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Summary

Although infection with the Hepatitis C virus (HCV) can be cured by application of direct
acting antivirals (DAAs), it remains a severe health concern throughout the world. The
research community has disentangled many aspects of HCV biology and its interaction
with the immune system, yet failed to develop a protective vaccine. By understanding the
interplay between virus and host in more detail, it is hoped to gain profound insights that
help to tackle the current lack of a vaccine and potential future problems caused by the

evolution of therapy resistant variants.

In this thesis, the tetraspanin family of proteins was investigated in the context of HCV
replication. A flow cytometry-based surface expression screening revealed that levels of
tetraspanins CD63 and CD81 were lower in cells expressing a full-genome viral RNA.
CDS8]1 is already well characterized as an important co-receptor for HCV entry. Further
analyses were conducted to investigate how the downregulation of CD81 is mediated and
to uncover potential functions. It could be demonstrated that the downregulation of CD81
in HCV expressing cells is mediated on the transcriptional level. To examine potential
additional roles of CD81 in the life cycle of HCV, CD81 knock-out cells were created. In
the course of their characterization it was discovered that viral constructs with impaired
replication kinetics are dependent on the presence of CD81 at early stages of the viral life
cycle. Subsequently, it was shown that a lack of CD81 can lead to a more pronounced
integrated stress response (ISR) and higher NFkB activity. This leads to the hypothesis
that HCV downregulates CD81 after the initial establishment of replication to benefit
from pro-survival signals mediated through the ISR and NFkB pathways.

In summary, it was shown that CD81 is downregulated by HCV in productively replicating
cells to presumably increase pro-survival signals. If further investigated in more detail,
this mechanism could contribute to the understanding of how chronic HCV is established

and illuminate possible points to intervene.
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Zusammenfassung

Obwohl Infektionen mit dem Hepatitis C Virus (HCV) durch den Einsatz von direkt
wirkenden Virostatika (Direct Acting Antivirals; DAA) geheilt werden kénnen, bleiben
Infektionen mit HCV und deren Folgen ein ernstes Gesundheitsproblem weltweit. Die For-
schung hat viele Aspekte der HCV Biologie und seiner Interaktion mit dem Immunsystem
erforscht, konnte jedoch bisher keinen schiitzenden Impfstoff entwickeln. Durch ein besseres
Verstandnis des Zusammenspiels zwischen Virus und Wirt erhofft man sich tiefgreifendere
Erkenntnisse, die dazu beitragen konnen, das derzeitige Fehlen eines Impfstoffs, sowie
kiinftige Probleme, die durch die Enstehung therapieresistenter Virusvarianten verursacht

werden konnten, zu bewaltigen.

In dieser Arbeit wurde die Tetraspanin Proteinfamilie im Zusammenhang mit der HCV-
Replikation untersucht. Ein auf Durchflusszytometrie basierendes Screening der Ober-
flachenexpression ergab, dass die Konzentrationen der Tetraspanine CD63 und CDS81
in Zellen niedriger waren, die eine virale, genomische RNA exprimieren. CD81 ist als
wichtiger Co-Rezeptor fiir den Eintritt von HCV in Zellen bereits gut charakterisiert.
Weitere Analysen wurden durchgefithrt, um zu untersuchen, wie die Herabregulierung
von CD81 zustande kommt und um mogliche Funktionen aufzudecken. Es konnte gezeigt
werden, dass die Herunterregulierung von CD81 in HCV-exprimierenden Zellen auf der
Transkriptionsebene vermittelt wird. Um mogliche weitere Rollen von CD81 im Lebens-
zyklus von HCV zu untersuchen, wurden CD81 Knock-out Zellen generiert. Im Verlauf
ihrer Charakterisierung wurde festgestellt, dass virale Konstrukte mit beeintrachtigter
Replikationskinetik in frithen Stadien des viralen Lebenszyklus von der Anwesenheit
von CD81 abhéngig sind. AnschlieBend wurde gezeigt, dass das Fehlen von CD81 zu
einer ausgeprigteren integrierten Stressantwort (Integrated Stress Response; ISR) und
einer hoheren NFkB-Aktivitat fiihren kann. Dies fiihrt zu der Hypothese, dass nach der
anfanglichen Etablierung der Replikation, CD81 von HCV herunterreguliert wird, um
von iiberlebensfordernden Signalen zu profitieren, die durch die ISR- und NF«kB-Wege

vermittelt werden.

Insgesamt konnte gezeigt werden, dass CD81 durch HCV in produktiv replizierenden Zellen
herunterreguliert wird, vermutlich um tiberlebensférdernde Signale zu verstiarken. Wenn
dieser Mechanismus weiter erforscht wird, konnte er zum Verstandnis beitragen wie HCV
Infektionen chronisch werden und aufzeigen wo mogliche Ansatzpunkte fiir ein Eingreifen

liegen.
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1 Introduction

Liver related diseases affect approximately 1.5 billion people worldwide and lead to death
in around 2 million per year, ranking at 11*" (liver cirrhosis) and 16" (liver cancer) in
most common causes of death [IH3]. Notably, the causes of liver disease differ widely
across different parts of the world. For example, while the main cause of liver disease
in western Europe is diet-related, in east Asia it is mainly caused by viral hepatitis [4].
Among viral infections that cause severe liver damage and are potentially fatal, hepatitis
B and C viruses are the causative agents in the vast majority of cases [5]. Although
mortality rates for hepatitis B and C have decreased since 1990, the total number of deaths
has increased [6]. This might be due to overall growth of the world’s population from
5.2 billion in 1989 to 7.9 billion in 2021 [7]. While rising vaccine coverage for hepatitis B
virus (HBV) in infants is associated with a decrease in cases of hepatocellular carcinoma
(HCC), no vaccine is available for hepatitis C virus (HCV) [2, [5, [8, 9]. With a vaccine
available against HBV, the prognosis for future development of HBV-caused viral hepatitis

is more optimistic than for HCV-caused and non-viral hepatitis [9], [10].

1.1 Viral Hepatitis C

Hepatitis caused by HCV is still a major health concern around the world as it is
estimated to have led to 290000 deaths in 2019 [I0]. With over 100million people
affected by HCV related disease and around 1.5 million new infections annually, great effort
over decades is required to achieve a substantial reduction in disease burden [3], [5, [10].
Several characteristics of HCV complicate this project. First, most HCV infections stay
asymptomatic, resulting in many people that are not aware of their infection. Second, a
substantive portion of infections transition to chronicity which is also asymptomatic and
over the span of decades can progress to cirrhosis or HCC [I1} 12]. In such cases, people
are unaware that they were infected and upon symptom onset the liver is already severely

damaged.

1.1.1 Transmission and Epidemiology

HCV is mainly transmitted via blood. While insufficiently sterilized surgical instruments
and blood transfusions were the major route of transmission in the past, today the major
route is injecting drugs, followed by transmission through sexual contact [13]. Nevertheless,
there are still areas in the world where contaminated medical instruments and blood

transfusions cause infections [I14]. The prevalence ranges between 0.5% in the western
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Pacific, south-east Asian and American region, and 1.8% in the the eastern Mediterranean
region [I5]. While prevalence does not differ too much between regions and does not
correlate with wealth indicators, access to diagnosis and treatment options does. Only
5% of HCV infected people in the African region were aware of their infection at the end
of 2019 and 0.5% had access to treatment. In contrast, 22% of HCV infected people in
the Americas knew about their infection and 18% had access to treatment [10]. This
discrepancy associates with higher mortality rates in regions with low access rates to

diagnosis and treatment [5].

There are six main genotypes of HCV, whose global distributions vary widely. While
genotype 1 is dominant in the Americas, Europe, Central- and East-Asia, as well as
West Africa, genotype 4 is dominant in Central, East and North Africa, as well as the
Middle East, and genotype 3 is dominant in South Asia [16], [17]. All genotypes are spread
around the world and even within regions their distribution can vary significantly between
nations [I8]. Tt is thought that HCV infects humanity for centuries or longer and that the
pandemic spread of genotype 1 is due to the emergence of blood transfusions in the 1940s
and intravenous drug abuse in the 1960s and 1970s [19].

1.1.2 Treatment Strategies and Vaccine Development

The first treatment for HCV infection was recombinant I[FN«. However, with limited
efficacy of less than 40%, many patients had to deal with reoccurring infection after
treatment termination [20, 2I]. A substantial improvement was achieved by combining
IFN« with Ribavirin, a nucleoside analogon, which blocks polymerases of several DNA-
and RNA-viruses [20 21]. However, a high frequency of drug administration was necessary
to achieve viral clearance. Following the introduction of PEGylation to stabilize IFN«,
allowing for a lower frequency of administration, PEGylated [FN« and Ribavirin became
the standard therapy of HCV treatment [20]. It was only when direct-acting antivirals
(DAAs) were developed, that IFNa/Ribavirin therapy was replaced. DA As have the feature
that they specifically bind to HCV proteins (mainly protease NS3-4A and polymerase
NS5B) making them highly efficient. At present, combination therapy with different
DAAs leads to curing rates of over 95% [22]. Two major obstacles remain that need to be
addressed in order to come within reach of HCV elimination. First, access to health care
that is able to diagnose and provide efficient HCV treatment. Second, a working vaccine
that limits the development of cirrhosis and HCC, or decreases the chance of an acute
infection progressing to a chronic infection, or, ideally, prevents infection itself [5, 20].
While the first obstacle is addressed by politicians and non-governmental organizations,

the second must be solved by the scientific community.




1.1. Viral Hepatitis C

Many strategies of immunization have been tried but none of them resulted in a protective
vaccine [23]. Tt has been shown that clearing a natural infection gives rise to neutralizing
antibodies and specific T cells that protect against chronic disease [24]. The problems
with regard to the development of a vaccine are that six genotypes exist with various
antigens and high tolerance towards variations in the amino acid sequence, rapidly leading
to the emergence of immune escaping variants [25], 26]. Together, these characteristics have
resulted in many vaccine candidates being unsuccessful. In contrast, antigenic epitopes
that are recognized by T cells are generally more conserved among genotypes and over time
[23]. However, vaccines focusing on the cellular immune response alone could not show
protection in clinical trials [27]. This means that a vaccine is needed that elicits strong
neutralizing antibody and T cell responses [23]. In recent years considerable progress has
been made in understanding the mechanisms through which HCV evades neutralizing
antibodies and evolves resistance [25], 26]. For example, the hyper variable region 1 (HVR1)
of the E2 glycoprotein shields the more conserved regions that mediate receptor binding
from neutralizing antibodies [28, 29]. On top of this, new structural insights may help
with decoding this epitope masking process and lead to the development of new vaccine
design approaches [30), BI]. Indeed, studies that vaccinate with E2 structures that lack the
HVRI1 show promising results, although not yet in humans [32, [33].

1.2 Molecular Biology of Hepatitis C Virus

1.2.1 Structure and Organization

RNA and Genome

The HCV genome is one positively oriented single stranded RNA ((+)-ssRNA) consisting of
approximately 9600 nucleotides [34]. Although it can be directly translated by ribosomes,
it differs from cellular mRNA. There is no cap structure at the 5’-end and no poly-A tail
at the 3’-end [35 B6]. As such, for translation initiation it is dependent on an internal
ribosomal entry site (IRES) starting in the 5’-untranslated region (UTR) and including
the first 30 nucleotides of the core coding region [35, [37]. The 5-UTR is a very important
component in the regulation of viral translation and replication [36]. It harbours two
binding sites for the liver-specific microRNA-122 (miR-122), which promotes the viral
life cycle by stabilizing the viral RNA genome and assisting in the formation of an active
IRES [37-39]. The 5-UTR, structures in the coding region, and the 3’-UTR, as well as
the interactions between them, are crucial for viral replication and translation initiation
[36], 40-42]. Noteworthy at this point is the cis-acting replicating element (CRE), located
in the NS5B coding region and interacting with the X-region in the 3’-UTR [36], 43} [44].

This interaction was shown to be very important for replication, and in addition, seems to
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regulate whether genomes are replicated or packaged [43H48]. In parallel, the CRE also
interacts with the IRES to regulate translation [41], [44]. Hence, it is thought that these
interactions play a major role in late stages of the viral life cycle, in switching between
replication and packaging of viral RNA [42-44] 47]. The HCV genome is also modified
chemically. RNA originating from the NS5B polymerase has a triphosphate group at the
5-UTR, which is recognized by cellular innate immune receptors as non-self and hence,
an antiviral response is mounted [49-52]. Another modification is N-6-methylation at
adenosine nucleosides (m°A), which is very common in eucaryotic cells but was shown
to also occur at viral RNAs [53, 54]. m®A was reported to regulate viral translation and
genome packaging on the one hand, and preventing the viral genome from being recognized

by innate immune receptors on the other [54H57].

Proteins and Protein Complexes

Being a (+)-ssRNA genome, HCV viral RNA gets directly translated to a polyprotein of
around 3000 amino acids [34], 58]. The polyprotein gets post-translationally cleaved by
cellular and viral proteases into three structural (core, E1, E2) and seven non structural

proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B) [34, 5.

