmannin, the ratio for the 120 min timepoint is comparable to 0
min.

After treatment with proteasome inhibitor Bortezomib, a slight increase of basal
phosphorylated NS5A was observed. The ratio of hyper- to basal phosphorylation was
unaffected. A strong increase of basal phosphorylated NS5A was shown for PD169316
at timepoint 30-60 min, while no changes occurred for hyperphosphorylation (Figure
18A).

Based on these results, phosphorylation seems to be affected within the timespan and
between different modulated degradation pathways in which hyperphosphorylated

NS5A is may targeted to autophagosomal compartments for disposal.
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Figure 18 Modulation of autophagy or UPS changed NS5A phosphorylation.

(A) Huh7.5-Jc1 were treated 16 h each with Rapamycin (100 nM), BFLA (50 nM),
Wortmannin (5 uM) and LY294002 (20 uM) to modulate autophagy and Bortezomib
(10 nM) and PD169316 (5 uM) to modulate proteasome. Subsequently, Cycloheximide
(142 uM) was added to prevent de novo protein translation of NS5A. Western blot
bands of basal phosphorylated and hyperphosphorylated NS5A were quantified
separate and normalized to 3-actin (at least n=3, mean + SEM), The quotient between
the two phosphorylation states was calculated for the phosphorylation ratio.

5.3 Modulators for autophagy affect colocalization of NS proteins

with LAMP2-positive structures

5.3.1 NS3 and NS5A can be detected in LAMP2-positive structures

To investigate the turnover of NS3 and NS5A in treated cells in more detail, the
subcellular localization of NS3 and NS5A was analyzed by immunofluorescence
staining and confocal laser scanning microscopy. Huh7.5 cells were transfected by
electroporation with HCV RNA (Jcl) and treated with modulators for autophagy and
proteasome. Rapamycin serves as activator of autophagy, while BFLA, Wortmannin
and LY294002 inhibit autophagy. To induce proteasomal degradation, PD169316 was
used and vice versa for inhibition Bortezomib was chosen. Here, the lysosomal marker
protein LAMP2 was used to investigate whether the lysosomal structures harbor NS
proteins for the degradation process.

By using proteasomal modulators and the staining against LAMP2, it can be examined
whether the NS proteins are shifted e.g., after inhibition, towards the autophagic route
or not. Thereby, it allows insight on the switch or equilibrium between autophagy and
UPS.

To quantify a colocalization between NS proteins and LAMP2, the tMOC (threshold
Mander’s overlap coefficient) was calculated. This coefficient is independent from the

intensity of the fluorescence signal and 1 reflects an absolute colocalization.
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Colocalization of NS3 to lysosomal marker protein LAMP2 was observed in cells
treated with DMSO, BFLA and Wortmannin. Moreover, a more pronounced
accumulation of NS3 can be observed after BFLA treatment.

Huh7.5-Jc1 cells showed less proximity of NS3 to LAMP2 after treatment with
Rapamycin, LY294002, Bortezomib and PD169316 (Figure 19A).

Z-stacking and virtual cutting the organelles by clipping could visualize the
autolysosomes containing NS3 (Figure 19B).

Calculation of the tMOC showed a slightly higher colocalization of about 62% for BFLA
and 46% for Wortmannin when compared to untreated (44%) and DMSO (58%). In
Huh7.5-Jc1 with Rapamycin, LY294002, Bortezomib and PD169316, less

colocalization was observed (Figure 19C).

For NS5A, close proximity was in PD169316-treated cells, while treatment with BFLA,
and Bortezomib were unchanged and Rapamycin-, Wortmannin- and LY294002-
treated cells showed no proximity to LAMP2-positives structures (Figure 19D).

A closer look to the proximity of NS5A to LAMP2-stained autolysosomes can be
observed in figure 19E.

Analysis of the tMOC for NS5A showed a colocalization after PD169316 treatment of
about 80%, while BFLA and Bortezomib treatment led to similar tMOC like untreated
or DMSO treated cells of approx. 50-60%. With Rapamycin, Wortmannin and
LY294002, colocalization of NS5A to LAMP2-positive structures was reduced
compared to the control (Figure 19F).

These observations imply, that autophagy may is involved in the disposal of NS3 and
NS5A as the viral proteins show an accumulation, increased colocalization or close
proximity to LAMP2-positive structures during inhibition of the autophagic flux. And vice
versa, after induction less colocalization was observed, which is may due to

accelerated degradation of the waste cargo in autolysosomes.
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Figure 19 Colocalization and close proximity to LAMP2-positive structures is
altered after treatment.

(A) CLSM analysis of HCV-positive Huh7.5 cells treated with modulators against
autophagy and proteasome. The cells were stained using NS3-(green) and LAMP2-
specific (red) antibodies. Nuclei were stained with DAPI (blue). Laser intensity was
kept constant. Magnifications, x100 with Zoom-in 2.0. Higher magnification of indicated
areas is marked with white squares. Scale bar represents 10 uM; (B) Z-stacking (Left)
and clipping (Right) of stained, BFLA-treated Huh7.5-Jc1. White square and arrows
indicate LAMP2-positve structures together with NS3; (C) Colocalization of NS3 and
LAMP2-positive structures by tMOC from a minimum of 7 cells (mean £ SEM). Two-
tailed unpaired t-test, **p<0.01; (D) CLSM analysis of HCV-positive Huh7.5 cells
treated with modulators against autophagy and proteasome. The cells were stained
using NS5A-(green) and LAMP2-specific (red) antibodies. Nuclei were stained with
DAPI (blue). Laser intensity was kept constant. Magnifications, x100 with Zoom-in 2.0.
Higher magnification of indicated areas is marked with white squares. Scale bar
represents 10 uM; (E) Z-stacking (Left) and clipping (Right) of stained, BFLA-treated
Huh7.5-Jc1. White square and arrows indicate LAMP2-positve structures together with
NS5A; (F) Colocalization of NS5A and LAMP2-positive structures by tMOC from a
minimum of 7 cells (mean £ SEM). Two-tailed unpaired t-test, *p<0.05, ****p<0.0001.

5.3.2 Colocalization of NS5B with LAMP2 or PSMB4 decreased after treatment

The distribution of the RNA-dependent RNA polymerase NS5B and the colocalization
of NS5B with LAMP2 or PSMB4 was examined by immunofluorescence staining.
Huh7.5-Jcl1 cells were treated with modulators for autophagy and lysosomes were
visualized by a LAMP2 staining. To investigate the fate of NS5B via the UPS, cells
were treated with Bortezomib and stained against NS5B and the proteasome subunit
beta type 4 (PSMB4). Colocalization of NS proteins with LAMP2-positive structures
reflects lysosomes or autolysosomes, which contain NS protein for their disposal.
Likewise, a proximity to the proteasomal marker PSMBA4 is an evidence of interaction

between the proteasome and NS proteins.

While colocalization of NS5B to LAMP2 was absent in untreated and Rapamycin-

treated cells, NS5B was in close proximity to LAMP2-positive structures after treatment
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with LY294002 and BFLA. In Huh7.5-Jc1 cells incubated with Bortezomib, localization
and distribution did not change (Figure 20A).

Calculation of the threshold Mander’s overlap coefficient (tMOC) showed less
colocalization of about 17% for Rapamycin, 6% for BFLA and 11% for LY294002 when
compared to the control, which had a calculated colocalization between NS5B and
LAMP?2 of about 24% (Figure 20B).

When stained with PSMB4, NS5B had a colocalization of about 36% in untreated and
20% on Bortezomib-treated cells (Figure 20C).

To conclude from this, the colocalization of NS5B to LAMP2 was not solely decreased
after Rapamycin, but after each treatment. However, since colocalization of NS5B to
PSMB4 in Bortezomib-treated cells was low as well and no accumulation was
observed, the proteasome cannot be determined as single degradation route.
Therefore, both pathways can be involved for NS5B disposal so far.
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Figure 20 Colocalization of NS5B to LAMP2 and PSMB4 is decreased after
modulation.

(A) CLSM analysis of HCV-positive Huh7.5 cells treated with modulators against
autophagy and proteasome. The cells were stained using NS5B-(green), LAMP2-(red)
and PSMB4-specific (red) antibodies. Nuclei were stained with DAPI (blue). Laser
intensity was kept constant. Magnifications, x100. Higher magnification of indicated
areas is marked with white squares. Scale bar represents 10 uM; (B) Colocalization of
NS5B to LAMP2-positive structures by tMOC from a minimum of 7 cells (mean + SEM);
(C) Colocalization of NS5B to PSMB4-positive structures by tMOC from a minimum of
7 cells (mean = SEM).

5.3.3 Inhibition of autophagy leads to stronger colocalization of NS4B with
LAMP2

The hypothesis was, that autophagy is relevant in the fate of the nonstructural protein
NS4B. To investigate the turnover of NS4B, the subgenomic replicon cells Huh9-13
were treated to modulate degradation pathways. Subsequent, the colocalization in
fixed cells was investigated by immunofluorescence staining. For this, NS4B was
stained as well as lysosomal marker protein LAMP2 or the proteasomal subunit
PSMB4 and the colocalization or close proximity between NS4B and LAMP2 or NS4B
and PSMB4 determined.

An altered colocalization between NS4B and LAMP2-positive structures was not
observed in Rapamycin-treated and LY294002-treated cells when compared to the

untreated. Yellow dots, indicating a colocalization to NS4B, were observed after
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treatment with BFLA. The proximity of NS4B and PSMB4 was similar between
untreated and Bortezomib-treated cells (Figure 21A).

To quantify colocalization, the threshold Mander's overlap coefficient (tMOC) was
calculated. The tMOC of untreated Huh9-13 as well as after treatment with Rapamycin
and LY294002 was about 17-18%, respectively. A higher tMOC of 26 % for NS4B and
LAMP2 was obtained for BFLA-treated Huh9-13 (Figure 21B).

Calculated colocalization of NS4B and PSMB4 via tMOC was 28%, while less was
analyzed for Bortezomib with 19 % (Figure 21C).

To sum it up, as a colocalization between NS4B and LAMP?2 after BFLA treatment was
observed and therefore autolysosomes seem to contain NS4B, autophagic

degradation is assumed for this viral protein.
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Figure 21 Stronger colocalization of NS4B to LAMP2 after inhibition of
autophagy.

(A) CLSM analysis of Huh9-13 cells treated with modulators against autophagy and
proteasome. The cells were stained using NS4B-(green), LAMP2-(red) and PSMB4-
specific (red) antibodies. Nuclei were stained with DAPI (blue). Laser intensity was
kept constant. Magnifications, x100 with Zoom-in 2.0. Higher magnification of indicated
areas is marked with white squares. Scale bar represents 10 pM; (B) Colocalization of
NS4B to LAMP2-positive structures by tMOC from a minimum of 7 cells (mean + SEM);
(C) Colocalization of NS4B to PSMB4-positive structures by tMOC from a minimum of
7 cells (mean £+ SEM).

5.4 Transfection efficiency and duration restrict monitoring of

autophagosomal turnover of NS proteins in transient LC3 modulation

A more specific approach to examine the fate of HCV NS proteins is to directly affect
autophagy-related proteins by overexpression or knockout. Here, microtubule-
associated protein 1A/1B light chain 3B (LC3) was selected for transient
overexpression in Huh7.5-Jcl cells. LC3 is a marker protein for autophagy, as it can
be detected at autophagosomes. The transfection efficiency with the LC3 plasmid
pcDNAS3.1 LC3B was ~20% and can be considered as low. Furthermore, the pUC18
plasmid served as a control. Thereby, the protein signal of each protein of interest in
pUC18 transfected cells was set to 1 to obtain the relative protein amount to the LC3

transfected cells.

Western blot analysis of transient LC3-transfected Huh7.5-Jc1 showed a stronger
signal for the LC3 band and almost no changes for NS3, NS5A, LAMP2 and p62 bands
when compared to the pUC18 control (Figure 22A).

After transfection with pCDNAS3.1 LC3B, the amount of LC3 was 7-fold higher than in
the control cells, LAMP2 and p62 were unchanged (Figure 22B).

In figure 22C, the detection signal of NS3 and NS5A in pUC18 transfected cells was
set to 1, respectively, to obtain the relative protein amount. A significant increase of
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guantified NS3 and NS5A up to 1.5-fold was observed after 72 h of transfection with
LC3-DNA (Figure 22C).

In immunofluorescence stained Huh7.5-Jcl, cells with a transient overexpression of
LC3 showed a strong LC3 signal, when compared to the pUC18 control cells, while no
differences in the NS3 and NS5A signal can be observed after transfection (Figure
22D).

To quantify the fluorescence signals, the corrected total cell fluorescence (CTCF)
values were determined for NS3 and NS5A. The quantification showed a lower signal
for NS3 and a higher signal for NS5A in transient LC3-transfected cells (Figure 22E).

As direct and transient modulation of autophagy by LC3 was supposed to act as an
inducer of the autophagic flux, decrease of NS3 and NS5A was expected. However,
NS3 and NS5A increase in their protein amount, which can indicate that a transient
LC3 transfection is not sufficient to enhance autophagosomal degradation of NS3 and
NS5A. Transient LC3 transfection may rather affect viral replication than degradation.
In addition, the observations of transient LC3 transfection did not correlate to those of
Huh7.5-LC3 infected cells, which harbor exogenous LC3 with a stable long-term
expression
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Figure 22 In Huh7.5-Jc1 NS3 and NS5A are increased after transient LC3
overexpression.

(A) Western blot analysis of cellular lysates derived from Huh7.5-Jc1 after transfection
by PEI with pcDNA3.1 LC3B (1 pg) or pUC18 (1 pg) (control). The cells were analyzed
72 h after transfection using LC3-, LAMP2-, NS3-, NS5A- and p62-specific antibodies.
3-actin served as a loading control; (B) Densitometric quantification of LC3, LAMP2
and p62 from five independent experiments. pUC18 transfected cells served as a
control and were set as 1 (n=5; mean + SEM). Two-tailed unpaired t-test, **p<0.01; (C)
Densitometric quantification of NS3 and NS5A from five independent experiments.
pUC18 transfected cells served as a control and were set as 1 (n=5; mean + SEM).
Two-tailed unpaired t-test, **p<0.01; (D) CLSM analysis of HCV-positive Huh7.5 cells
transfected with pcDNA3.1 LC3B or pUC18 (control). The cells were stained using
NS3- (green) (Top) or NS5A-(green) (Bottom) and LC3-specific (red) antibodies. Nuclei
were stained with DAPI (blue). Laser intensity was kept constant. Magnifications, x40.
Scale bar represents 10 uM; (E) Total fluorescence per cell was calculated using
ImageJ software and the following formula: Corrected total cell fluorescence (CTCF) =
integrated density - (area of selected cell x mean fluorescence of background
readings). In total, a minimum of 4 cells were measured (mean £ SEM). Two-tailed
unpaired t-test, ***p<0.001, ****p < 0.0001.

5.5 In Huh7.5-LC3 degradation of NS3 and NS5A is enhanced

Transient overexpression of LC3 may be inconvenient to investigate the turnover of
NS3 and NS5A due to transfection efficiency and short-term induction. Thus, Huh7.5

with a stable LC3 overexpression were generated and subsequent electroporated with
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Jcl RNA. As in the early stage of HCV infection the viral replication is predominant and
in the late stage autophagic protein degradation is enhanced, cells were cultured up to
three weeks until lysis (Wang et al. 2015; Shiode et al. 2020).

In Western blot analysis, a weaker signal for NS3 and NS5A was observed. Detected
bands for LC3 were slightly stronger and p62 and LAMP2 weaker when compared to
mock band (Figure 23A). Quantification of the bands showed a significant 2-fold higher
amount of LC3 for Huh7.5-LC3 clone 6 and a significant 3-fold higher amount for
Huh7.5-LC3 clone 18 (Figure 23B). The mean of quantified signal from NS3 and NS5A
bands was about 60% significantly reduced when compared to the mock control cells
(Figure 23C). Quantified LAMP2 and p62 showed a reduced signal in both Huh7.5-
LC3 clones (Figure 23D).

To investigate the distribution of NS3 and NS5A and further quantification to the
Western blot, Huh7.5-LC3 cells were stained for CLSM. Confocal fluorescence
microscopy showed a more pronounced signal of LC3 in Huh7.5-LC3 and a perinuclear
stained NS3, while in mock NS3 was found more distributed in the cytoplasm (Figure
23E). The quantified fluorescence by CTCF was higher for LC3 and lower for NS3 than
in the mock control cells (Figure 23F).