Core - Capsid Protein

Core is located at the N-terminus of the polyprotein and is cleaved from it by cellular
signal peptidases yielding a protein of 191 amino acids (aa). The N-terminal domain
(aa 1-117) is highly hydrophilic, with many positively charged aa, and is responsible for
binding of viral RNA [59]. It was found that at least parts of this domain are mainly
unstructured but nevertheless, it can form nucleocapsid-like particles in the presence of
RNA [60, 6I]. The C-terminal domain (aa 118-191) consists of two amphiphatic a-helices
connected by a lipophilic loop associating core with cellular membranes [59, [60] 62]. After
initial cleavage from the polyprotein, another proteolytic step is required [63]. The cutting
off of the signal peptide at the C-terminus (aa 178-191) by signal peptide peptidase (SPP)
allows core localization to lipid droplets (LDs) [62, [64], 65]. Core localization to LDs is
a central step in virion production and interruption leads to severe impairment of the
former [63] (64, 66]. Virions are thought to bud at the ER membrane towards the ER
lumen, for which the interaction of core with several viral and host proteins was proven
indispensable [34, 67, [68]. In addition to its pivotal role in virion assembly, core has
been found to be of key importance in counteraction of the cellular immune response
[69, [70]. It was shown to inhibit IFN«-induced interferon stimulated gene (ISG) activation
via interaction with STAT1 (Signal transducer and activator of transcription 1) [711 [72].
Additionally, it was reported to interfere with Toll-like receptor (TLR) and NFkB (Nuclear
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factor kappa-light-chain-enhancer of activated B cells) signaling, as well as with apoptosis
induction and inflammation [69, [70, [73H77].

E1 and E2 - Envelope Glycoproteins

E1/E2-heterodimers are incorporated in the envelope of the HCV particle and are thus
the only proteins which are exposed to the extracellular space |25, 34]. Both E1 and E2
are type-I transmembrane proteins, whose N-terminal ectodomains face the ER lumen,
followed by a short C-terminal transmembrane domain (~30 aa) [59]. Their cleavage from
the polyprotein and each other is carried out by host signal peptidases, resulting in a
~190 (E1) and a ~370 (E2) aa protein, respectively [59, [78-80]. The assembly process
of HCV virions is not well understood, but nonetheless E1’s and E2’s importance in this
process is undisputed [78, 81]. Their interaction with not only each other but also with
other viral and host proteins is essential for viral assembly [78, 82]. Additionally, they
are highly modified after translation which was proven to be important for the assembly
process [31], 63, B1, 83, 84]. The E1/E2-complex binds cell surface receptors to mediate
attachment and entry [85H87]. Several of the aforementioned protein-protein interactions

and post-translational modifications play essential roles in the entry process as well (see

IAttachment and Entry]) [30, [84), 88]. The glycosylations in particular have a high impact on

antibody evasion and pose a serious problem for vaccine development (see |1.1.2|{Treatment]
IStrategies and Vaccine Development|) [25], 28], 29].

p7 - Viroporin

The p7 protein is with 63 aa a rather small protein which consists of two membrane
spanning «-helices connected by a hydrophilic loop [89-91]. Tt is mainly localized to the
ER membrane, with N- and C-terminus facing the ER lumen and the hydrophilic loop
facing the cytosol [00-02]. Many reports show that it oligomerizes to exert an ion-channel
function, which is important for the production of infectious viral particles [90, 91, 93~
10T]. An assumption is, that it alkalizes cellular organelles to prevent pH-dependent
conformational changes in newly formed particles [I00H104]. p7 is also substantially
involved in the formation of new viral particles, where it has proved to be important for
capsid assembly and envelopment [82] 89, 100} [T04HI08]. Additionally, studies suggest that

p7 also has immunomodulatory functions, making it a potential drug target [T09HITT].

NS2 - Protease and Scaffold

Non-structural (NS) protein 2 has around 184 aa. Its N-terminal domain contains three
transmembrane helices, which anchor it to the ER membrane [I12HIT4]. The C-terminal

domain faces the cyctoplasmic site of the ER membrane and has proteolytic activity
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[TI3HI17]. In order to be active, NS2 needs to dimerize and interact with NS3 [T16-120].
Presumably, the only cleavage site of the protease is the NS2-NS3 intersection, whose
processing is essential for viral replication [I112), 120]. Besides the protease activity, NS2
plays an essential role in the viral assembly process. It is seen as a scaffold that brings
together viral and host proteins facilitating viral assembly and envelopment [TT3HI15, 12T+
124]. At the same time, NS2 is also associated with the induction of ER stress and

inhibition of cellular antiviral responses [125H128].

NS3-4A - Protease and Helicase

Full-length NS3 has a length of ~630 aa, consisting of an N-terminal protease domain and
a C-terminal helicase domain [129]. NS4A is the smallest protein encoded by HCV with a
length of only 54 aa. It serves as cofactor for the NS3 protease activity, which is essential
for proper polyprotein processing [112} 130} [131]. Additionally, it anchors the NS3 enzyme
to the ER membrane [I32]. NS3-4A is a serine protease, having a trypsin-like fold and
coordinating a Zn?*-ion which is indispensable for structural stability and also important
for NS2 protease activity [117, 129, [133]. Junctions between viral proteins NS3/4A, 4A /4B,
4B/5A, 5A /5B are cleaved by NS3-4A making its function necessary for viral replication
and propagation [130} I31], 134, 135]. On top, NS3-4A was shown to also cleave host cell
substrates and thereby counteract antiviral responses, leading to higher pathogenicity
[136HI38]. All this makes the NS3-4A protease activity an important and successful target
for therapy (see[1.1.2][Treatment Strategies and Vaccine Development]) [20} 22, [129] 139].

NS3 ATP-driven helicase activity is essential for RNA unwinding during viral replication

for which it is included in the replication complex [I40HI44]. In addition to the assistance
it provides in replication, NS3 is also involved in morphogenesis of infectious viral particles
and their release [I45HI48]. At the same time, it is a target of the cellular antiviral response
and takes part in the counteraction of these mechanisms itself [127, [136] 137, T49-151].

NS4B - Membrane Organizer

The 261 aa of NS4B are nearly entirely membrane associated. NS4B comprises two
N-terminal amphiphatic «-helices, followed by four membrane spanning «-helices and
again two amphiphatic C-terminal a-helices [152), [153]. Amphiphatic helices have proved
to be essential to NS4B oligomerization, which itself is very important for the massive
membrane rearrangement that happens in HCV replicating cells [I54-157]. The membrane
rearrangement is termed membranous web and thought to be the location of viral replication
for which NS4B oligomerization is a crucial requisite [154H159]. Having a nucleotide-
binding motif, NS4B not only organizes membranes, but also functionally takes part in

viral replication by interacting with viral NS5A and host proteins [I60-163]. In this context,
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NS4B could be involved in assembly and release processes as well [164], [165]. NS4B has
been linked to autophagy induction which might cohere with the membrane organization
described above [166, [167]. Besides its important role in membrane organization, many
reports describe immunomodulatory actions of NS4B. For example, NS4B negatively
regulates interferon signaling, but also activates the ER-stress response and NF«B signaling
[168-175).

NS5A - Multifunctional Protein

NS5A has around 450 aa, starting with an N-terminal amphiphatic a-helix (aa 1-27)
anchoring it in the ER membrane, followed by three cytosolic domains that are clearly
separated from each other [I12], 176]. Domain 1 (aa 28-213) is the best described so far,
and structural data is available showing that it coordinates a Zn?*-ion and comprises a
disulfide bond, both of which are essential for structure and function [I77, [178]. Domain
2 (aa 250-342) is less well characterized and seems to be mainly unstructured [179, [I80].
However, it was also shown that NS5A can adopt «-helical structures which could allow
weak SH3-domain binding, additionally to the proline-rich SH3-binding motif located at a
loop between domain 2 and 3 [I8IHIR3]. For domain 3 (aa 356-450) no structural features
have been described, leaving it intrinsically unstructured [184]. Dimerization of NS5A has
been proposed involving domain 1, with Zn** coordination in particular playing a pivotal
role [I85HIST7]. NSHA is a part of the replication complex and plays a role (together with
NS4B) in reshaping cellular membranes to create vesicular structures that harbor the
replication complex, rendering it indispensable for HCV replication [159] 161, 162] 188]. It
is highly phosphorylated with up to 15 possible sites described in the literature [I77]. There
is consensus on the fact that NS5A mainly occurs in a hypo- and hyperphosphorylated
form, which happens in a sequential manner and is indicated by two bands in SDS-
PAGE analysis [148, [I89-191]. However, it is not fully understood which residues and
kinases are involved, not to mention conditions and kinetics of these phosphorylation
events [63, 112, [I77]. Despite this, it has been shown that phosphorylation of NS5A is
essential for its function and it is assumed that it has a regulatory effect on replication
and translation [I87), 190, 192, 193]. Among others, cellular kinases CKII (Casein kinase
IT) and PI4K e« (phosphatidylinositol 4-kinase «) have been found to phosphorylate NS5A
[T77, 194, 195]. Reports also suggest that NS5HA is involved in the assembly process by
interacting with core on LDs and is suspected to bring viral RNA to core oligomerization
sites [186], T96-198]. Furthermore, several studies describe the activation of pro-survival
signaling cascades by NS5A; as well as immunomodulatory functions [199-204]. Finally,
NS5A is associated with the manipulation of the host lipid metabolism and induction of
autophagy [205H210].
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NS5B - Polymerase

The last protein encoded by the HCV genome is NS5B, the RNA-dependent RNA poly-
merase (RdRp). This is a 591 aa long protein whose N-terminal region (aa 1-530) forms
the enzyme and whose C-terminal region (aa 531-591) anchors it to the cytosolic side of
the ER membrane [59, 21T]. The RdRp has a right hand polymerase shape and features
finger, palm and thumb subdomains similar to other template-dependent polymerases
[59, 112, 212-2T4]. The active site requires a bound Mg*" or Mn?-ion for stabilization
[215]. In contrast to other polymerases, it can adopt a conformation with an enclosed
active site, which potentially facilitates de novo RNA synthesis without an initiation
primer [212H2T4) 2T6H218]. For proper HCV genome replication it needs to be anchored to
the ER membrane, as well as interact with other viral proteins, most prominently NS3-4A;
NS4B and NS5A [161], 162], 219-222). Other interaction partners, both viral and cellular,
have also been found to be recruited and assist in viral replication [223H226]. As NS5B is

absolutely critical for viral propagation, it is a target for cellular antiviral approaches, as

well as for medical intervention (see [1.1.2|[Treatment Strategies and Vaccine Development))
120, 22, 227, [228).

The Viral Particle and its Envelope

In the field of virology the HCV particle is usually termed lipo-viro particle (LVP), as it
differs from other viruses by being highly associated with lipids [229] 230]. In contrast
to other members of the flaviviridae family such as dengue and west-nile virus, which
have particle sizes of ~50nm, LVPs are very heterogenous, with a particle size range
between 40 and 100 nm, with most particles being 60-80 nm in diameter [231-233]. LVPs
also have an unusually low density, being similar to very low and low density lipoprotein
particles (VLDL and LDL) [232H234]. In addition to viral RNA and proteins (core, E1, E2),
apolipoproteins have been detected on viral particles and seem to be vital to infectivity of
LVPs [235H238]. In addition, the lipid composition of LVPs resembles that of (V)LDL,
while being different to that of other enveloped viral particles [237, 239, 240]. Hence, it
has been speculated that HCV hijacks the (V)LDL pathway to release its progeny [241].
Although HCV massively manipulates the host lipid metabolism and LVPs share properties

with (V)LDL particles, they are probably secreted in another way (see [Assembly and]
Release)) [229, 241H243]. Notably, LVPs coming from cell culture differ considerably from
those of patients, regarding density, viral RNA and apolipoprotein composition [229] 230].

There is also evidence that the lipid and lipoprotein composition of LVPs can change after
being released from the cell [229, 244].
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1.2.2 Viral Life Cycle
Attachment and Entry

The entry process of HCV can be divided in five steps. (1) Attachment to the cell, (2) lateral
translocation to tight junctions, (3) internalization via clathrin-mediated endocytosis, (4)

fusion to the endosomal membrane and (5) uncoating of the viral genome [245].

Attachment and Lateral Translocation

Several host factors are necessary to allow for the attachment of HCV LVPs to cells. Due to
the similarity of LVPs to lipoprotein particles, the association with lipids, and the presence
of apolipoproteins, first attachment occurs via LDL-receptor (LDLR), heparan sulfate
proteoglycans (HSPGs) and scavenger receptor class B type I (SR-BI) [246]. The most
abundant lipoprotein in LVPs, ApoE, was reported to interact with HSPGs, while another
lipoprotein, ApoB100, which is a constituent of LDL-particles and presumably of LVPs,
binds to the LDLR [237, 247-250]. The E2 glycoprotein, however, was shown to bind
to HSPGs and SR-BI in the initial attachment step [86], 245 251, 252]. After the initial
attachment step, E2 binds to CD81, which is essential for lateral translocation, by forming
a complex with SR-BI and EGFR (Epidermal growth factor receptor) [85, 87, 253]. EGFR
activation induces Rho and Ras GTPase signaling which promotes lateral translocation of
CDS81 to tight-junctions [254) [255]. There, CD81 associates with the tight-junction protein
Claudin-1 (CLDN1) which is a key player in virion internalization [256-258].

Internalization

Reports show that CLDNT1 interacts with viral glycoprotein E1 and the E1/E2-dimer,
as well as with CD81[258-260]. Additionally, another tight-junction protein, Occludin
(OCLN), is recruited to the complex, but in contrast to CD81 and CLDN1 it does not bind
HCV glycoproteins [261H263]. All three proteins, CD81, CLDN1 and OCLN are essential for
the internalization process, although it has been reported that other Claudin proteins can
promote HCV entry as well [246], 264]. It is widely accepted that internalization occurs via
clathrin-mediated and dynamin-dependent endocytosis, although the molecular mechanism
is not fully understood yet, as several host factors seem to be involved [245] 265H267]. |Liu
et al. reported that the second extracellular loop of OCLN interacts with Dynamin II, an
important GTPase for endocytosis [267].