For NS5A, Huh7.5-LC3 cells had a stronger signal for LC3 and a weaker for NS5A with
a more perinuclear localization like NS3 (Figure 23G). CTCF of the cells showed for
Huh7.5-LC3 clone 6 a high and for Huh7.5-LC3 clone 18 a slightly increase in LC3,
while NS3 and NS5A were reduced (Figure 23H).

The conclusion from these results is, that first autophagy seems to be enhanced
indicated by higher amounts of LC3 and lower amounts of LAMP2 and p62. And
second, since NS3 and NS5A showed a significant strong decrease in the protein

amount, autophagosomal degradation is assumed in the turnover of NS3 and NS5A.
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Figure 23 Stable LC3 overexpression leads to reduced amount of NS3 and NS5A.
(A) Western blot analysis of cellular lysates derived from Huh7.5-LC3 electroporated
with Jc1 RNA. The cells were kept in culture and analyzed one week after
electroporation using LC3-, LAMP2-, NS3-, NS5A- and p62-specific antibodies. R-actin
served as a loading control; (B) Densitometric quantification of LC3 in Huh7.5-LC3
cells from five independent experiments. Mock-transfected cells served as a control
and were set as 1 (n=5; mean + SEM). Two-tailed unpaired t-test, **p<0.01,
****%n<0.0001; (C) Densitometric quantification of NS3 and NS5A in Huh7.5-LC3 cells
from five independent experiments. Mock-transfected cells served as a control and
were set as 1 (n=5; mean + SEM). Two-tailed unpaired t-test, ****p<0.0001; (D)
Densitometric quantification of LAMP2 and p62 in Huh7.5-LC3 cells from five
independent experiments. Mock-transfected cells served as a control and were set as
1 (n=5; mean = SEM). Two-tailed unpaired t-test, **p<0.01, **p<0.001; (E) CLSM
analysis of Huh7.5-LC3 or mock-transfected cells (control) electroporated with Jc1.
The cells were stained using NS3- (green) and LC3-specific (red) antibodies. Nuclei
were stained with DAPI (blue). Laser intensity was kept constant. Magnifications, x100.
Scale bar represents 10 pM; (F) Total fluorescence per cell was calculated using
ImageJ software and the following formula: Corrected total cell fluorescence (CTCF) =
integrated density - (area of selected cell x mean fluorescence of background
readings). In total, a minimum of 2 cells were measured (mean + SEM). Two-tailed
unpaired t-test, *p<0.05, ***p<0.001; (G) CLSM analysis of Huh7.5-LC3 or mock-
transfected cells (control) electroporated with Jc1. The cells were stained using NS5A-
(green) and LC3-specific (red) antibodies. Nuclei were stained with DAPI (blue). Laser
intensity was kept constant. Magnifications, x100. Scale bar represents 10 pM; (H)
Total fluorescence per cell was calculated using ImageJ software and the following
formula: Corrected total cell fluorescence (CTCF) = integrated density - (area of
selected cell x mean fluorescence of background readings). In total, a minimum of 2
cells were measured (mean + SEM). Two-tailed unpaired t-test, *p<0.05, **p<0.01,
**r*n<(0.0001.
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5.6 LAMP2 knockdown increases the amount of NS proteins

In return to an overexpression to examine the fate of HCV NS proteins, the lysosomal
marker protein LAMP2 was used for a knockdown. Huh7.5 were electroporated with
Jcl, kept in culture for three weeks and transfected with siRNA for LAMP2 or scrRNA
as control. To obtain relative protein amounts between control and knockdown, the

Western blot bands of scrRNA transfected cells were set to 1 for each protein.

Western blot analysis of cellular lysates revealed weaker bands for LAMP2 and slightly
stronger bands for NS3 and NS5A in Huh7.5-Jc1 with LAMP2 siRNA (Figure 24A). A
significant decrease of about 60% for LAMP2 and a 1.5-fold increase for NS3 and
NS5A was observed after quantification of Western blot bands when compared to the
scrRNA control (Figure 24B, C).

Fluorescence microscopy showed a decrease of LAMP2 in some Huh7.5-Jcl cells
after transfection with LAMP2 siRNA and localization of NS3 and NS5A seemed
unchanged (Figure 24D). By calculation of CTCF fluorescence, intensity was reduced
for LAMP2 and higher for NS3 and NS5A (Figure 24E).

These results indicate, that the autophagy machinery is relevant for the disposal of
NS3 and NS5A, as a gene silencing of the autolysosomal/lysosomal marker protein
LAMP2 resulted in a higher amount or an accumulation of the NS proteins in the

autophagic flux.
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Figure 24 Increased amounts of NS3 and NS5A in LAMP2 knockdown cells.

(A) Western blot lysates derived from Huh7.5-Jcl cells transfected with a LAMP2-
specific siRNA (50 nM) or scrRNA (50 nM) (control). Cells were harvested and
analyzed 96 h after transfection using LAMP2-, NS3- and NS5A-specific antibodies. 13-
actin served as a loading control; (B) Densitometric quantification of LAMP2 from four
independent experiments. scrRNA transfected cells served as a control and were set
as 1 (n=4; mean + SEM). Two-tailed unpaired t-test, ****p<0.0001; (C) Densitometric
qguantification of NS3 and NS5A from four independent experiments. ScrRNA
transfected cells served as a control and were set as 1 (n=4; mean + SEM). Two-tailed
unpaired t-test, *p<0.05, **p<0.01; (D) CLSM analysis of HCV-positive Huh7.5 cells
transfected with sSIRNA LAMP2 or scrRNA (control). The cells were stained using NS3-
(green) (Top) or NS5A-(green) (Bottom) and LAMP2-specific (red) antibodies. Nuclei
were stained with DAPI (blue). Laser intensity was kept constant. Magnifications, x40.
Scale bar represents 10 uM; (E) Total fluorescence per cell was calculated using
ImageJ software and the following formula: Corrected total cell fluorescence (CTCF) =
integrated density - (area of selected cell x mean fluorescence of background
readings). In total, a minimum of 8 cells were measured (mean + SEM). Two-tailed
unpaired t-test, ***p<0.001.

5.7 CRISPR-Cas9 knock out of LAMP2 reduces the degradation of
NS3 and NS5A

To confirm the LAMP2 siRNA data, LAMP2 knock out by CRISPR-Cas9 in Huh7.5 cells
was performed. Thereby, Huh7.5-LAMP2 KO cells have a stable KO in the LAMP2
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gene. To investigate the relevance of autophagy on the turnover of NS3 and NS5A,
Huh7.5-LAMP2 cells were then electroporated with the HCV Jcl RNA. The relative
protein amount of NS3 and NS5A in the KO cells was than compared with those in off
target transfected cells. The off target represents an empty vector and therefore can

serve as control.

Again, Western blot analysis showed a stronger signal for NS5A and in particular for
NS3 bands in cells with a knock out and faint bands for LAMP2 (Figure 25A). The
guantified bands showed almost no amount for LAMP2 (Figure 25B) and a significant
increase of NS3 and NS5A up to 1.5-fold higher in the Huh7.5-LAMP2 KO clone 3 and
clone 13 compared to Huh7.5-off target clone 4 as control (Figure 25C).
Immunofluorescence staining was performed to examine distribution, localization and
fluorescence intensity of HCV NS proteins. While LAMP2 staining was absent in
Huh7.5-LAMP2 KO cells, the signal for NS3 was stronger and seemed to accumulate
in Huh7.5-LAMP2 KO clone 18 (Figure 25D). Fluorescence intensity was quantified
and showed higher amounts for NS3 in both Huh7.5-LAMP2 KO clone 3 and clone 13
when compared to the off target control (Figure 25E).

Like NS3, the fluorescence signal for NS5A was slightly stronger for each cell with
LAMP2 KO and CTCF guantification showed an increase of fluorescence intensity for
NS5A (Figure 25F, G).

According to the observations, reduced degradation of NS3 and NS5A in Huh7.5-
LAMP2 KO cells clearly supports the hypothesis, in which the autophagosomal route

is relevant for the turnover of NS3 and NS5A.
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Figure 25 Stable LAMP2 KO leads to increased amount of NS3 and NS5A.