Fusion and Uncoating

Internalized endocytic vesicles are transported towards the perinuclear region on micro-

tubules [268]. In this way they become acidified, which is an important prerequisite for
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the fusion of the HCV LVP with the endosomal membrane [245] 246]. The current model
suggests a pH-dependent conformational change of the E1/E2 heterodimer, which mediates
membrane fusion [260, 269-H271]. Membrane fusion of enveloped viruses usually requires a
prime and a trigger. For HCV, the binding of the E2 glycoprotein to CD81 represents
the prime, and low pH represents the trigger [30, 272] 273]. With several conformational
changes occurring in E1, E2 and CD81, all three are crucial for the fusion process and it is
unclear whether a membrane fusion motif can be mapped at E1 or E2 [30], 260} 269-273]. A
putative fusion peptide in E1 has been proposed, however, the many crucial interactions of
E1l and E2 point to a combined action [260], 269271, 274, 275]. Recent findings regarding
the structure of the E1/E2 heterodimer may facilitate a deeper understanding of the fusion
process [31]. After fusion occurs and the capsid, together with the viral RNA genome, is
released, it is thought that rapid disassembly takes place [34, [35]. Thus, the viral RNA is

able to be translated by host ribosomes, giving rise to the polyprotein.

Translation and Replication

The HCV (+)-ssRNA genome can be directly translated into the polyprotein by host
ribosomes after release from the capsid [34], 35]. Translation occurs via an IRES at the
5’-end of the genome and is highly regulated by, as well as highly dependent on, cellular
host factors (see RNA and Genome)) [35, [36, 276]. The polyprotein is translated at the
rough ER where it is integrated into the membrane, and is post-translationally cleaved by
host signal peptidases (core/E1, E1/E2, E2/p7, p7/NS2) and the viral proteases NS2-3
(NS2/3) and NS3-4A (NS3/4A, 4A/4B, 4B/5A, 5A/5B) [34, 58]. Several viral proteins are
post-translationally modified after cleavage from the polyprotein (for details, see
land Protein Complexes|) [63].

In order to replicate efficiently, HCV sets up specific membrane structures to shield the
replication machinery from the innate immune system and allow higher concentrations of
substrates at local sites of replication [I59 219]. This membranous structure is called the
membranous web and consists of vesicular structures, namely double- and multi-membrane
vesicles (DMVs, MMVs), as well as LD encompassing membranes partly connected to
the ER [I58], 159, 219]. Buildup of the membranous web is mainly orchestrated by
viral proteins NS4B and NS5A, but other viral and cellular proteins are also involved
[159, 276]. Oligomerization of NS4B, as well as its interaction with NS5A, is critical for
membranous web formation [I54H163]. Reiss et al.| showed that NS5A and NS5B interact
with Phosphatidylinositol 4-kinase & (PI14K ), thereby changing its localization and activity
to promote membranous web formation [208]. PI4K« and its product, phosphatidylinositol-
4-phosphate (PI4P), are associated with cholesterol content in membranes, which was
illustrated to be important for DMVs and viral replication [277H279]. Additionally, HCV

10
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affects lipid metabolism to its own advantage resulting in, among other things, higher
production of cholesterol [243] 280, 281]. Of note, autophagy is also upregulated in
HCYV infected cells and was revealed to play an important role in both replication and
release [282-284]. Viral proteins interfere at several steps with the autophagy pathway.
First, autophagy is mediated by HCV either indirectly by induction of ER and oxidative
stress, or directly by eliciting the formation of pre-autophagosomal structures (PAS)
through NS4B and NS5A activating the vesicle nucleation complex (consisting mainly
of Beclin-1, ATG14L, Vps34 and Vpsl5) [210] 282] 285H288]. Second, autophagosome
maturation is differentially regulated by HCV as it appears to form autophagosomes by
homotypic fusion of PAS and recruitment of membranes from the Golgi compartment
[289, 290]. Interestingly, this process seems to be slower than the usual starvation-induced
autophagy, which is probably connected to differential expression of the regulatory proteins
Rubicon (Run domain Beclin-1-interacting and cysteine-rich domain-containing protein)
and UVRAG (UV radiation resistance-associated gene protein) [167, 279]. And third,
fusion of autophagosomes and lysosomes is hindered by repositioning of lysosomes to the
cellular periphery through upregulation of Arl8b (ADP-ribosylation factor-like protein 8b)
and through downregulation of Syntaxin-17 (STX17), which is responsible for membrane
fusion of autophagosomes and lysosomes [291H293]. With all this, autophagy presumably
is an important factor in membranous web formation and hence, replication, however,

many mechanisms need to be conclusively clarified.

Assembly and Release

The assembly process takes place at the LD/ER interface, in spacial proximity to replication
sites [219, 294]. A prerequisite for the process is translocation of the capsid protein core to
LDs, where it interacts with NS5A and possibly with viral RNA [62] 64, 196], 197]. Core
is then transferred to the ER membrane where it oligomerizes, binds to viral RNA and
forms the capsid [78]. The exact mechanism is to be determined, but several viral and host
proteins have been identified that play important roles. Viral proteins p7 and NS2 have
been reported as regulators of the assembly process through their interaction with core,
but also with the E1/E2 dimer located at the ER membrane [82, 100, 105} 107, 108, 113+
115] 121], 122). NS3-4A protease and clathrin adapter AP2-M1 were associated with the
translocation of core from the LD back to the ER membrane [105] 146, 147, 295-297). It is
still unclear how viral RNA travels to the assembly site and at what step packaging takes
place, as several viral proteins were reported to interact with the RNA during assembly
[59, [78]. Another unsolved question is the mechanism of the membrane invagination
that eventually leads to budding. Several hints suggest that it is actually the E1/E2

glycoprotein dimer that "pulls" towards the ER lumen, rather than the oligomerizing
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capsid that "pushes" [78, 107, 298], 299]. However, E1/E2 pulling seems not to be sufficient
and it is speculated that asymmetric lipids in the membrane at the assembly site mediate
membrane curvature, as well as other host factors [67, (68, [300]. The host protein ApoE
is crucial for the assembly process and is thought to be recruited to assembly sites by
NS5A, is integrated in viral particles and interacts with E2 [196] 235-237, 301 B02]. At
this point, it is not clear when the association of the nascent viral particle with lipids and
lipoproteins occurs. There is evidence that they fuse with luminal LDs directly after the
assembly process, but also that the composition of lipids and lipoproteins can change after
the particles have been released [205] 229, 242], 244].

The release of the HCV LVP from the site of assembly to the extracellular space is not
fully elucidated. There is evidence that LVPs travel via the Golgi compartment to the
endosomal compartment from where they are finally released [284]. It has been shown
that COPII vesicles originating from the ER contain viral proteins and RNA [303]. These
vesicles usually transport cargo from the ER to the Golgi. Additionally, regulatory proteins
of COPII-dependent transport have proved to be essential for the release of LVPs [304], [305].
Likewise, other proteins responsible for Golgi transport have been reported to be crucial
for particle release [304], 306]. Studies show that clathrin-mediated transport is critical for
the release process, as reduction of organizing adapter proteins and clathrin heavy-chain
itself diminished the amount of secreted viral RNA [123, B304, B07]. Similarly, several
members of the Rab family of proteins, that connect vesicles to the cytoskeleton for
transport, have been shown to be involved in HCV egress [304], [B08-310]. It is thought
that LVPs are transported to multi-vesicular bodies (MVBs), as some members of the
ESCRT (endosomal sorting complexes required for transport) machinery have been shown
to be involved as well [3ITH3T4]. Then, MVBs fuse with the plasma membrane (PM) to
release vesicles and possibly LVPs to the extracellular space because Syntaxin-4 (STX4),
known as a PM residing adaptor for membrane fusion, is essential for virion release
[292, 315]. However, there are many results from different studies that seem to contradict
the described model. For example, reports show incomplete or no modification of E1/E2
glycosylation by Golgi-residing enzymes [83], 316]. Additionally, Bayer et al.| could not
detect colocalization of typical Golgi markers with E1 [316]. As described previously (see

ITranslation and Replication)), HCV massively up- and dysregulates autophagy and there

are a couple of strong indications that it is involved in viral particle egress. First, Wang
et al. showed that phagophores undergo homotypic fusion to form autophagosomes and
that they harbour active replication sites [290]. Second, at the early stage of infection,
HCV impairs fusion of autophagosomes with lysosomes by moving lysosomes to the cellular
periphery via upregulation of Arl8b and downregulation of STX17, which is responsible

for the membrane fusion process [291H293]. However, at later stages of infection, HCV
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promotes autophagosome transport towards the PM by disconnecting Rab7-positive vesicles
from dynein motor proteins via cleavage of the adaptor RILP (Rab-interacting lysosomal
protein) by Caspase-1 [317, B18]. This results in the transport of autophagosomes to the
cellular periphery by kinesin motor proteins and increased secretion of virions [318]. Third,
as mentioned above, several members of the Rab adaptor protein family are involved in
LVP release, of which some are associated with secretory autophagy [308, 310], 319, 320].
Although the two models seem to contradict each other, a combined model is imaginable.
For instance, there is considerable cross-talk between the Golgi compartment and autophagy
during HCV infection, potentially connecting the two models [289, [321]. Additionally, HCV
rearranges membranes and organelles, which renders it possible that canonical organelle
functions blur and merge in some cases. Nevertheless, to finally clarify the release pathway
of HCV more studies need to be conducted.

1.2.3 Reorganization of Cellular Homeostasis

Cellular Antiviral Reaction and Viral Counteraction

The cellular antiviral response is activated in several ways following a HCV infection. Viral
RNA is the most potent trigger, being recognized by a plethora of cellular receptors. In
the endosomal compartment, TLR-3 recognizes dsRNA, whereas TLR-7 and -8 recognize
ssRNA [322]. Although they signal through different adapter proteins, their cascades
induce the production of pro-inflammatory cytokines and the IFN-response [322, [323].
In the case of TLR-3, HCV counteracts the downstream signaling by cleavage of the
adaptor protein TRIF (TTIR-domain-containing adapter-inducing interferon-f3) via the
viral protease NS3-4A and, additionally, by the activation of caspase-8 through NS4B
[171, 324]. Regarding TLR-7 and -8, the crucial adaptor proteins are MyD88 (Myeloid
differentiation primary response 88) and TRAF6 (TNF receptor associated factor 6)
[322]. While the former has been shown to be inhibited by NS5A, the latter has been
reported to be degraded by HCV-induced autophagy [325] 326]. Besides the endosomal
compartment, viral RNA is also recognized by cytoplasmic receptors. Many factors are
involved in the cytoplasmic RNA recognition machinery, but the precise roles they play
are not always fully understood [327]. The best-known receptors are MDAS5 (Melanoma,
differentiation-associated protein 5) and RIG-I (Retinoic acid-inducible gene I) with MDA5
recognizing long RNAs over 2kb, while RIG-I has been reported to sense shorter and
3’-triphosphorylated RNA [52, 327, 328]. Following RNA recognition, both bind to the
mitochondrial membrane-residing adaptor protein MAVS (Mitochondrial antiviral-signaling
protein) which, in turn, serves as scaffold for downstream signaling molecules [329] 330].
One of these molecules is the Serine/threonine-protein kinase TBK1 (TANK-binding
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kinase 1) which phosphorylates IRF3 (Interferon regulatory factor 3), which in turn
serves as a transcription factor and induces IFN expression [330]. HCV NS3-4A was
shown to cleave MAVS and hence, diminish downstream signaling and IFNf3 expression
[136], [324], 331]. Additionally, it has been suggested that NS3-4A binds to TBK1, preventing
it from IRF3 phosphorylation, and that NS4B interferes with the TBK1 adaptor STING
(Stimulator of interferon genes) [168, 169, 332]. The aforementioned proteins, TRAF6 and
TBKI1, not only lead to IRF3-mediated IFNf transcription, but also activate the NFxB
pathway, resulting in pro-inflammatory gene transcription [330, [333]. To prevent proper
NF«B signaling, TRAF6 is degraded by HCV-induced autophagy, while NS3-4A degrades
Importin B1 (IMPB1), impairing the translocation of the NFkB subunit p65 to the nucleus
[137, 325]. The sensing of HCV results in the secretion of pro-inflammatory cytokines
(TNFe, IL-183, IL-6), as well as type-I (IFN«, IFNR) and type-III (IFNA) interferons
which take action in a paracrine and autocrine manner [334]. Interferons induce the
Jak-STAT signaling pathway, which finally transcribes interferon-stimulated genes (ISGs)
with antiviral functions [329) 333]. HCV core interferes with this pathway by binding to
STAT1 impairing its nuclear translocation and transcriptional activity [71} [72]. Among the
ISGs induced by this pathway, there are several that play pivotal roles in HCV infection.
Protein kinase RNA-activated (PKR) is one of these. Sensing dsRNA by PKR leads to
activation and subsequent phosphorylation of the eukaryotic translation initiation factor
2« (elF2x), shutting down the cellular cap-mediated mRNA translation, which results in
the accumulation of untranslated mRNAs in so called stress granules (SGs) [335)]. It is still
unclear whether this is beneficial or disadvantageous for the virus, as its IRES-mediated
translation is independent from elF2« [336H340]. Recent findings suggest a fine-tuned
balancing of assembly and disassembly of SGs in chronic viral infection [341]. Another
report showed that PKR can induce MAVS signaling, without its kinase activity, inducing
IRF3-mediated gene expression [342]. In addition, it could activate NFkB signaling by
interacting with the IKK complex [343] [344]. Viral proteins E2 and NS5A were reported
to suppress PKR’s kinase activity and impede elF2a phosphorylation [345, [346]. Besides
this and the prevention of ISG activation, HCV induces another RNA-binding protein,
STAU1 (Double-stranded RNA-binding protein Staufen homolog 1), that competes with
PKR for binding of viral RNA, thus reducing PKR activation [347, 348]. Other ISGs
that impair the HCV life cycle are Interferon-induced transmembrane proteins 1 and
3 (IFITM1/3). IFITMI1 binds to CD81 and OCLN at the PM and thereby prevents
their proper interaction and hence, cell entry [349]. IFITM3 was reported to restrict the
IRES-mediated translation of the HCV polyprotein [350].
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Integrated Stress Response

The integrated stress response (ISR) is the reaction of a cell to stress factors that threaten
its homeostasis, which can be ER stress, oxidative stress or infection. The central step of
the ISR is the global shutdown of mRNA translation and expression of a set of genes that
try to resolve the stressor or go into apoptosis if non-resolvable [351]. With the massive
production of viral proteins at the ER membrane, ER stress induction is inevitable in
HCYV infection. However, HCV proteins core, E1, E2 and NS4B seem to be more potent
ER stress inducers than the other viral proteins, making it tempting to speculate that
they could specifically induce ER stress [352] [353]. A key factor in the induction is the ER-
resident chaperone BiP (Immunoglobulin heavy-chain binding protein), which is recruited
to misfolded proteins. It negatively regulates ER stress, which is activated when BiP binds
to misfolded proteins [354, 355]. Thereby, misfolded proteins activate the three arms of the
ER stress response, namely ATF6 (Activating transcription factor 6), PERK (PKR-like
ER kinase) and IREla (Inositol-requiring enzyme 1 «) [351]. ATF6 is an ER resident
protein which translocates to the Golgi upon accumulation of un- and misfolded proteins
[355 [356]. There it is cleaved by Golgi resident proteases liberating the ATF6 transcription
factor portion, which then transcribes genes from the unfolded protein response (UPR),
like chaperones, and genes involved in the ER~associated degradation (ERAD) process
[351, B57]. PERK is activated by dimerization and autophosphorylation, functioning
as kinase of elF2«x resulting in shutdown of mRNA translation and eventually stress
granule (SG) formation [351] [358]. A second effect is the upregulation of the transcription
factor ATF4 which, among others, transcribes the pro-apoptotic transcription factor
CHOP (C/EBP homologous protein) and GADD34 (Growth arrest and DNA damage-
inducible protein) [352), 359]. ATF4 has also been linked to the expression of cell death
or autophagy-inducing genes [353] 360, 361]. GADD34 is a regulatory subunit of protein
phosphatase 1, which dephosphorylates elF2x, providing negative feedback to elF2x
phosphorylation [362] [363]. Accumulation of misfolded proteins leads to activation of
IRE1x via oligomerization and autophosphorylation [364, 365]. IRE1« has an endonuclease
function that splices the mRNA of XBP1 (X-box binding protein 1) to enable translation
of the XBP1 transcription factor, that itself expresses genes involved in UPR and ERAD
[351]. There are also reports that IRE1a specifically degrades mRNAs of certain proteins
(regulated IRE1a-dependent decay; RIDD), as well as ribosomal RNA to impair translation
[366-368]. Additionally, IRE1e harbors a kinase domain which has been shown to activate
pro-survival genes via TRAF2, JNK and NFkB [369]. Tardif et al.|showed that HCV
downregulates the IRE1o-XBP1 pathway to allow more misfolded proteins, which is likely
favorable for HCV polyprotein translation [370].
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In addition to ER stress, HCV also induces oxidative stress. Viral proteins core, E1, E2,
NS3, NS4B and NS5A have been shown to prompt oxidative stress via several direct
and indirect mechanisms, with core being the most potent inducer [172, B7T1H374]. Tt is
probable that the two main mechanisms leading to production of reactive oxygen species
(ROS) during HCV infection and hence, oxidative stress, are mitochondrial dysfunction
and expression of NADPH oxidases (NOX) [375], B76]. Interestingly, both can be triggered
by increased Ca*-levels in the cytoplasm, which is a result of HCV infection [376]. ROS
usually leads to the activation of the Nrf2/ARE (Nuclear factor erythroid 2-related factor 2
/ Antioxidant response element) pathway, which increases the expression of proteins that
synthesize antioxidants, like glutathione [373]. If and how HCV interferes with this pathway
is still under debate [372], 373, B77]. It is speculated that oxidative stress facilitates a
reduced innate immune response and is therefore beneficial for HCV replication [373]. For
example, increased ROS abundance can induce ER stress itself leading to PERK activation
and translational shutdown of capped mRNA [378, 379]. Furthermore, Di Bona et al.

illustrated that oxidative stress can reduce IFNa-induced antiviral gene expression [380].

As mentioned previously in [Cellular Antiviral Reaction and Viral Counteraction, PKR

detects dsRNA, resulting in its activation, phosphorylation of elF2x«, and shutdown of
cap-dependent translation. As most cellular genes display the cap structure on their
mRNA, they are highly affected by elF2« phosphorylation, in contrast to IRES-mediated
translation like the one of HCV [335] [336]. The shutdown results in the accumulation of
mRNAs that are accumulating in an ordered process in stress granules (SGs). Besides
mRNA, SGs consist of many proteins with RNA-binding and regulatory functions (e.g.
G3BP1; Ras GTPase-activating protein-binding protein 1) [335, B81]. If the stress is
not resolved and SGs disassembled, cells will activate cell death mechanisms. Although
shutdown of cap-dependent translation might be beneficial for HCV as it suppresses
expression of ISGs, stress cannot be permanent otherwise the host cell would die [382]. Tt
has been shown that SGs assemble and disassemble in an oscillating manner and that this
process seems to be regulated in chronic HCV [341], 383]. Therefore, HCV cannot prevent
the ISR, but somehow manages to control it and may even benefit from it by shutting

down ISG expression or through induction of autophagy.

Progression to cirrhosis and cancer

After decades of research it is clear that chronic HCV infection can lead to liver cirrhosis and
HCC. However, the underlying cellular mechanisms have not been definitively identified.
In many studies, chronic stress and inflammation of the liver was associated with liver
disease and HCC [384H387]. As outlined above (Integrated Stress Response)), HCV causes

cellular stress in various ways, which is considered a possible link to liver damage when
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HCV is chronic over years or decades [384-387]. Indeed, higher level of stress- and
inflammation-associated transcripts were detected in liver samples from HCV patients,
although not all studies pointed in this direction [388H391]. More recently, HCV has been
shown to negatively regulate DNA damage response, leading to genomic instability, which
is one hallmark of cancer development [387) [392H395]. Interestingly, HCV was reported to
upregulate a number of long non-coding RNAs (IncRNAs), several of which are linked to
cancer [396]. It is tempting to speculate that increased pro-survival signaling and reduced

cell death mechanisms mediated in chronic HCV may contribute to cancer development.

1.2.4 Entanglement of Tetraspanins with HCV

Tetraspanins are small, membrane spanning proteins of ~260 aa, consisting of four «-
helical transmembrane domains (TMD 1-4) and a small and large extracellular loop
(SEL/LEL). The N- and C-terminal tails are short peptides pointing to the cyctoplasm,
and for some tetraspanins the C-terminus is palmitoylated. In humans, the tetraspanin
family has 33 members [397, 398]. Available structures from CD81 and CD9 show that the
transmembrane domains adopt two coiled-coil structures with TMD 1 and 2 forming one
structure and TMD 3 and 4 the other [399, [400]. It has been determined that a binding
site for a lipophilic ligand is located in between these structures, which probably influences
and/or is influenced by the conformation of the LEL if bound or unbound [30], 399-402].
For CD81 the ligand was identified to be cholesterol, whose binding favors the "closed"
conformation, while unbound cholesterol favors the "open" [399]. It is speculated that
interactions with other proteins are regulated by this process. Indeed, when binding to
CD19, a co-receptor in B cell activation, CD81 has been reported to adopt the open
conformation and exclude cholesterol [403]. In general, tetraspanins are seen as important
regulators of membrane organization and especially of cell surface receptors. They cluster
in so called tetraspanin-enriched microdomains (TEMs) where they build homo- and
heterodimers and higher oligomeric structures. Various interactions of cellular receptors
and tetraspanins are reported and it is thought that they organize receptors and co-receptors
to facilitate downstream signaling upon ligand binding [397], 398 [404]. For several viruses,
tetraspanins have been shown to be essential for the entry process, for example, CD151
for human papillomavirus (HPV), CD63 for Lujo virus (LUJV) and HPV, and CD81 for
influenza A virus (IAV), human coronaviruses (CoV) and HCV (see|Attachment and Entry))
[85], 87, [255] 404H407]. Besides the entry process, tetraspanins have also been reported to
take part in later steps of viral life cycles, such as CD9, CD63, CD81 and CD82 in budding
of human immunodeficiency virus (HIV), marburg virus (MARV), hepatitis B virus (HBV)

and TAV [404] 405, [408|, 409]. The precise mechanisms of tetraspanin involvement have

not been revealed in all cases, but it is generally thought that their role in organization of
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receptors and their signaling cascade is critical for entry. Furthermore, their asymmetric
structure and association with membrane curvature may render them important host
factors for budding processes or formation of viral compartments that require membrane
bending [A03-405, 410, 411].

In the case of HCV, CD81 is clearly the most important tetraspanin, given its central role

in [Attachment and Entry] In addition, some studies have described a role for CD81 in later

steps of the HCV life cycle. [Zhang et al. describe a role for CD81 in replication, as cells
expressing low levels of CD81 were only marginally affected in entry but strongly impaired
in replication [412]. Others delineate the necessity of CD81 for E1/E2 dimer maturation
and secretion in exosomes, however, this was shown without other viral proteins present
[413]. Nevertheless, cells releasing exosomes which contain viral proteins and RNA is
plausible and it has been shown that they can play a role in transmission to other cells
[414),1415]. The surface expression level of CD81 has been shown to be decreased in actively
replicating cells and an accumulation within the cells was observed [416]. Zheng et al.
monitored a downregulation of CD81 mRNA by microarray in cells stably expressing
NS4B but did not further follow up on it [417]. Similarly, Tscherne et al|found decreased
CDS8]1 levels in replicating cells, but in contrast to the other studies they could not find
any active downregulation of CD81 and hence, concluded that HCV selects for cells with
lower CD81 levels [418]. Therefore, there are indications that CD81 has a role in the HCV
life cycle besides the one in entry, but more studies are needed to make any conclusions.
Interestingly, CD63 has also been described to have a role in HCV entry, more specifically,
in the fusion process with the endosomal membrane. It was shown to interact with E2
and an antibody against CD63 was able to reduce infection [419]. CD63 has been known
for a long time as component of MVBs and exosomes and is therefore used as marker for
these structures, plus it has been shown to be incorporated in HCV particles [398], 420)].
Recently, CD63 was directly linked to HCV release and was upregulated during infection.
Its silencing decreased and overexpression increased viral particle release, indicating an

important function which needs to be further deciphered [421].
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals, Enzymes and Kits

Table 1: Overview of Chemicals.

Chemical Manufacturer
2-Mercaptoethanol Sigma-Aldrich
2-Propanol Applichem

3 M sodium acetate pH 5.2 Promega
Acetic acid Applichem
Acrylamide (30%) Applichem
Agar ThermoFisher
Agarose Lonza
Ammonium persulfate Sigma-Aldrich
Ampicillin Applichem
Bafilomycin A1l AdipoGen
Brefeldin A Biolegend
Bromphenol blue Applichem

BSA

Chloroform:isoamylalcohol (24:1)
Coelenterazine

DAPI

DEPC

di-Potassium hydrogen phosphate
di-Sodium hydrogen phosphate
Dithiothreitol

D-Luciferin

DMEM

DMSO

EDTA

EGTA

Ethidium bromide

FCS

MP Biomedicals
Sigma-Aldrich
PJK Biotech
Sigma-Aldrich
Roth

Roth

Merck
Applichem
PJK Biotech
ThermoFisher
Applichem
Sigma-Aldrich
Roth

VWR

ThermoScientific
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Geneticin (G418)

Glycerol

Glycine

Glycylglycine

Hoechst 33342

IFNo

Tonomycin

Kanamycin
Lipopolysaccharide
Magnesium sulfate

Methanol

MG132

Non-essential amino acids
Non-fat dried milk powder
OptiMEM™
Paraformaldehyde (PFA)

PBS

PEI

Penicillin/streptomycin
Peptone
Phenol:chloroform:isoamylalcohol (25:24:1)
PMA

Polyl:C

Potassium chloride

Potassium di-hydrogen phosphate
Puromycin

Sigma FAST protease inhibitor
SiR-DNA

Sodium chloride

Sodium di-hydrogen phosphate
Sodium dodecylsulfate

Sodium hydroxide

Sodium Pyruvate

TEMED

Thapsigargin

TNF«

Top-Fluor cholesterol

ThermoFisher
Applichem
Applichem

Roth
ThermoFisher
R&D Systems
Life Technologies
Life Technologies
InvivoGen

Roth

Applichem
AdipoGen Life Sciences
Life Technologies
Applichem

Life Technologies
Roth
Sigma-Aldrich
Polysciences

Life Technologies
ThermoFisher
ThermoFisher
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Roth
ThermoFisher
Sigma-Aldrich
Tebu-Bio
Applichem
Applichem
Sigma-Aldrich
Applichem

Life Technologies
Serva

Santa Cruz Biotechnilogy
ImmunoTools
Merck

20



2.1. Materials

Tris Base
Tris-HC1
Triton X-100
Tunicamycin
Tween 20
VectaShield

Yeast extract

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Applichem
Biozol
Sigma-Aldrich

Table 2: Overview of Enzymes and Bacteria.