(A) Western blot analysis of cellular lysates derived from Huh7.5-LAMP2 KO
electroporated with Jc1 RNA. The cells were kept in culture and analyzed one week
after electroporation using LAMP2-, NS3-, and NS5A-specific antibodies. [3-actin
served as a loading control; (B) Densitometric quantification of LAMP2 in Huh7.5-
LAMP2 KO cells from six independent experiments. Huh7.5-off target clone 4 cells
served as a control and were set as 1 (n=6; mean + SEM). Two-tailed unpaired t-test,
****p<0.0001; (C) Densitometric quantification of NS3 and NS5A in Huh7.5-LAMP2 KO
cells from six independent experiments. Huh7.5-off target clone 4 cells served as a
control and were set as 1 (n=6; mean + SEM). Two-tailed unpaired t-test, **p<0.01,
****%n<0.0001; (D) CLSM analysis of Huh7.5-LAMP2 KO or Huh7.5-off target clone 10
cells (control) electroporated with Jc1. The cells were stained using NS3- (green) and
LAMP2-specific (red) antibodies. Nuclei were stained with DAPI (blue). Laser intensity
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was kept constant. Magnifications, x100. Scale bar represents 10 pM; (E) Total
fluorescence per cell was calculated using ImageJ software and the following formula:
Corrected total cell fluorescence (CTCF) = integrated density - (area of selected cell x
mean fluorescence of background readings). In total, a minimum of 5 cells were
measured (mean + SEM). Two-tailed unpaired t-test, **p<0.01, ****p<0.0001; (F)
CLSM analysis of Huh7.5-LAMP2 KO or Huh7.5-off target clone 10 cells (control)
electroporated with Jcl. The cells were stained using NS5A- (green) and LAMP2-
specific (red) antibodies. Nuclei were stained with DAPI (blue). Laser intensity was
kept constant. Magnifications, x100. Scale bar represents 10 puM; (G) Total
fluorescence per cell was calculated using ImageJ software and the following formula:
Corrected total cell fluorescence (CTCF) = integrated density - (area of selected cell x
mean fluorescence of background readings). In total, a minimum of 5 cells were
measured (mean + SEM). Two-tailed unpaired t-test, *p<0.05.

5.8 Isolated autolysosomes harboring NS proteins

To investigate whether NS proteins can be detected in isolated autolysosomes a
density gradient ultracentrifugation with lodixanol was performed. For this purpose,
Huh7.5 were electroporated with Jcl and cultivated three to four weeks until isolation
of autolysosomes/lysosomes. To distinguish which host cell organelles beside
lysosomes can be detected in the same fractions as NS proteins, several antibodies
were used. Again, lysosomal marker protein LAMP2 was used as well as
autophagosome marker LC3. EEA1 and Rab7a are markers against early
endosomes/MVBs, which can fuse with autophagosomes to amphisomes and then a

subsequent fusion with lysosomes to autolysosomes (Fader and Colombo 2009).

In Western blot analysis, fraction 2, 3 and 4 with a respective lodixanol density of 1.055
g/ml, 1.085 g/ml and 1.094 g/ml were prominent for detection of lysosomal marker
protein LAMP2. In the same fractions strong signals for NS3 and NS5A were detected
(Figure 26A). The presence of autolysosomes in the isolated fractions were detected
by antibodies against Rab7a and LC3. Proteasome subunit beta 5 (PSMB5) was used
to exclude proteasome signal in fractions, which were supposed to contain
autolysosomes. lodixanol density was determined by refractive indices of all fractions
with a steady increase from fraction 1 to 8 (Figure 26B). Relative protein amount of
LAMP2 was the highest in fraction 3 with a density of 1.085 g/ml, while NS3 and NS5A
had the highest amount in fractions with the density 1.055 g/ml, 1.085 g/ml and 1.094
g/ml (Figure 26C).
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The detection of NS proteins in the same fractions where autolysosomes or precursors
of autolysosomes are present is a further confirmation, that the fate of NS3 and NS5A

is correlated to autophagy.
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Figure 26 HCV NS proteins can be found in autolysosomes.

(A) Western blot analysis of separated cellular organelles in Huh7.5-Jc1. The cells
were kept in culture for three weeks and harvested for isolation of autolysosomes by
OptiPrep density gradient ultracentrifugation. Different fractions were taken and
analyzed using EEA1-, LAMP2-, NS3-, NS5A-, Rab7a, PSMB5- and LC3-specific
antibodies; (B) Calculated density of lodixanol-containing fraction 1 to 8 by refractive
indices with a standard curve after ultracentrifugation; (C) Densitometric quantification
of LAMP2, NS3 and NS5A in different fractions of Huh7.5-Jc1 cells after autolysosome
isolation. Input of Huh7.5-Jcl cells served as a control and was set as 1.

5.9 NS proteins and HCV RNA correlate with host membrane proteins
of autophagy

To investigate the fate of the excess NS proteins and the role of autophagy, a
membrane flotation assay was used to separate cellular compartments, which contain

viral NS proteins. The cellular compartments e.g., lysosomes, autolysosomes and
HCV-associated membranes, were separated by their densities. The membrane
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flotation assay can be performed by a subcellular fractionation with lodixanol. The NS
proteins NS3-NS5B belong to the HCV replicon complex (RC) and can be divided into
active and involved in replication or inactive and targeted to autophagy for disposal.
RC in different densities together with distinct host compartments after membrane
flotation can indicate this active or inactive state of the RC. Then, a replicase assay
can validate the activity of the RC (not performed). For this purpose, Huh7.5 cells were
transfected by electroporation with Jcl and several fractions taken after membrane
flotation by ultracentrifugation. Beside antibodies against NS3 and NS5A, the
lysosomal marker LAMP2 was used for detection of autolysosomes or precursors as
well as p62, which is an autophagosome cargo protein. Furthermore, antibodies
against the early endosome antigen 1 (EEA1) and Rab7a were used to detect early
and late endosomes/MVBs, that can fuse with autophagosomes to amphisomes.
Amphisomes then again fuse with lysosomes to autolysosomes (Fader and Colombo

2009). A direct fusion between autophagosomes and lysosomes can occur as well.

Western blot analysis of untreated Huh7.5-Jc1 cells showed weak signals of NS5A and
Rab7a at the top of the gradient and strong signal for LAMP2, NS3, NS5A, p62 and
Rab7a in lower densities. Moderate signal of EEA1, LAMP2, NS3, NS5A, p62 and
Rab7a and faint signals for LAMP2 were found in the higher densities of the gradient.
At the bottom of the gradient EEA1, Rab7a and PSMBS5 signals were detected (Figure
27A). Refractive indices of iodixanol fractions were used to determine the respective
density, which can be seen with three plateaus in Figure 27B. Isolated RNA from HCV
positive-Huh7.5 supernatant was synthesized to cDNA to perform RT-gPCR. Values
above 1.0 can be considered as positive for HCV RNA, the fold change in RNA amount
is depicted on the y-axis. Small amounts of RNA were shown in fraction 2, 8 12 and
18 and high amounts of RNA in fraction 1, 10, 12, 16 and 17 (Figure 27C).

Hence, the NS proteins in untreated Huh7.5-Jcl cells could be separated into three
populations discriminated by their density, which correlated with the three plateaus
observed in the measurements of the refractive indices. Moreover, HCV RNA correlate
with the three populations, as RNA is present in each population. Thereby, it may can
be distinguished between assembly of viral particles, autophagy-associated
degradation and replication. In addition, NS3 and NS5A again were detected in the

same fractions as LAMP2, suggesting the degradation.
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The same experiment was performed with BFLA treatment. As an inhibitor of the
vacuolar H*-ATPase, the acidification of lysosomes and their fusion with
autophagosomes/amphisomes is prevented. Through disruption of the autophagic flux,

a shift in autophagosomal processes can be obtained e.g., accumulation of the RC.

Protein signals in fractions were more pronounced or shifted. Faint bands of LAMP2 in
higher densities of untreated cells were in the BFLA-treated cells now detected at the
top at the gradient as well as weak bands for NS5A, p62 and Rab7a. Signals for
LAMP2, NS3, NS5A, p62 and Rab7a at lower densities are stronger after BFLA
treatment when compared to untreated cells. Again, moderate signals for EEA1, NS3,
NS5A, p62 and Rab7a can be observed in higher densities, while faint LAMP2 bands
in BFLA-treated cells disappeared. EEA1, Rab7a and PSMB5 signals were detected
at the bottom of the gradient (Figure 27D). For Huh7.5-Jcl treated with BFLA, the
measured refractive indices of the fractions were converted to the density and showed
three plateaus similar to untreated cells (Figure 27E). In figure 27F, the fold change in
the measured RNA amount is depicted on the y-axis, in which all values above the line
can be considered as positive for HCV RNA. After treatment, high levels of HCV RNA
were measured for fraction 1, 2, 3, 10, 12 and 16 and low levels of HCV RNA for
fraction 17 (Figure 27F).