Enzyme / Bacterium Manufacturer

Beul ThermoFisher

Bglll ThermoFisher

Dpnl New England Biolabs
EcoRI ThermoFisher

Esp3l ThermoFisher
HindIII ThermoFisher

Mlul ThermoFisher
PA2311 ThermoFisher

MssI (Pmel) ThermoFisher

Sdal ThermoFisher

Xbal ThermoFisher

Xhol ThermoFisher

Fast Alkaline Phosphatase ThermoF'isher
Q5®High-fidelity DNA Polymerase New England Biolabs
T4 Ligase ThermoFisher

T4 Polynucleotide Kinase ThermoFisher

NEB Stable3 New England Biolabs
NEB10f3 New England Biolabs

Table 3: Overview of Kits.

Kit

Manufacturer

NucleoSpin Gel and PCR cleanup Kit
Wizard DNA Clean-Up

Neon Transfection System 10ul

Neon Transfection System 100l
PureYield Plasmid Midiprep System

Macherey-Nagel
Promega
Invitrogen
Invitrogen

Promega
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GeneJET Plasmid Miniprep System ThermoFisher
T7 RiboMAX Express Large Scale RNA Production System Promega
jetPRIME DNA & siRNA transfection reagent Polyplus
Nano-Glo Luciferase Assay System Promega
Rneasy Mini Kit Qiagen
QuantiTect Reverse Transcription Kit Qiagen

Luna® Universal PCR Master Mix New England Biolabs
10x Green reaction buffer ThermoFisher
Page ruler protein ladder ThermoFisher
GeneRuler 1kb plus DNA ladder ThermoFisher
2x RNA loading dye LifeTechnologies
RNA marker 0.5 - 9kb Lonza

6x TriTrack DNA loading dye ThermoFisher

2.1.2 Buffers and Antibodies

Table 4: Buffer Compositions.

Buffer Composition

10x SDS-PAGE running buffer (11) 30 g Tris Base (250 mM)
144 g glycine (1.92 M)
10g SDS (1%)
adjust pH to 8.3 before adding SDS
fill up to 11 with dH,O

1x SDS-PAGE running buffer (11) 100 ml 10x running buffer
fill up to 11 with dH,O
50x TAE buffer (11) 241 g Tris Base (2M)

57.1 ml acetic acid
100ml 0.5M EDTA (0.05 M)
fill up to 11 with dH,O

1x TAE buffer (11) 20ml 50x TAE buffer
fill up to 11 with dH,O
0.5M EDTA (11) 146.13g EDTA

adjust pH to 8 using NaOH
fill up to 11 with dH,O
10x TBS (11) 78.8 g Tris-HCI (0.5 M)
87.66 g NaCl (1.5 M)
adjust pH to 7.5 using NaOH
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1x TBS-T (11)

10x PBS (11)

1x PBS-T (11)

10x Blotting buffer (11)

1x Blotting buffer (11)

6x SDS loading dye (50 ml)

Separating gel buffer (11)

Stacking gel buffer (11)

LB (11)

LB agar (11)

fill up to 11 with dH,O
100ml 10x TBS

1ml Tween 20

fill up to 11 with dH,O
14.7mM NaH,PO,
81mM Na,HPO,

26.8 mM KCl

1.37M NaCl

adjust to pH 7.4, fill up to 11 with H,O
100ml 10x PBS

1 ml Tween 20

fill up to 11 with dH,O
30 g Tris Base (250 mM)
144 g glycine (1.92 M)

fill up to 11 with dH,O
100ml 10x blotting buffer
200 ml methanol

fill up to 11 with dH,O
pH 8.1-8.5

0.1 g bromphenol blue (2%; w/v)
15ml glycerol (30%; v/v)
5g SDS (10%; w/v)
35ml 0.5 M Tris, pH 6.8
4.65g DTT (0.6 M)
181.72 g Tris Base (1.5 M)
adjust pH to 8.8

fill up to 11 with dH,O
78.82 g Tris-HCI (0.5 M)
adjust pH to 6.8

fill up to 11 with dH,O
5g NaCl

5 g yeast extract

10 g peptone

fill up to 11 with dH,O
autoclave

5g NaCl

5 g yeast extract
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Lysis buffer

FACS buffer

FACS Permeabilization buffer

Blocking buffer

GLuc/RLuc lysis buffer

GLuc/RLuc assay buffer

GLuc/RLuc substrate buffer

RIPA lysis buffer

10 g peptone

20 g agar

fill up to 11 with dH,O
autoclave

150 mM NaCl

50 mM Tris

1mM EDTA

adjust pH to 7.4

1x protease inhibitor

1% (v/v) Triton X-100 added freshly
1x PBS

1% (v/v) FCS

0.2% (v/v) saponine

10% (v/v) normal goat serum
in PBS

10% (v/v) normal goat serum
in PBS

25 mM glycylglycine (pH 7.8)
15mM MgSO,

4mM EGTA

10% (v/v) glycerol

1% (v/v) Triton X-100

1mM DTT before use

25mM glycylglycine (pH 7.8)
15mM MgSO,

4mM EGTA

15mM KH,PO, /K,HPO, (pH 7.8)
Rluc assay buffer

7.14 uM coelenterazine
10mM Tris-HCI (pH 7.4)
1mM EDTA

0.5mM EGTA

140 mM NaCl

0.1% (v/v) Na-deoxychalate
0.1% (v/v) SDS

1% (v/v) Triton X-100

1x protease inhibitor
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BiolD lysis buffer

FLuc lysis buffer

FLuc assay buffer

FLuc substrate buffer

IF permeabilization buffer

1x phosphatase inhibitor

10mM Tris-HCI (pH 7.4)

0.55% (v/v) NP-40

1x protease inhibitor

1x phosphatase inhibitor

0.1M KH,PO, /K;HPO, pH 7.8
1% (v/v) Triton X-100

1mM DTT before use

0.1M KH,PO, / KsHPO,4 pH 7.8
15mM MgSO,

5mM ATP

Fluc assay buffer

1:50 D-Luciferin

0.5% (v/v) Triton X-100

in PBS
DEPC water 0.1% DEPC

in dH5O over night
4% PFA 4% (w/v) PFA

in PBS
10% APS 10% (w/v) APS

in dH,O

Table 5: Western Blot Antibodies.

Target Clone Species Dilution  Conjugate Manufacturer
core C7-50 Mouse MC 1:1000 Novus Biologicals
E2 AP-33 Mouse MC 1:1000 Genentech Inc.
NS5A 2F6/G11  Mouse MC  1:1000 IBT Systems
p65 D14E12  Rabbit MC  1:1000 Cell Signaling
p-p65 93H1 Rabbit MC  1:1000 Cell Signaling
elF2a Goat PC 1:1000 R&D Systems
p-elF2a 849159 Rat MC 1:500 R&D Systems
GAPDH W17079A Rat MC 1:2000 Biolegend
Tubulin Rabbit PC 1:2000 ThermoFisher
Mouse Goat PC 1:15000 IRDye 680CW  LiCor Biosciences
Rabbit Goat PC 1:15000 IRDye 800RD LiCor Biosciences
Rat Goat PC 1:10000 IRDye 800RD LiCor Biosciences
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Goat

Donkey PC

1:10000

IRDye 800RD

LiCor Biosciences

Table 6: Flow Cytometry and Immunofluorescence Antibodies.

Target Clone Species Dilution = Conjugate Manufacturer
CD9 HI9a Mouse MC 1:250 PE Biolegend
CD63 H5C6 Mouse MC 1:250 PE Biolegend
CD81 5A6 Mouse MC 1:250 PE Biolegend
CD81 5A6 Mouse MC 1:250 Biolegend
CD317  RS38E Mouse MC 1:250 PE Biolegend
CD317 EA4 Mouse MC 1:250 AF488 SantaCruz
Biotechn.
core C7-50 Mouse MC 1:250 Novus Biologicals
p65 D14E12  Rabbit MC  1:250 Cell Signaling
Mouse Goat PC 1:250 AF594 ThermoFisher
Rabbit Donkey PC  1:250 AF488 ThermoFisher
Mouse Goat PC 1:250 AF488 ThermoFisher
2.1.3 Plasmids and Primers
Table 7: Constructs for FACS-based FRET Experiments.
Construct name Protein Tag Source
pECFP-C1 eCFP [422]
pECFP-C1 HCV Core Core eCFP [422]
pECFP-N1 HCV El E1 eCFP [422]
pECFP-C1 HCV E2 E2 eCFP [422]
pECFP-C1 HCV p7 p7 eCFP [422]
pECFP-C1 HCV NS2/3 NS2-3 eCFP [422]
pECFP-N1 HCV NS3 NS3 eCFP [422]
pECFP-C1 HCV NS4A NS4A eCFP [422]
pECFP-C1 HCV NS4B NS4B eCFP [422]
pECFP-N1 HCV NS5A NSHA eCFP [422]
pECFP-C1 HCV NS5B NS5B eCFP [422]
pECFP-N1 Staufenl STAU1 eCFP Schindler Lab, Tiibingen
pECFP-C1 G3BP1 G3BP1 eCFP Schindler Lab, Tiibingen
pEYFP-N1 eYFP [422]
pEYFP-N1-ECFP eYFP-eCFP [422]
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pEYFP-C1 HCV Core Core eYFP [422]

pEYFP-N1 HCV E1 E1l eYFP [422]

pEYFP-C1 HCV E2 E2 eYFP [422]

pEYFP-C1 HCV p7 p7 eYFP [422]

pEYFP-C1 HCV NS2-3 NS2-3 eYFP [422]

pEYFP-C1 HCV NS3 NS3 eYFP [422]

pEYFP-C1 HCV NS4A NS4A eYFP [422]

pEYFP-C1 HCV NS4B NS4B eYFP [422]

pEYFP-C1 HCV NS5A NS5HA eYFP [422]

pEYFP-C1 HCV NS5B NS5B eYFP [422]

pEYFP-C1 CD9 CD9 eYFP Schindler Lab, Tiibingen

pEYFP-C1 CD53 CD53 eYFP Schindler Lab, Tiibingen

pEYFP-C1 CD63 CD63 eYFP Schindler Lab, Tiibingen

pEYFP-C1 CDS81 CD81 eYFP Schindler Lab, Tiibingen

pEYFP-C1 CD81 E219Q CD81 eYFP Schindler Lab, Tiibingen

pEYFP-C1 CD82 CD8&2 eYFP Schindler Lab, Tiibingen

pEYFP-N1 Staufenl STAU1 eYFP Schindler Lab, Tiibingen

pEYFP-N1 G3BP1 G3BP1 eYFP Schindler Lab, Tiibingen
Table 8: Overview of other DNA Constructs.

Construct name Protein Tag Source

mEmerald-ER-3 ER-SP mEmerald  Addgene #54082

mEmerald-TGNP-N-10 GalT mEmerald  Addgene #54279

pEGFP-C1-ATG5 ATG5 eGFP Marina Jendrach, Berlin

pEGFP-C1-ATG12 ATG12 eGFP Marina Jendrach, Berlin

pEGFP-C1-LC3B LC3B eGFP Marina Jendrach, Berlin

pWPI_BLR [423]

pWPI-hCD81-HAHA-BLR CD81 HA-HA [423]

pNFkB(3x)-FLuc FLuc Daniel Sauter, Tiibingen

pCMV-Gluc GLuc Daniel Sauter, Tiibingen

pcDNA3.1 Schindler Lab, Tiibingen

p__human IKKf, const. act. IKKf( Daniel Sauter, Tiibingen

p(N)FLAG-CMV2 MAVS MAVS Flag Daniel Sauter, Tiibingen

pEF-Bos-RIG-I 1-211-flag RIG-I Flag Daniel Sauter, Tiibingen
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Table 9: Overview of Viral Constructs.

Construct name Restr. sites Source

pFK_Jcl E1(A4) [316]

pFK_Jel_Xbal [100]

pFK_ Jcl E1(A4) Xbal pFK_Jcl E1(A4)
pFK_Jcl1(A4)_ mScarlet-E2 Sdal, P23I1 pFK_Jcl E1(A4), idea [294]
pFK Jcl(A4) BiolD2-E2 EcoRI, Bglll pFK_Jcl1(A4) mScarlet-E2
pFK_Jcl_p7-half [100]

pFK_Jcl R2A pT7-half Sdal, PA23I1 pFK_Jcl_pT7-half

pFK_ Jcl R2A [208]

pFK_ Jcl R2A short Beul, Xbal pFK_Jcl R2A p7-half
pFK_Jcl _mScarlet-2A_short  RF cloning pFK Jecl R2A short

pFK Jecl mScarlet-2A Sdal, P23I1 pFK Jcl R2A
pFK_Jcl_NanoLuc-2A EcoRI, Bglll pFK_Jcl_mScarlet-2A
pFK_Jcl NS5A-GFP [424]
pFK_Jcl_NS5A-BiolD2 Pmel, Xbal pFK_ Jcl NSHA-GFP

pFK Jecl NS5A-mScarlet Pmel, Xbal pFK Jcl NS5A-GFP

Table 10: Constructs for Lentiviral Production of CRISPR/Cas9 Knock-out Cells. Target
Sequences are Displayed without NGG Motif.

Construct name Target sequence (5’ — 3’) Comments
psPAX2 packaging plasmid
pMD2G envelope plasmid
LentiCRISPRv2 empty integration plasmid

LentiCRISPRv2 _CD9 1 GCCCTCACCATGCCGGTCAA integration plasmid
LentiCRISPRv2_CD63_3 GAGGTGGCCGCAGCCATTGC integration plasmid
LentiCRISPRv2_ CD81 CATCGGCATTGCTGCCATCG integration plasmid

Table 11: Primers used for Cloning. Bold Represents Complementary Part to the
Template. Lowercase Letters Mark Restriction Sites.

Primer name Sequence (5’ — 3) Restr. Insert
site
EcoRI-BiolD2 fw AGTgaattcC- EcoRI BiolD2

TTCAAGAACCTGATCTGGCT
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BgllI-BiolD2_ rev
EcoRI-Nluc_ fw
BglII-Nluc_ rev
Xbal-BiolD2 fw
Pmel-BiolD2 rev
Xbal-mScarlet fw
Pmel-mScarletrev
2A-reporter-mSc-
RF_ fw

2A-reporter-mSc-
REF rev

AT CagatctGA-
TCTTCTCAGGCTGAACTCG
AGTgaattcC-

GTCTTCACACTCGAAGATTTC

ATCagatct-
GCCAGAATGCGTTCGCAC
GTtctagaCCTCGAGCT-
TTCAAGAACCTGATCTGG
CACgtttaaacCC-

GCTTCTTCTCAGGCTGAACTC

GTtctagaCCTCGAGCT-
ATGGTGAGCAAGGGCGA
CACgtttaaacCC-

CTTGTACAGCTCGTCCATGC
CCAAAAGAAACACCAACCGGCG-

gaattcCGTGAGCAAGGGC

GAAGACTTCCCCTGCCCTCGGC-

Cagatct TTGTACAGCTCGTC

Bglll

EcoRI

Belll

Xbal

Pmel

Xbal

Pmel

EcoRI

Bglll

BiolD2

NanoLuc

NanoLuc

BiolD2

BiolD2

mScarlet

mScarlet

mScarlet

mScarlet

Table 12: Primers used for qRT-PCR. * Primer Sequence Adapted from Reference.

Primer name Sequence (5’ — 3’) Target Ref.
gene
qPCR_5'UTR_ fw CCTGTGAGGAACTACTGTCT HCV- [425]
5UTR
qPCR_5UTR_ rev CTATCAGGCAGTACCACAAG HCV- [425]
5UTR
qPCR_CD81_ fw AGGGCTGCACCAAGTGC CD81 [426]
qPCR_CDS81_rev TGTCTCCCAGCTCCAGATA CD81 [426]
qPCR_TNFa_fw CTGCACTTTGGAGTGATCG TNFa [427]
qPCR_TNFa_rev CAACATGGGCTACAGGCTT TNFa [428]*
qPCR_IL-6vl_fw CTGCTGCCTTCCCTGCC [L-6v1 [428]*
qPCR_IL-6v1_rev TCAGGGCTGAGATGCCGT IL-6v1 [428]*
qPCR_GAPDH fw  TGCACCACCAACTGCTTAGC GAPDH [429]
qPCR_GAPDH rev GGCATGGACTGTGGTCATGAG GAPDH [429]
qPCR_sXBP1_fw GCTGAGTCCGCAGCAGGT sXBP1 [430]
qPCR_uXBP1_fw CAGACTACGTGCACCTCTGC uXBP1 [430]
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q
q
q

XBP1 fw
XBP1 rev

PCR u-sXBP1 rev CTGGGTCCAAGTTGTCCAGAAT

PCR_tXBP1_fw TGAAAAACAGAGTAGCAGCTCAGA

PCR_tXBP1 rev CCCAAGCGCTGTCTTAACTC

CTGAAGAGGAGGCGGAAGC
AATACCGCCAGAATCCATGG

s/uXBP1
tXBP1
tXBP1
XBP1
XBP1

= e e
1 &4 & B3
= = G =g == = |

N
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Table 13: Primers used for Sequencing.

Primer name

Sequence (5’ — 3’)

Target gene

BioIlD2-FP_seq fw
BiolD2-FP_seq_rev

Seq mScarlet  fw

Seq mScarlet_ rev
HCV_seq 5'UTR_fw
HCV_seq NS5HA-FP_fw
HCV _seq E2 fw

HCV _seq E2-FP_rev

TCACCGGCAAGCTGGTGG
GCCTCTGCCCTTGGTCTG
CGTGGTGGAACAGTACG
GTGCACCTTGAACCGCATG
CGCAAGACTGCTAGCCGAG
TATCAGAAGCCCTCCAGC
CACCAGCTTATTTGACAT
CGAGCTGGATTTTCTGCC

BiolD2
BiolD2
mScarlet
mScarlet
HCV 5’UTR
HCV NS5A
HCV E2
HCV E2
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2.2 Methods

2.2.1 Molecular Biology
PCR Amplification

To amplify DNA fragments, 100 ng of template DNA was use to set up a reaction with
Q5® High-Fidelity DNA Polymerase (NEB) according to manufacturers instructions. Used

primers are listed in [[able 11|

Restriction Digestion

2-5 ug of backbone vector and insert vector were digested using respective restriction
enzymes (Table 2)). A sample size of 20 ul was used with 10x Green Reaction Buffer
(ThermoFisher). Digestion was performed for 15min at 37°C. Samples were purified by

agarose gel electrophoresis as indicated below.

Ligation
For ligation, 150 ng of purified, linearized and dephosphorylated backbone was combined
with purified and linearized insert in a molar ratio of 1:7 (backbone : insert; see [Equation 1.
This was then mixed with 2 ul of 10x ligation buffer and 1 ul of T4 ligase. Samples were
filled up to a total volume of 20 ul with purified water and incubated at RT for 1h.

ng of vector x sizeof insert (in kb)

X 7 (1)

ngofinsert =
gof size of vector (in kb)

Transformation

NEB10f or NEB Stable3 F.coli bacteria were thawed in ice for 5min. Then, 10 ul of
ligation mix was added and bacteria were incubated on ice for 30min. Subsequently,
bacteria were heat shocked for 45s at 42°C. They were then incubated again on ice for
5min before 200 ul LB medium without antibiotics was added and they were incubated
for 30-60min at 37°C. Bacteria were distributed onto LB agar plates containing either

100 pg/ml ampicillin or 50 pg/ml kanamycin, and incubated over night at 37°C.

Agarose Gel Electrophoresis and Purification

Separation of linearized DNA constructs was performed using agarose gels in 1x TAE
buffer for 45-60min at 80 V. Respective bands were cut out using a scalpel and purified with
the NucleoSpin® Gel and PCR cleanup Kit (Macherey-Nagel) according to manufacturers

instructions, except that the washing step was performed twice and elution buffer was
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heated to 70°C for elution.

Restriction-free cloning

Before cloning, a truncated version of the pFK__Jel_R2A construct was created (pFK__ Jecl-
_R2A_ short) that lacked everything from the end of E2. For this, pFK_R2A_ p7-half was
digested with Bcul, HindIII and Xbal. Subsequently, the longest fragment was purified and
ends were ligated. Restriction-free cloned plasmids were created in a two-step process. Q5®
High-Fidelity DNA Polymerase (NEB) was used according to manufacturers instructions
unless stated differently. In the first step, hybrid primers were used to amplify the insert
of interest. Ends were complementary to both the sequence of the backbone region where
it should be integrated, and to the insert sequence (see [Table 11). Amplification was
conducted as stated above (see [PCR Amplification|) and the resulting product, namely

the insert of interest with ends complementary to the backbone sequence, was called
megaprimer. In the second step, the backbone was used as template and the product from
step 1 as primer (megaprimer). 100 ng of template plasmid (pFK_Jcl R2A_ short) was
mixed with megaprimer in a molar ratio of 1:20 (template : megaprimer; see .
For this, the elongation time of the PCR reaction had to be adjusted and was set to 11min
and 15 cycles when pFK__Jcl _mScarlet-2A__short was constructed. Afterwards, 20 units
of Dpnl were added to the PCR product to digest the original plasmid (Dpnl only digests
methylated DNA). The PCR-Dpnl mix was incubated for 2h at 37°C followed by 20min
at 80°C. Transformation was carried out as stated above. Design of hybrid primers and
general protocol was done using rf-cloning.org [432]. For primer sequences see .

Cloning of CRISPR/Cas9 constructs

Lentiviral constructs for CRISPR/Cas9 knock-out were designed and produced according
to Sanjana et al.|and [Shalem et al| [433] 434]. In brief, sequences that target the gene
of interest were retrieved from online tools (e.g. CHOP-CHOP [435]), specific overhangs
for cloning were added and respective DNA oligos (two per target, complementary with
overhangs) were produced by Metabion International AG, Germany (see [Table 10]). Oligos
were resuspended, and both annealing and phosphorylation by T4 Polynucleotide kinase
(ThermoFisher) was conducted in a single step. LentiCRISPRv2 backbone plasmid was
digested with Esp3I (ThermoFisher) and dephosphorylated by FastAP (ThermoFisher).
Next, digested backbone plasmid was purified as described above. 50ng of purified
plasmid was mixed with diluted, annealed oligos from above and ligated using T4 ligase

(ThermoFisher). Transformation into NEB Stable3 E.coli was performed as stated above.
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Small and Medium Scale Plasmid Preparation

Single colonies were picked (from agar plate or glycerol stock) using a pipet tip and inocu-
lated in 5ml (small) or 50ml (large) overnight culture (LB medium containing respective
antibiotic in concentrations indicated above). 5ml cultures (6000 rpm, 10min, RT) and
50ml (4000 rpm, 15min, RT) cultures were pelleted and DNA was extracted using Gene-
JET Plasmid Miniprep System (ThermoFisher) or PureYield™Plasmid Midiprep System
(Promega), in each case according to manufacturer’s instructions. DNA concentration was
measured with a NanoDrop™1000 (ThermoFisher).

RNA extraction from cells

2-5x10° cells were used per sample for RNA extraction. Cells were detached as described
below and washed once with 1x PBS. Cell pellets were frozen at -20°C until extraction
took place. RNA extraction was performed using RNeasy Mini Kit (Qiagen) according to
manufacturers instructions. For lysis 1% 2-mercaptoetanol was added to the lysis buffer.
Extracted RNA was stored at -20°C or -80°C for long periods.

cDNA synthesis

For cDNA synthesis 200 ng of extracted RNA was used. The procedure was performed using
QuantiTect Reverse Transcription Kit (Qiagen) according to manufacturer instructions.

After synsthesis 40 ul of nuclease free water was added and cDNA was stored at -20°C.

XBP1-PCR for agarose gel analysis

For analysis of XBP1 splicing on agarose gels, PCR was performed using Q5® High-Fidelity
DNA Polymerase (NEB) according to manufacturer’s suggestions for 25 pul total sample
volume. Primers XBP1 fw and XBP1 rev were used in a final concentration of 0.5 uM
(Table 12)). 1l of diluted cDNA was used as template. The PCR program used was
initial denaturation at 98°C for 30s, followed by 35 cycles of denaturation at 98°C for 10s,
annealing at 68°C for 10s and elongation at 72°C for 10s, finalized with a 2min elongation
step at 72°C. Samples were stained with 6x TriTrack DNA loading dye (ThermoFisher)
and run in a 3% agarose gel together with GeneRuler 1kb DNA ladder (ThermoFisher).

Gels were visualized using a GelDoc system.

qRT-PCR
All gRT-PCR measurements were conducted in duplicates, with 2 ul diluted cDNA used

per well. A mastermix of according primers and Luna® Universal PCR Master Mix (NEB)

33



2. Materials and Methods

was prepared and added to each well (0.3 uM final primer concentration, see [Table 12).
PCR reaction was performed on a LightCycler 480 (Roche) using the standard SYBR green
protocol. Analysis was done using the AACp method with GAPDH as reference gene. The
cycle number at which the signal crosses the threshold (herein called the crossing point,
or Cp) is dependent on the number of gene copies. First, ACp needs to be calculated by
subtracting the Cp value of a particular sample from that of a reference sample of the
same gene (e.g. viral RNA in Mock and infected; see [Equation 2)). Second, to calculate the
relative expression, the efficiency of the reaction is set as base and the ACp as exponent.
The efficiency is either determined experimentally or assumed as 2 (duplication of gene
copies every cycle). To calculate the gene expression in the sample relative to the reference

sample corrected for total RNA amount (AACp), the relative expression of the gene of
interest is divided by the relative expression of the reference gene (see [Equation 3)).