Signal distribution and intensities of the Western blot bands were compared between
untreated and BFLA-treated cells and showed for NS3 higher signals in lower densities
and weaker signals in higher densities for BFLA-treated cells. Additionally, NS3 signals
disappeared in fraction 12 and 13 after use of BFLA (Figure 27G). For NS5A, the same
tendency can be observed. In BFLA-treated cells, the NS5A signal is more pronounced
in the lower densities and less in the higher densities compared to untreated. A shift
can be observed since NS5A could be detected in fraction 2, 3, 12, 18 and 19 in
untreated cells, but after treatment in fraction 1 and 2 and absent in fraction 3, 12, 18
and 19 (Figure 27H).

Indeed, a more pronounced RC was detected in lower densities with BFLA as well as
a shift between untreated and BFLA-treated Huh7.5-Jc1 cells was observed. This may
indicate a shift within the different RC population due to the interference in the

autophagic flux.

93



Results

A Fraction density [glml] in Huh7.5 untreated
O & . P O O QS ﬁtx B QD AL B N D DD D D
o & & & 2P 2 ¥ GRS A SIS R S CR
NS S S SN N \-Q \ AT RN RN T M T N RN B
Fraction # N L s N b B A B 5 NN DX e e R0 P P

EEA1

LAMP2

Top of the gradient Lower densities Higher densities
1.40m
B C
1.354
_ 1.30 1.2m
E 1.25+
k=23
2 1.20- 3,1'1-
2 5
8 115 £ 1.0
=]
1.10+ I
2 0.9
1.05+
10C rrrrrrrrrrrrrrrrrrrrrii u"‘IIIIIIIIIIIIIIIIIIIIIII
DALY hH A D AINMIEL DO NS %6 64 D ONMBNMON BN
fractions Huh7.5 untreated fractions Huh7.5 untreated
D Fraction density [g/ml] in Huh7.5 with BFLA
“f""v}*@o}é"a‘*o?q:fﬂ”@"' yig R N I
o &P S R ‘)9"5'\'(0}5?"06'\'\ N
FFFHF & FE R @ o Sl
Fraction # NSk 6 6 AR 9 NN RS NP PP P

Top of the gradient Lower densities Higher densities

94



Results

E 1.40= F
1.35+
1.30+ ;’ 10m
E 1.254 / .
2 ’ 1.1+ -"",\'\
= 1.204 / o e
i oo L AN
§ 1157 o S 10 A AR VS GO (5, VO
..’.—.f * 2 / e ..
1.10+ = \ oo ?
./._.Jg--t—l—d’. 2 0.9 \./‘-l *
1.054
1.00 rrrrrrrrrrrrry vy vrrrrrea 0'3TIIIITIIIITIIIIIIIIIIII
SRS b O oA B AINIMIIEOMBOND D T R B R TR I R I T BT ]
fractions Huh7.5 BFLA fractions Huh7.5 BFLA
G H
{3 404 EE wo mE BFLA & 40- =m wo mm BFLA
g g
t =
= 30+ c 30
Q 3
£ £
@ (]
£ 204 - 20+
3 3
3 :
10+ -
© a 10
2 g
% 0 % 0-
L=
N D h 904 D ADNMMINEOANDD N> = N B B G 0 A D BN DO N>
fraction fraction

Figure 27 Isolated HCV replicon complex proteins and HCV RNA correlate with
autophagy marker proteins.

(A) Western blot analysis of untreated Huh7.5-Jc1 after subcellular fractionation in a
membrane flotation assay by using EEA1-, LAMP2-, NS3, NS5A-, p62-, Rab7a and
PSMB5-specific antibodies. Post-nuclear supernatant (PNS) served as loading control,
(B) Calculated density of lodixanol-containing fraction 1 to 23 by refractive indices with
a standard curve after ultracentrifugation of untreated cells; (C) RT-gPCR analysis of
HCV RNA in the supernatant of each fraction from three independent experiments
(n=3). HCV gPCR standard served as a control and set to 1; (D) Western blot analysis
of BFLA-treated Huh7.5-Jc1 after subcellular fractionation in a membrane flotation
assay by using EEA1l-, LAMP2-, NS3-, NS5A-, p62-, Rab7a and PSMB5-specific
antibodies. Post-nuclear supernatant (PNS) served as loading control; (E) Calculated
density of lodixanol containing fraction 1 to 23 by refractive indices with a standard
curve after ultracentrifugation of BFLA-treated cells; (F) RT-gPCR analysis of HCV
RNA in the supernatant of each fraction from three independent experiments (n=3).
HCV gPCR standard served as a control and set to 1; (G) Densitometric quantification
and signal distribution of NS3 in untreated and BFLA-treated cells in each fraction
related to total NS3 signal in the blot from fraction 1 to 23; (H) Densitometric
guantification and signal distribution of NS5A in untreated and BFLA-treated cells in
each fraction related to total NS5A000 signal in the blot from fraction 1 to 23.

95



Results

To sum all results up, the different half-lives of NS3, NS5A, NS5B and NS4B after the
use of different modulators against autophagy and the UPS gave the first hint on the
turnover of the viral nonstructural proteins and the relevance of autophagy for this. The
data roughly speaking for autophagy for NS5A and NS4B as half-life was prolonged
when autophagy was inhibited. However, for NS3 and NS5B the UPS is involved in
degradation as well, or rather an equilibrium between these two pathways, as half-life
is altered according to inhibition or activation of each pathway. Regarding NS5A, the
two phosphorylation states seem to act different as hyperphosphorylated NS5A may
underlying a strong time-dependent degradation.

Immunofluorescence staining of NS proteins and LAMP2 showed LAMP2-positive
structures containing NS proteins, which was more pronounced when using inhibitors

for autophagy, suggesting a targeting to autolysosomal organelles for disposal.

The transient LC3 overexpression was not sufficient to enhance the autophagic flux
and the degradation of NS3 and NS5A, which might be due to the low transfection

efficiency and the importance of the duration in overexpressing the LC3 protein.

However, Huh7.5-LC3 cells with a stable and long-term LC3 overexpression resulted
in a strong decrease of NS3 and NS5A and reflect an enhanced turnover regarding

enhanced autophagosomal degradation.

Vice versa to the overexpression, a gene silencing and a CRISPR-Cas9 KO of LAMP2
was performed, that clearly disrupted the degradation of NS3 and NS5A and underpin
the hypothesis in which autophagy is crucial for the disposal.

A stronger focus on autolysosomes/lysosomes by their isolation showed NS3 and
NS5A to be correlated with LAMP2-positive compartments. Here, it clearly shows
autolysosomes, which originate from one of the two different maturation routes: The
fusion between autophagosomes and EE/MVBs to amphisomes due to detection of
LC3, EEAL and Rab7a, followed by fusion with lysosomes (detection of LAMP2).

The last validation to confirm the relevance of autophagy on the turnover of NS proteins
was the membrane flotation assay. Here, cellular compartments containing NS
proteins could be separated and revealed three different populations of the viral RC in
close correlation with autophagy-associated organelles. By interrupting the autophagic
flux through inhibition, the relation between replication and degradation in HCV-
associated membranes was reflected due to a shift of NS proteins and RNA towards

degradation.
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6 Discussion

The nonstructural proteins of HCV play an essential role for the processing of the
polyprotein and the viral RNA replication. At the so-called membranous web, which is
composed of ER-derived membranes, LDs and double-membrane vesicles, the RNA
replication takes place (Egger et al. 2002; Romero-Brey et al. 2012; Ferraris et al.
2010). With the need of autophagic membranes and proteins, the virus exploits the
cellular autophagy machinery for its replication. The HCV RNA genome is replicated
by the replicon complex, which is composed of the nonstructural proteins NS3 to NS5B
(Bartenschlager et al. 2010). Quantitative analysis of the replicon complex showed a
major intracellular excess of NS proteins compared to viral RNA and led to the
assumption that the majority of NS proteins is not involved in replication (Quinkert et
al. 2005). Second aspect is the release of structural proteins as viral particles, but no
accumulation of nonstructural proteins occurs in the host cell. The close association of
HCV to autophagy raises the question if the disposal of excess NS proteins is
implemented by the autophagosomal machinery.