A Cp = Cpreference - Cpsample (2)

EA Cp (sample gene)

AACp =

A Cp (reference gene) (3)

Preparation of Viral RNA
An adapted version of the chimeric strain Jcl or a related construct was used (see [Table 9)

[298]. For preparation of viral RNA, the respective vector was amplified in bacteria and
purified as described above. The vector was linearized by incubating 10 nug of vector with
10 ul of Green Buffer and 2 ul of Mlul in a total volume of 100 ul. The mixture was
incubated at 37°C for 30min before an extra 0.5 ul Mlul was added and incubation was
continued for another 30min. The linearized vector was purified using the Wizard® DNA
Clean-Up System (Promega) according to manufacturer’s instructions. DNA concentration
was measured as mentioned above. For RNA production the T7 RiboMAX™Express
Large Scale RNA Production System (Promega) was used according to manufacturer’s
instructions. 1 pg of linearized vector was mixed with 10 ul of 2x buffer, 2 pl of enzyme mix
and 1 ul of RNAsin in a total volume of 20 ul. After incubation at 37°C for 30min, 1 pul of
RQ1 RNase-free DNase was added and incubated for another 15min at 37°C to digest the
DNA template. Afterwards, phenol-chloroform extraction was performed. Two reactions
of the RNA production procedure were pooled and 160 ul of DEPC-water was added.
Subsequently, 200 pl phenol:chloroform:isoamylalcohol (25:24:1) was added, vortexed for
1min and spun at max speed for 2min. The upper phase was transferred into a new tube
and 200 pl chloroform:isoamylalcohol (24:1) was added. This tube was vortexed for 1min

and spun at max speed for 2min. Then the upper phase was transferred to a new tube
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and 20 ul 3 M sodium acetate pH 5.2, as well as 200 ul isopropanol was added. This was
mixed and incubated on ice for 5min before being spun at max speed for 10min at 4°C.
Supernatant was discarded carefully and pellet was washed with 70% ethanol. Next, a
drying step at 37°C for bmin was carried out. Finally, the pellet was resuspended in 40 pul

nuclease-free water, aliquoted and stored at -80°C.

DNA Sequencing

For sequencing, 100-500 ng of vector was mixed with 2.5 ul of respective primer (10 uM;

Table 13|) and purified water was added, for a total volume of 10 ul. The labelled tube
was sent to GATC (Eurofins Genomics).

Preparation of Glycerol Stocks

Glycerol stocks were generated by pelleting a fresh culture of ~5ml. The pellet was
resuspendet with 1ml 70:30 LB:glycerol mixture and transferred into cryo tubes. Tubes
were then labelled and stored at -80°C.

2.2.2 Cell Biology

Cell Handling

HEK 293T cells were cultured in DMEM (high glucose, GlutaMAX™) containing 10% FCS
and 1% penicilin/streptomycin. Huh7.5 and Huh7-Lunet cells were cultured in DMEM
(high glucose, GlutaMAX™) containing 10% FCS, 1% penicillin/streptomycin, 1% sodium
pyruvate and 1% non-essential amino acids. Lentivirally transduced Huh7.5 cells stably
expressing CRISPR guideRNA and Cas9 were cultured with additional 1 pg/ml puromycin.
All cells were cultured in incubators providing 37°C and 5% COs.

Thawing Cells

One tube of frozen cells was taken from liquid nitrogen and put on ice, then thawed quickly
in a 37°C water bath. Subsequently, 1 ml prewarmed medium was added and cells were
transferred in a falcon containing 10 ml of prewarmed medium. Cells were spun down
(300 g, bmin, RT), supernatant was discarded and cell pellet was resuspended in a suitable
amount of medium and incubated overnight. The cells were split as described below for
two or three days after medium change. Approximately one week after thawing, cells were

fully recovered.
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Maintaining Cells

To maintain HEK 293T cells, medium was aspirated and new medium was added. Cells
were detached carefully by tapping the flask. Then, cells were resuspended using a
serological pipet and distributed to a new flask diluted between 1:2 and 1:10 (resuspended
cells: total volume). Huh7.5 medium was aspirated and cells were washed once with
1x PBS. Then, a sufficient amount of 1x trypsin was added and cells were incubated
for 3-bmin at 37°C to detach them. Trypsin reaction was stopped through addition of
fresh medium and resuspension of cells. The cells were then spun at 300 g for Smin at
RT, supernatant was discarded and cells were resuspended in new medium. Resuspended
cells were distributed to a new flask diluted between 1:3 and 1:8 (resuspended cells: total

volume).

Freezing Cells

For freezing, Huh7.5 cells were handled as described above and after trypsin was removed
cells were resuspended in medium additionally supplemented with 10% DMSO. Then, cells
were distributed to cryo tubes each containing 5x10° cells in 1 ml medium. Tubes were
put into a styrofoam box and frozen to -80°C. About one week later cells were transferred

to liquid nitrogen for storage.

Transfection

24h prior to transfection cells were seeded according to manufacturer’s instructions for
respective well size. Used constructs are listed in [Table 7] and [Table 8|

Polyethylenimine (PEI)

HEK 293T cells were seeded 24h prior to transfection. For each well in a 12-well format,
50 ul of Gibco™OptiMEM™(ThermoFisher) was mixed with 1-2 ug total DNA. A master
mix was prepared, containing 2 nug of PEI for each pug of DNA in 50 ul OptiMEM for each
well. Then, 50 pl of PEI mix was added to each DNA mix, thoroughly mixed and incubated
for 15min at RT. Next, 100 ul of the transfection mix was dropped onto cells and cells
were incubated at 37°C. After 4h-6h, or the following morning, the medium was changed
and a readout was performed 24h to 48h after media change. For transfection in other
formats, DNA and PEI amount was adjusted accordingly. Transfection for NF«B luciferase
reporter assays was performed in a 96-well format in triplicates per condition. Per well,
100ng of NFkB-Luc reporter, 5ng IKKp, 25ng YFP or YFP-core, 50ng pWPI_BLR
empty control or CD81 and 5ng Gaussia luciferase DNA was transfected, accordingly. For

PolyI:C, 5 ng/well was transfected.
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jetPRIME® Reagent

DNA transfections of Huh7.5 cells were performed as instructed by the manufacturer
unless stated otherwise. For NFkB luciferase reporter assays the same amounts of DNA

were transfected as described above.

Lentivirus Production

5x10° HEK 293T cells were seeded 24h prior to transfection in a 6-well format. Transfection
was performed with jetPRIME as described above. 3 ug of lentiCRISPRv2 constructs
(see also was transfected together with 0.9 ug pMD2G and 2.25 ng psPAX2 per
well. One well was transfected without any lentiCRISPRv2 vector and used as a negative
control. Virus was harvested 24h after medium exchange by taking the supernatant and
spinning it at 3200 g for 10min at RT to remove cell debris. Resulting supernatant was

transferred to a new tube and used for infection.

Lenti Virus Infection

5x10° Huh7.5 cells were seeded 24h prior to infection in a 6-well format. Medium was
aspirated and replaced with 1 ml of new medium and 1ml of virus containing supernatant
described above. Also supernatant of the negative control was used for infection. 24h after
infection the medium was replaced with new medium containing an additional 1 pg/ml

puromycin and maintained as mentioned above.

Electroporation

For each 10 ul electroporation (EP) 1-4x10° Huh7.5 cells were used and for 100 ul EP
1-4x10% were used. 24h prior to EP the according number of cells was seeded. The

cells were detached and trypsin was removed as described above (Maintaining Cells)).

Three additional washing steps with 1xPBS were performed. After the last washing step,
cells were resuspended in 10 pl (100 ul), plus some extra volume, for each EP in 1xPBS
containing Ca*" and Mg?", and the respective amount of RNA was added (0.25-1 pug per
EP). The reaction chamber was filled with 3ml of Buffer E (Buffer E2 for 100 ul tips).
A gold tip was filled with 10 ul of cell/RNA suspension and pulsed once with 1300V for
30ms. Then, cells were transferred to prewarmed medium without any antibiotics. They
were directly seeded to respective wells and incubated at 37°C and 5% CO,. 30-60min
after EP, the cells were transferred to the biological safety level 3 laboratory. 24h after

EP medium was changed to a medium also containing antibiotics.
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Staining with TopFluor-Cholesterol

Before fixation, living cells were incubated in medium containing 1 uM TopFluor-Cholesterol
for 10min at 37°C and then washed 3x with 1xPBS.

Fixation

Medium was aspirated and the cells were washed once with 1xPBS. Cells on cover-slips
or in plates for microscopy were fixed using 2% PFA for 10min at RT. Then, PFA was
removed and cells were washed once with 1xPBS. All other cells were detached as described
above (Maintaining Cells) and trypsin was removed using 1xPBS or FACS buffer (1xPBS
supplemented with 1% FCS). Supernatants were discarded and pellets were resuspended
in 50-100 ul 2% PFA, incubated for 10min at RT and stored at 4°C.

Immunofluorescence Staining

Cells on plates were permeabilized with 80% acetone (0.5% Triton X-100 for p65 transloca-
tion) for 8min at RT. Then, cells were washed with 1xPBS and blocked with 10% normal
goat serum in PBS for 30min at RT. Cells were washed again with 1xPBS and stained
with 40 ul anti-core or anti-p65 primary antibody (1:250 in FACS buffer) for 60min at RT.
Subsequently, cells were washed 3x with 1xPBS and stained with anti-mouse secondary
antibody conjugated with AlexaFluor™ 488 or AlexaFluor™ 594 for 60min at RT and in
the dark. Subsequently, nuclear DNA was stained either with DAPI (1:20000, 10min, RT)
or SiR-DNA red nuclear dye (1 uM, 90min, RT). Cells were then washed as before and

imaged.

Mounting

Cells fixed on cover-slides were mounted on microscope slides using 8 ul of VectaShield®
(Biozol) per cover-slide. Mounted slides were fixed using nail polish and dried over night
at 4°C.

Luciferase Assay

Cells electroporated or infected with viral constructs harbouring a luciferase reporter gene
were seeded in a 96-well format (~8,000 cells per well, in triplicates). At the appropriate
time point supernatant of cells was removed and either discarded or used for a subsequent
infection. Cells were washed with 1xPBS and luciferase assay was performed according
to the type of the encoded luciferase. In case of Renilla luciferase, cells were lysed for

10min at RT with RLuc lysis buffer (60 ul per well in 96-well format). Subsequently,

38



2.2. Methods

40 ul of lysed cell suspension was transferred to an opaque white 96-well plate and 60 ul
of RLuc substrate buffer was added. Luminescence was measured with a Cytation® 3
Multi-Mode Microplate Reader (BioTek Instruments). In case of Nano luciferase, the
Nano-Glo® Luciferase Assay System (Promega) was used. In brief, cells were lysed with
NanoGlo® luciferase assay buffer (60 ul per well in 96-well format) and 40 pl of the lysed
cell suspension was transferred to an opaque white 96-well plate. NanoGlo® luciferase assay
buffer supplemented with NanoGlo® luciferase assay substrate according to manufacturer’s
instructions was added (50 pl per well) and luminescence was measured with a Cytation® 3
Multi-Mode Microplate Reader (BioTek Instruments). In case of Firefly luciferase reporter
constructs, 20 ul of supernatant was transferred to an opaque white 96-well plate and 50 pl
RLuc substrate buffer was added to measure the Gaussia luciferase signal as transfection
control. Remaining supernatant was discarded, and cells washed with 1x PBS then lysed
with 60 ul FLuc lysis buffer for 10min at RT. Then, 40 ul of the lysate was transferred to
an opaque white 96-well plate, 40 ul of FLuc assay buffer and 40 ul of FLuc substrate buffer
was added. The signal was measured using the TriStar? S microplate reader (Berthold

Technologies).

Flow Cytometry

For flow cytometry, fixed cells were used unless otherwise stated. If cells were stained
intracellularly, they were permeabilized using 0.2% saponine in 10% normal goat serum in
PBS or 80% acetone for 10min at RT, followed by blocking for 30min at RT with 10%
normal goat serum in PBS. Staining with primary or conjugated antibody was performed
for 30min at 4°C in the dark, followed by washing 2x with FACS buffer. If applicable,
staining with secondary antibody was performed for 30min at 4°C in the dark, followed
by washing 2x with FACS buffer (Table €). Measurements were performed using a
MACSquant VYB machine (Miltenyi Biotech). Fixed cells were resuspended in 100 pl
FACS buffer and measured. Living cells for flow cytometry-based FRET (FACS-FRET)
experiments were detached in 1xPBS buffer and immediately put on ice. They were spun
once (300g, bmin, RT), resuspended in 350 ul FACS buffer, and measured as soon as

possible.

SDS-PAGE and Western Blot Analysis

Cell lysates were mixed with 6x sample buffer containing SDS and denatured at 95°C for
10min. For PAGE a 12% separating gel was used. Separation was done at 80-140V for
90-150min. Blotting was performed in a wet blotting chamber (BioRad) at 80V for 90min.
For cropping of membranes they were stained with Ponceau red for 5min and washed
once with TBS-T (1xTBS with 0.1% Tween 20) or PBS-T (1xPBS with 0.1% Tween 20).
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Blocking occurred in 5% milk or 1% BSA in 1xTBS or 1x PBS for 1h at RT. Primary
antibodies were applied over night at 4°C while membrane was fused into a plastic foil.
Secondary antibodies were applied for 1h at RT. Used antibodies and respective dilutions
are depicted in [Table | Between primary and secondary antibody application, as well as
after secondary antibody application, membrane was washed 3x with TBS-T or PBS-T,
respectively. Visualization was performed with an Odyssey® Fc Imaging System (LI-COR

Biosciences).

Microscopy

Fixed coverslips

Microscopy was performed using a DeltaVision™OMX SR (GE Healthcare). Imaging of
fixed cover-slides was performed according to the manufacturer’s operating instructions

using a 60x objective for confocal images.

Fixed plates

Microscopy imaging of plates was performed using a Cytation™ 3 Multi-Mode Microplate
Reader (BioTek Instruments) with a 4x objective or using a IncuCyte® S3 Live-Cell
Analysis System (Sartorius) with a 10x or 20x objective.

Live cell imaging of dishes

For live cell imaging, ~4x10° Huh7.5 cells were seeded in 35mm WillCo dishes. Prior
to imaging, medium was replaced by medium without phenol red. Experiments were
performed at 37°C, 5% CO4 and 40-70% humidity.