The nonstructural proteins of the replicon complex NS5B, NS4B, but mainly NS3 and
NS5A were chosen in this work. NS4B plays an important role in the formation of the
membranous web and the replicon complex, while NS5B represents the RNA-
dependent RNA polymerase. NS3 is required for the cleavage of the viral polyprotein
and NS5A is involved in viral assembly. Both NS3 and NS5A are important for viral
replication and impair the host immunity (Ashfaq et al. 2011). The idea of
autophagosomal degradation, especially for NS5A, is not a new concept. The data
provides the relevance of this crucial cell process to the life cycle of HCV with focus on

the fate of the NS proteins.

6.1 NS3 degradation is balanced, but NS5A favors autophagy

Under nutrient-rich conditions the serine/threonine kinase mechanistic target of
rapamycin (mMTOR kinase) represses autophagy through phosphorylation of the Unc-
like kinase 1 and 2 (ULK1/2-complex) (Alers et al. 2012). Beside events like starvation
or oxidative stress, the kinase activity of mTOR can be inhibited by Rapamycin. Short
half-life of NS3, NS5A and basally phosphorylated NS5A can be a result by enhanced
autophagy. Less calculated colocalization of NS3 and NS5A to LAMP2 in

immunostained cells verifies enhanced autolysosomal degradation.
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In the late stage of autophagy, Bafilomycin Al (BFLA) impairs acidification of
lysosomes by the vacuolar H+-ATPase and therefore blocks the fusion of
autophagosomes and lysosomes. NS3 has been shown to be quite pH-sensitive and
more stable in an acidic environment under a pH of 6.4 where a more open
conformation contributes to the helicase function (Ventura et al. 2014). Therefore,
under pH-neutral conditions NS3 could lose stability and can be targeted to
degradation, which leads to a short half-life and an equal colocalization to LAMP2 with
BFLA as for untreated and DMSO-treated cells. Prolonged half-life of NS5A and
basally phosphorylated NS5A with BFLA assume an accumulation and reduced
degradation by the autophagosomal pathway.

The inhibition of the phosphatidylinositol-3-kinase (PI3K) prevents autophagosome
formation in the early stage of autophagy. The two reagents Wortmannin and
LY294002 inhibit the PI3K, but differ in their target spectrum of inhibition. Wortmannin
is an irreversible, covalent inhibitor with little specificity to the members of PI3K family
and can inhibit mitogen-activated protein kinase (MAPK) in high concentrations. The
reagent LY294002 is a reversible, more specific inhibitor of class | PI3K subunit p110
with three isoforms a/d/B and more stable in solution than Wortmannin. Less stability
and low specificity of Wortmannin to the isoforms of the PI3K subunits could explain a
less strong increase of half-life for NS3, NS5A and basally phosphorylated NS5A after
treatment, while in cells treated with LY294002 the half-life was shown to be even more
extended. Furthermore, the ability of Wortmannin to inhibit the p38 MAPK in high
concentrations can enhance proteasomal degradation and cause shorter half-lives and
less colocalization to LAMP2-positive structures as seen for NS5A.

Since proteasomal degradation is assumed to play a role in the turnover of NS proteins
as well, modulation of the ubiquitin-proteasome (UPS) was included in this work. The
half-life and colocalization to LAMP2 for NS3, NS5A and NS5A phosphorylation states
in cells treated with Bortezomib and PD169316 was examined. Bortezomib is a well-
known 20S proteasome inhibitor and PD169316 enhances proteasomal degradation
via inhibition of the p38 MAPK (Leestemaker et al. 2017). The data showed an increase
of half-life for NS3, NS5A and basally phosphorylated NS5A after use of Bortezomib
and a slight decrease for PD169316-treated cells, suggesting an involvement of the
UPS in the turnover of NS proteins.

The results showed a similar extension of the half-life for NS3, NS5A and basally

phosphorylated NS5A between inhibition of autophagy and the UPS. The activation of
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endoplasmic reticulum (ER)-stress induces unfolded protein response (UPR) where
misfolded proteins are usually degraded through the UPS. It has been found that during
UPR, a cross-talk between autophagy and the UPS is prevalent (Korolchuk et al.
2010). Degradation by UPS is restricted to soluble proteins and autophagy to insoluble
like aggregates or protein complexes (Ding and Yin 2008). Furthermore, previous
studies showed an induction of ER-stress and the resulting UPR by the hepatitis C
virus (Tardif et al. 2002). This leads to the assumption that autophagy is involved in
the turnover of NS proteins in an equilibrium with the UPS.

However, colocalization of NS3 and NS5A to LAMP?2 is quite low when the proteasome
is inhibited with Bortezomib. Hence, autolysosomal degradation is speculated to be
more distinct than proteasomal. Furthermore, treatment with the same modulators but
stained vice versa with the proteasome subunit beta type 4 (PSMB4) showed in
Bortezomib-treated cells not a higher but an equal colocalization to PSMB4 when
compared to BFLA (data not shown). These observations may reflect a stronger
influence of autophagy in the turnover of NS3 and NS5A, but still a high probability of
the pH-sensitive NS3 to be targeted to the proteasome as well.

6.2 Delayed degradation of hyperphosphorylated NS5A

A prolonged half-life of hyperphosphorylated NS5A in special with autophagy-inducing
Rapamycin was observed. Beside HCV replication, autophagy is required for the
release of viral particles (Ploen and Hildt 2015). Previous data showed that
hyperphosphorylated NS5A takes part in viral assembly and release, while basally
phosphorylated NS5A is required for HCV replication (Masaki et al. 2014,
Goonawardane et al. 2017). Since treatment with Rapamycin was performed 16 h
before Cycloheximide was added to prevent de novo protein translation, elevated
levels of autophagosomal processes could have an effect on the hyperphosphorylation
of NS5A. Higher half-life with Rapamycin may result from accumulated
hyperphosphorylated NS5A from the assembly site. Another fact that supports this
assumption of accumulation is the increased release of viral particle, while RNA
replication levels stay the same, like it is a hallmark for the Jc1 construct (Pietschmann
et al. 2006).
As an inhibitor for the p38 MAPK, PD169316 can not only lead to the activation of
proteasomal degradation, but to a down-regulated autophagy. A previous study
showed a phosphorylation of Atg5 by p38 MAPK, which inhibits the function of Atg5
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and prevents the insertion of LC3 into autophagosomal membranes (Keil et al. 2013).
Further on, p38 MAPK phosphorylates ULK1, preventing it from binding to Atg13 and
reduces autophagy (He et al. 2018). Stronger colocalization of LAMP2 and NS5A by
using PD169316 could reflect the hyperphosphorylated state of NS5A, as half-life is
slightly increased for hyperphosphorylated NS5A. The ratio of hyperphosphorylated to
basal phosphorylated NS5A was mainly unaffected after incubation with proteasome
modulators and CHX. However, cells incubated with Rapamycin showed a decreased
guotient from hyper to basal, suggesting disposal of hyperphosphorylated NS5A via
autophagy. Therefore, in addition to a potential accumulation by Rapamycin and
PD169316, a delayed degradation of hyperphosphorylated NS5A is suggested. NS5A
exists as free protein in the cytoplasm or bound in membranes. Hence,
hyperphosphorylated NS5A may occur more in the bounded form and the high
phosphorylation prevents it from degradation, while basal phosphorylated NS5A
represents the majority of the free NS5A and is degraded first. To further examine the
difference in degradation for both populations, the phosphorylation site at the serine
residue, e.g. S225 or S235, can be manipulated (Ross-Thriepland et al. 2015; Lee et
al. 2016b). For this purpose, phosphomimetic mutations can be performed as shown
in further studies The NS5A phosphorylation occurs at the serine residue, but the
replacement with aspartic acid acts as a mimicry for the phosphorylation form of NS5A,
while exchange with alanine keeps the unphosphorylated form (Ross-Thriepland et al.
2015). Furthermore, hypo- and hyperphosphorylated NS5A could be monitored indirect
by detection of the phosphorylation state of serine 229, since this residue balances the
NS5A phosphorylation forms (Tsai et al. 2019).

6.3 Autophagy and UPS is assumed for NS5B turnover

Since the half-life of NS5B was prolonged after inhibition of autophagy and shortened
after induction, the autolysosomal degradation seemed to be involved. Half-life was
slightly increased with Bortezomib and lower after use of PD169316. However,
colocalization of NS5B and proteasomal subunit beta type 4 (PSMB4) was less
compared to the control. This effect can arise from the ability of Bortezomib to induce
ER stress and therefore autophagosomal degradation of NS5B (Boccadoro et al. 2005;
Kroemer et al. 2010). By the use of BFLA, an inhibition of viral infection can occur,
which could explain the low tMOC of NS5B and LAMP2 (Meertens et al. 2006). Viral

particles enter the cell via clathrin-mediated endocytosis, followed by a fusion between
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the viral and the endosomal membrane through acidification (Dubuisson and Cosset
2014). The v-ATPase is required for acidification, but inhibited by BFLA resulting in the
inhibition of the viral infection. Furthermore, BFLA is known to inhibit the viral
replication, which can be an explanation for the low effect on half-life and decreased
colocalization between RNA-dependent RNA polymerase NS5B and LAMP2
(Meertens et al. 2006).

In further studies in which the proteasomal pathway is implied, the RRM2
(ribonucleotide reductase M2) was found to protect NS5B from its degradation via
hPLIC1 (human homolog 1 of protein linking integrin-associated protein and
cytoskeleton) (Kitab et al. 2019). Probably, other approaches are necessary to
suppress cellular and viral protection against disposal and to target NS5B to

degradation.

6.4 Degradation of NS4B is strongly affected by autophagy

In Huh9-13 cells incubated with BFLA, the half-life was strongly prolonged and
localization to LAMP2-structures increased, indicating an accumulation in the blocked
autolysosomal pathway. Moreover, induction of autophagy by Rapamycin showed a
lower half-life. Therefore, NS4B seems to favor the autophagosomal-lysosomal
degradation, which is further underpinned by the use of Bortezomib. No stronger
colocalization of NS4B with PSMB4 was found with Bortezomib and half-life was
slightly altered after the incubation with proteasomal modulators. This indicates less
impact of the UPS on the turnover of NS4B.
The membrane localization of NS3 is mediated by a small a-helix and its interaction
with NS4A (Bartenschlager et al. 2013). In addition, the proteasome favors soluble
proteins, which can contribute to the turnover of NS3 by both degradation pathways
(Ding and Yin 2008). On the contrary, the hydrophobic NS4B protein contains four
transmembrane domains, suggesting a stronger membrane insertion (Lundin et al.
2006; Gouttenoire et al. 2010a). NS4B was shown to form oligomers, which further
strengthen the hypothesis of an autophagosomal pathway (Yu et al. 2006; Gouttenoire
et al. 2010a).
The weak effect of Wortmannin and LY294002 on half-life may arise from the early
interaction of NS4B with autophagosomal structures. The membrane-associated
protein induces distinct membrane alterations to form the membranous web (Egger et
al. 2002). NS4B interacts with Rab5 and Vps34 in the early stage of autophagy and
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can be sufficient to induce it (Su et al. 2011). Therefore, an inhibition of the PI3K by
Wortmannin or LY294002 might be less effective in case of NS4B.

6.5 LC3 and LAMP2 are required for degradation of NS3 and NS5A

To confirm the findings from chemical inhibition and to focus more on autophagy,
overexpression and downmodulation of autophagosomal and lysosomal proteins as a
more specific approach was used. The data showed that a transient transfection of
LC3 for 3 days may have not the same impact on the degradation like a stable
overexpression. A simple explanation could be the low transfection efficiency and the
short duration of the LC3 transfection.
A more complex explanation is the balance between replication and degradation during
autophagy. Probably, this approach is more suitable to monitor the relation between
autophagy and HCV replication than to degradation. Since the LC3-level was 7-fold
higher in transient transfected cells but only up to 2-fold higher in the Huh7.5-LC3, it is
assumed that strongly pronounced autophagy-related proteins may have more
influence on replication than degradation and therefore lead to the higher amount of
new replicated NS3 and NS5A. A decrease of p62 or LAMP2 was not observed, which
indicates no enhancement of autophagy. Conversely, a transient LAMP2 KO for 5 days
with the CRISPR-Cas9 LAMP2 KO-plasmid led to a strong decline for NS3 and NS5A
and suppose a higher use of autophagy in modified replication again than on
degradation, which was confirmed by an affected Core formation in Bodipy-stained
LDs (data not shown). It is assumed that short-term gene modulation by plasmid
transfection first affects HCV replication and with long-term a switch to the degradation
is executed, where the protection for disposal of HCV proteins by replication or host
cell factors is no longer given. In addition, multiple studies have indicated a delay in
autophagosomal-lysosomal fusion in HCV infected cells and thereby an accumulation
of autophagosomes in the early stage of infection (Chu and Ou 2021). The delayed
maturation of autophagosomes was found to be due to different induction of Rubicon
and UVRAG (UV radiation resistance-associated gene protein) proteins by HCV
(Wang et al. 2015; Shiode et al. 2020). In the early stage of infection, Rubicon was
upregulated, which inhibited the fusion, while in the late stage UVRAG was
upregulated to overcome the inhibitory effect of Rubicon. Therefore, completion of the
autophagic flux is may in a late stage of infection and a longer duration of LC3
overexpression is needed to monitor the turnover.
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In the generated Huh7.5-LC3, overexpression of LC3 seemed to be more established
and indeed leads to significant decreased amounts of NS3 and NS5A. Besides,
reduction of p62 and LAMP2 suppose an enhanced autolysosomal pathway.

To approach a downregulation of lysosomal marker protein LAMP2, gene silencing by
siRNA was performed. This method was more efficient to reduce LAMP2 than transient
transfection with the LAMP2 KO plasmid. LAMP2 was decreased about 60% whereas
NS3 and NS5A levels were elevated in Western blot and fluorescence intensity
analysis. These results suggest an impaired lysosomal degradation by the gene
silencing of LAMPZ2 in the need of autophagy for the fate of NS proteins.

Due to CRISPR-Cas9 knock out and long-term cultivation, LAMP2 could be further
reduced in the Huh7.5-LAMP2 KO cell line. Characterization of both KO clones
revealed a missense mutation and two deletions for clone 3 as well as nucleotide
insertion for clone 13 in the LAMP2 gene with altered amino acids as a result (data not
shown). Thus, signals for LAMP2 in the analysis can be considered as left-over of
glycosylation, but principally as unfunctional LAMP2. However, accumulation of NS3
and NS5A could not be enhanced when compared to the gene silencing and a
potentially limit of turnover seemed to be reached.

With additional inhibition of viral replication more insights into the autolysosomal

degradation process in HCV-infected cells could be gained.

6.6 Autolysosomes are involved in the turnover of NS3 and NS5A

To exclude modulated replication in investigating the turnover, autolysosomes were
isolated and vice versa the HCV replicon complex. Interestingly, NS3 and NS5A were
observed to be prominent in the same specific densities where autolysosomal proteins
like LAMP2, Rab7a and LC3 were detected. Rab7 GTPase together with Rab5
regulate the maturation of EE to LE by a conversion of the Rab proteins, which results
in the loss of Rab5 and transfer of Rab7a to LEs (Hyttinen et al. 2013; Kucera et al.
2016; Guerra and Bucci 2016). Small amounts of EEA1 as well as Rab7a suggest early
endosomes or amphisomes fused with autophagosomes, as an intermediate before
merging with lysosomes. Since LAMP?2 is restricted to lysosomes and endosomes,
which are required for disposal and recycling of proteins, it can be proven that

degradation occurs here without doubts to impact the replication.
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6.7 Inactive RC is degraded by autolysosomes

Similar results were observed when autophagy-associated membranes together with
the replicon complex and RNA were isolated and fractions in a broad range were taken
from the OptiPrep gradient. Again, NS3 and NS5A could be detected in an iodixanol
density of about 1.08 g/ml and 1.09 g/ml together with LAMP2.

Treatment with BFLA led to a stronger signal of NS3 and NS5A along with LAMP2 and
revealed reduced autolysosomal degradation. Furthermore, HCV RNA is less and split
in two peaks in low density fractions. According to this, here, an inactive replicon
complex could be displayed and targeted to degradation. In the higher densities, NS3
and NS5A as well as HCV RNA was found, but absence of LAMP2. This indicates RNA
to be processed in active replication complex. A second hint is the loss of RNA in
fraction 18 when autophagy is inhibited by BFLA, since autophagy is required for viral
replication. In addition to the supposed replication in higher densities, EEA1 and Rab7a
were reported to play a role in the membranous web and its trafficking of the required
proteins (Romero-Brey et al. 2012). In HCV replication, Rab7 is relevant for the
formation of the replicon complex, while during release Rab7a is associated with MVBs
(Elgner et al. 2018).

Moreover, inhibition through BFLA led to a slight shift of the NS3 and NS5A bands from
the higher to the lower densities regarding signal presence and intensity. This means
in the higher densities NS3 and NS5A were less pronounced, but in the lower more
when compared to untreated cells. These findings may reflect the shift from active to
an inactive RC to the lower density and subsequent targeting for degradation.

No bands for NS3 and faint bands of NS5A were detected in the top of the gradient,
but HCV RNA had the highest peak and Rab7a was prevalent. Here, isolated infectious
viral particles are assumed. In previous studies, accumulation of lipoviral particles was
found at densities of 1.01-1.12 g/ml and 1.13-1.14 g/ml with higher infectivity at lower
densities (Bartenschlager et al. 2004).

To further confirm this theory and to better distinguish between active and inactive RC,
a cell-free in-vitro replicase activity assays could be performed. As an alternative to the
treatment with BFLA, a knockdown of Stx17 could inhibit autophagosome-lysosome
fusion without having cumulated effects of BFLA, while waste cargo is trapped in

autophagosomes and degradation is prevented.

104



Discussion

Taken together, these data strengthen the relevance of autophagy for the life cycle of
HCV in addition to its well-known crucial role for replication and release. The
autolysosomal degradation of NS3, NS5A, NS5B and NS4B in accordance with the
UPS, gene modulation, and a rough distinction of the different populations of NS3 and
NS5A between the active and inactive replicon complex regarding disposal were
described for the first time.

Further studies in addressing the question about the autophagy-relevant turnover of
the remaining HCV proteins, especially the nonstructural proteins, could be of interest
to gain a better understanding of the viral proteins and the life cycle of HCV.
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7 Summary

Hepatitis C virus (HCV) causes acute and chronic liver diseases. According to the
World Health Organization (WHO) currently about 58 million people suffer from chronic
HCV infection and approximately 290.000 people die each year due to liver cirrhosis
and hepatocellular carcinoma. Despite the ability to treat a chronic infection with high
priced direct-acting antivirals that allows a cure rate over 97%, there is no prophylactic
vaccine available so far.

After infection of the host cell, the HCV RNA is translated to the polyprotein followed
by cleavage into the structural and nonstructural proteins. The structural proteins are
released as viral particles from the host cell, while the same amount of produced
nonstructural proteins remain in the cell. Since there is no accumulation observed, a
degradation of excess nonstructural proteins is suggested. Autophagy is an important
machinery for HCV replication and release. In this study, the focus was on
autolysosomal degradation to investigate the fate of the HCV nonstructural proteins
NS5B and NS4B and mainly NS3 and NS5A with consideration of protein turnover by
the proteasome.

Treatment with Cycloheximide and modulators for autophagy as well as for
proteasome were used to determine the half-life of NS3, NS5A, NS5B and NS4B and
CLSM analysis for a potential colocalization with lysosomal marker protein LAMP2.
The turnover was monitored in cells with a LAMP2 CRISPR-Cas9 knockout as well as
knockdown and in return by overexpression of LC3. For further analysis of NS proteins,
autolysosomes and the HCV replicon complex (RC) were isolated with subcellular
fractionation by gradient centrifugation.

Along with increased half-life after inhibition of proteasomal degradation in HCV-
positive cells, nonstructural proteins had a higher half-life when autophagy was
inhibited. NS3, NS5A, NS5B and NS4B were found to colocalize with LAMP2-positive
structures. In cells with a stable LC3 overexpression, NS3 and NS5A were decreased,
while a knockdown and knock out of LAMP2 showed an increase of NS proteins. In
isolated autolysosomes and HCV replicon complex, NS3 and NS5A were detected
together with LAMP2 in the same fractions.

While NS3 and NS5B were mainly affected by the crosstalk between autophagy and
UPS, degradation of NS5A and NS4B favors the autolysosomal pathway. The two
populations of NS5A, distinguished in their phosphorylation form, are speculated for a

distinct turnover of each form by autophagy in a time-dependent manner.
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Therefore, beside HCV replication and release the autophagosomal machinery plays

a crucial role in the turnover of excess HCV nonstructural proteins.
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8 Zusammenfassung

Weltweit leiden etwa 58 Millionen Menschen unter einer chronischen Hepatitis C
Infektion und jahrlich sterben ca. 290 000 Menschen an den Folgen der Leberzirrhose
und des hepatozellularen Leberkarzinoms. Die Therapie mit sogenannten DAAs
verspricht zwar eine Heilungsrate von bis zu 97%, ist aber aufgrund der hohen Kosten
hauptsachlich in den Industrielandern moglich. Bis heute ist keine prophylaktische
Impfung gegen HCV verfugbar.

In der infizierten Wirtszelle wird zunéachst das virale RNA Genom in ein Polyprotein
translatiert und dann in Struktur- und Nichtstrukturproteine gespalten. Wéahrend die
Strukturproteine als virale Partikel die Zelle verlassen, verbleiben die
Nichtstrukturproteine in der Zelle. Da die Nichtstrukturproteine in gleichen Mal3en
synthetisiert wurden, kdnnte man eine Akkumulierung in der Zelle erwarten, welche
aber bisher nicht beobachtet wurde. Autophagie ist ein Prozess zum Abbau und
Recycling zellularer Bestandteile und wird von HCV fur die Replikation und Freisetzung
induziert. Um den Abbau der Nichtstrukturproteine NS3, NS4B, NS5A und NS5B zu
untersuchen, wurde zwar der proteasomale Abbau zum Teil mit in Betracht gezogen,
der Hauptfokus lag jedoch auf dem autophagosomalen Abbau.

Mithilfe von Cycloheximid wurde die Halbwertszeit der Proteine bestimmt, deren
Abbau mit Modulatoren verstarkt oder gehemmt wurde. Immunfluoreszenzfarbungen
sollten Uber die Kolokalisation zwischen Nichtstrukturproteinen und dem lysosomalen
Markerprotein LAMP2 aufklaren. Die direkte Regulierung von Autophagie-assoziierten
Proteinen wurde mittels Knock out und Knockdown von LAMP2 sowie Uberexpression
von LC3 durchgefuhrt. Des Weiteren wurden mit subzellularer Fraktionierung
autolysosomale Strukturen und der virale Replikonkomplex isoliert und analysiert.
Eine verlangerte Halbwertszeit der Nichtstrukturproteine trat vor allem nach Inhibition
von Autophagie auf. Zusatzlich waren einige wenige bis viele Kolokalisationen mit
LAMP2 in mikroskopischen Aufnahmen zu beobachten. Wirtszellen, die eine
Uberexpression von LC3 hatten, neigten zu einer geringeren Menge an NS3 und
NS5A, wahrend LAMP2 Defizite eine hohere Menge aufzeigten. Interessanterweise
wurden nach Isolierung der Autolysosomen und des Replikonkomplexes NS3 und
NS5A in denselben Fraktionen gefunden wie autophagosomale und lysosomale
Strukturen. Diese Ergebnisse fuhren zu der Schlussfolgerung, dass der Abbau von
NS3 und NS5B von dem Wechselspiel der Autophagie mit dem Proteasom betroffen

ist, wahrend NS5A und NS4B bevorzugt tber Autophagie abgebaut werden. Weiterhin
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scheinen sich die zwei Phosphorylierungsformen von NS5A durch einen
zeitabhangigen autophagsomalen Abbau zu unterscheiden.

Autophagie scheint daher nicht nur fur die virale Replikation und die Partikelfreisetzung
von Bedeutung, sondern ist auch erforderlich fur den Abbau von Uberschissigen

Nichtstrukturproteinen in der Wirtszelle.
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