Live cell imaging of plates

Cells for live-cell imaging were seeded as usual in the respective plates and imaging was
performed using a IncuCyte® S3 Live-Cell Analysis System (Sartorius) with a 10x or 20x
objective at 37°C, 5% CO, and 80-90% humidity.

Data Analysis

Design and alignment of DNA constructs was done using SerialCloner v2.6.1 unless oth-
erwise stated. Western blot membranes were analyzed using ImageStudio®lite. Flow
cytometry data was analyzed using Flowlogic™ v8.3 (Inivai Technologies). Microscopy
images were analyzed using SoftWoRx 7.0 (Cytiva), Gen5v3.10 (BioTek Instruments) or
IncuCyte® GUI v2021A (Sartorius), according to instrument, and subsequently handled

with ImageJ. Statistical analysis and creation of graphs was done using Graphpad Prism 9
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(GraphPad Software) and Excel 2019 (Microsoft). Design and arrangement of figures was
performed with CorelDraw®X7 (Corel Corporation).
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3 Results

Several points of contact between tetraspanins and HCV have been previously described

(see |L.2.4|[Entanglement of Tetraspanins with HCV|). However, whether their expression is

altered during active viral replication has not been elucidated completely. We obtained
data from a surface expression screen performed by Sandra Kurz, which showed a sig-
nificant downregulation of seven proteins from the surface of HCV expressing Huh7.5
cells (Figure S1JA) [436, [437]. In brief, cells were electroporated with a viral genome
encoding for a fluorescent protein to distinguish actively replicating cells from bystanders.
Those cells were then stained with a set of antibodies (LEGEND screen) to check whether
differences in surface expression levels could be observed. The two most prominently
downregulated candidates belonged to the tetraspanin family of proteins, namely CD63
and CD81. Subsequently, those two candidates and other proteins of the same family were
tested in a flow cytometry-based FRET interaction experiment to assess for close proximity
between tetraspanins and HCV proteins (Figure S1B) [437]. There, CD9, together with
CD63 and CDS81, showed the highest level of FRET signal, indicating close proximity.
Based on these results, the tetraspanins CD9, CD63 and CD81 were chosen for further

analysis, which was conducted in this thesis.

3.1 Downregulation of Tetraspanins by HCV

3.1.1 Regulation of CD9, CD63 and CD81 Surface and Total
Protein Expression

To confirm the results of the previous screen, Huh7.5 cells were electroporated with a
Jcl-based viral genome that encodes a NS5A-GFP fusion protein. After 72h, cells were
stained for either surface or total expression of CD9, CD63 or CD81 and levels were
measured by flow cytometry. Displayed are the relative tetraspanin levels of cells that
express viral proteins (GFP+) or not (GFP-). shows a slight increase in CD9
surface level and a slight decrease in CD63 and CDS81 surface levels in HCV expressing
cells. While the increase in CD9 was more prominent in the total protein level, no decrease
in CD63 and CDB81 total protein levels was observed. Then, YFP-tagged viral proteins
E2, NS2/3, NS5A and p7 were solely expressed in HEK-293T cells and, as before, surface
and total tetraspanin levels were determined by flow cytometry. Displayed are relative
tetraspanin levels of cells that express no (GFP-), intermediate (GFP+) or high (GFP++)

levels of the indicated viral protein. CD9 surface levels were only slightly decreased
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Figure 1: Regulation of Tetraspanin expression by HCV proteins.
Continued on next page.
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3.1. Downregulation by HCV

Figure 1: (continued)

(A) Surface and total tetraspanin levels in bystander (GFP-) and HCV expressing (GFP+)
cells. Huh7.5 cells were electroporated with Jc1_NS5A-GFP RNA, cultivated for 72h and
subsequently fixed, permeabilized (for total staining), and stained to measure tetraspanin
levels by flow cytometry. Depicted are data from 3 independent experiments. (B) Surface
and total tetraspanin levels in bystander (GFP-) or YFP-fusion protein transfected cells with
intermediate (GFP+) or high (GFP++) signal intensity. HEK-293T cells were transfected
with constructs encoding different viral proteins tagged with YFP. 24h post transfection cells
were fixed, permeabilized (for total staining), and stained to measure tetraspanin levels by flow
cytometry. Depicted are data from 3 independent experiments. Shown are mean values + SD.
Significance was tested using two-way ANOVA with Sidak’s multiple comparisons test. ns = not
significant; *p <0.05; **p <0.01; ***p <0.001; ****p < 0.0001.

when NSHA was highly expressed and no alteration was observed in total levels of CD9
(Figure 1B, upper panel). In case of CD63, surface expression was decreased in presence
of all four tested viral proteins with NS5A being the most potent one. Total protein
levels decreased to a lesser extend while showing the same trend of NS5A being the most
potent downregulator , middle panel). Levels of CD81 were only decreased
when NS5A was present. Thereby, CD81 surface expression was more decreased than the
total expression , lower panel). Taken together, CD9 is rather upregulated than
downregulated, however, no clear effect of viral proteins could be seen. CD63 and CD81
levels are negatively affected by the presence of HCV proteins, with surface levels being
more reduced than total levels. Here, CD63 appeared to be the tetraspanin most affected
by presence of viral proteins. Among viral proteins, NS5A seemed to be the most potent
candidate to downregulate CD63 and CDSI.

3.1.2 Dynamics and Mechanism of CD81 Downregulation
Although CD63 and CD81 were both affected by the presence of HCV proteins, the investi-

gation of the mechanism was only pursued for CD81. The reason for this is that we found
no impact of CD63 on viral replication in knock-out experiments, which will be discussed
in detail in the next paragraph (3.2][Characteristics of CD81KO Cells]). To evaluate the
dynamics of the reduced CDS81 levels, Huh7.5 cells were electroporated with different

Jcl-based viral genomes. They encoded a mScarlet reporter gene at the beginning of the
polyprotein connected via a 2A self-cleaving site, or fused with either E2 or NS5A resulting
in E2-mScarlet or NS5A-mScarlet expressing HCV-genomes. Cells were then harvested at
different time points (24h, 48h, 72h, 96h and 144h) post electroporation, permeabilized and
stained for total CD81 levels. shows Jcl genome expressing and bystander cells
(x-axis), as well as total CD81 levels (y-axis) of representative experiments. Summarized
data is displayed in [Figure 2B. There were no differences in CD81 levels observable at 24h
post EP, while total CD81 levels were clearly reduced 48h to 96h post EP. Downregulation
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seemed to be transient as CD81 levels started to rise again and reached base-line levels
again between 96h and 144h post EP. Viral genome constructs encoding fusion proteins
seemed to be more potent in downregulation of CD81 but at the same time caused higher
cytotoxicity, as evident from lower or decreasing cell numbers ([Figure 2B). The following
experiment aimed to elucidate the mechanism underlying the downregulation of CD81 by
HCV. Cells electroporated with the NS5A-mScarlet fusion protein were treated 48h post
EP with an inhibitor of the proteasome (MG132) and one of the lysosome (Bafilomycin
A1) to see if any of those are involved in the degradation process. 24h after treatment,
cells were stained for total CD81. illustrates that none of the inhibitors were
able to prevent or reverse the downregulation. Next, regulation on the transcriptional level
was tested. To address this, Huh7.5 cells were electroporated with the Jcl genome and
total cellular mRNA was harvested 48h after electroporation. In [Figure 2D it is evident
that CD81 mRNA levels are significantly reduced in cells expressing HCV compared to
Mock cells, showing that CD81 is downregulated by HCV on the transcriptional level.
Together, CDS81 levels could be downregulated by several different viral constructs and
reach their lowest levels at 48h and 72h after EP. Inhibition of neither the proteasome,
nor the lysosome could prevent this downmodulation. qRT-PCR experiments showed
that mRNA levels are reduced in HCV expressing cells, suggesting that HCV-mediated

regulation of CD81 happens on the transcriptional level.

3.2 Characteristics of CD81K O Cells

3.2.1 Involvement of CD81 in HCV Replication and the Role
of the Cholesterol Binding Site.
To test the functional role of CD9, CD63 and CD81, Huh7.5 knock-out cell lines were

created using CRISPR/Cas9.  These cell lines were electroporated with a luciferase
reporter construct based on the Jcl genome (Jcl__RLuc-2A) and luciferase activity was
measured 72h post EP , left panel). It could be observed that cells that lack
CD81 have a strongly reduced signal indicating a lower level of replication. No effect could
be observed for CD9 or CD63 knock-out cells. To further evaluate this, Huh7-Lunet cells
were used that lack the expression of CD81. In some cells the expression of human CDS&1
was reconstituted and the E219Q mutant was included, which has a diminished ability to
bind cholesterol (Figure 3A, right panel) [399]. Again, cells that had low or no CD81 levels
showed decreased luciferase signals, while cells with reconstituted CD81 showed signals
comparable to Huh7.5 control cells. Interestingly, cells that were reconstituted with the
CD81 E219Q mutant displayed no rescue effect and showed low levels of HCV replication

that were comparable to cells that had low or no CD81 expression. Therefore the question
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Figure 2: Dynamics of CD81 expression in HCV expressing cells and regulation at
the transcriptional level.

Continued

on next page.
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3. Results

Figure 2: (continued)

(A) Total CD81 levels in bystander (mScarlet-; left gate) or HCV expressing cells with intermediate
(mScarlet+; middle gate) or high (mScarlet++; right gate) signal intensity. Huh7.5 cells were
electroporated with viral genomes Jc1__mScarlet-2A, Jcl__E2-mScarlet or Je1_NS5A-mScarlet
RNA and harvested at indicated time points. Cells were fixed, permeabilized and stained for
total CD81 levels and measured via flow cytometry. (B) Summary data of relative CD81 levels
over time from 2-4 independent experiments. (C) Relative CD81 levels in cells treated with
different inhibitors. Huh7.5 cells were electroporated with Jcl1_NS5A-mScarlet RNA. After 48h
cells were either left untreated or treated with DMSO (1 %), MG132 (1 uM) or Bafilomycin Al
(100nM). 24h after treatment cells were fixed, permeabilized and stained for total CD81 levels to
be measured by flow cytometry afterwards. Depicted are data from 3 independent experiments.
(D) CD81 mRNA levels in Mock and Jcl electroporated cells. Huh7.5 cells were electroporated
with Je1 RNA. 48h post EP cells were harvested and RNA was extracted to perform a qRT-PCR
measurement. Relative mRNA levels were calculated using the AACp method with GAPDH as
reference gene. Depicted are data from 4 independent experiments. Shown are mean values +
SD. Significance was tested using an unpaired t-test. ns = not significant; * p <0.05.

arose whether proper cholesterol binding is important for interactions of viral proteins
with CD81. Hence, HEK-293T cells were transfected with viral proteins and either CD81
or its E219Q) mutant. Then, close proximity and presumably interaction was measured
via flow cytometry-based FRET. shows diminished interaction of CD81 E219Q
with core, E1 and NS5A compared to WT CD81, although the decrease for core was not
significant (p=0.1235). Notably, interactions with E2 and p7 seemed to be independent
of the cholesterol binding ability of CD81, indicating that different interaction processes
between CD81 and several HCV proteins exist. As CD81 is known for its scaffolding
functions across different cellular processes the next step was to test the interaction network
of HCV proteins with themselves in HEK-293T control and CD81 knock-out cells. Cells
were transfected with a pair of HCV proteins and their interaction was studied using
flow cytometry-based FRET ) Although many viral proteins interact with
each other, none of those interactions was significantly altered in cells expressing no or a
low amount of CD81. But this only represents the interaction of two viral proteins with
each other, so alterations in the interaction of complexes of higher order with potential
additional involvement of cellular proteins cannot be excluded. It can be summarized that
CD81 is functionally involved in HCV replication and that its ability to bind cholesterol is
important for this effect. Additionally, interaction of CD81 with E1, NS5A and also core,

in a limited way, seemed to be dependent on cholesterol binding.

3.2.2 Morphology of Cells Lacking CD81

As HCV replication depends on a multitude of cellular processes (see [Translation and]
Replication)), the integrity of organelles and intracellular membranes in control and CD81

knock-out cells was analyzed. First, control and CD81 knock-out cells were checked for
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Figure 3: CD81KO functional involvement and impact of the CD81 cholesterol

binding site.

Continued on next page.
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3. Results

Figure 3: (continued)

(A) Luciferase activity after EP in Huh7.5 tetraspanin knock-out and Huh7-Lunet CD81 recon-
stituted cells. Respective cell lines were electroporated with Jc1_RLuc-2A RNA and luciferase
activity was measured 72h after. (B) Flow cytometry-based FRET signals of viral proteins with
CD&81 or the CD81-E219Q mutant. HEK-293T cells were transfected with a pair of constructs
encoding CFP-tagged viral proteins and YFP-tagged CD81. 24h post transfection, cells were
washed and FRET signals were measured via flow cytometry. Depicted are data from 4 inde-
pendent experiments. (C) Flow cytometry-based FRET signals of different combinations of
viral proteins. HEK-293T CD81KO and control cells were transfected with a pair of constructs
encoding CFP- and YFP-tagged viral proteins. 24h post transfection, cells were washed and
FRET signals were measured via flow cytometry. Depicted are data from 4-8 independent
experiments. Shown are mean values + SD. Significance was tested using one-way ANOVA with
Tukey’s multiple comparisons test for A and two-way ANOVA with Sidak’s multiple comparisons
test for B. ns = not significant; * p <0.05; **p <0.01; *** p <0.001; **** p < 0.0001.

altered organelle and autophagosome distribution. Huh7.5 control and knock-out cells were
transfected with organelle markers and confocal microscopy was performed )
No differences in cellular distributions of ER, Golgi, early or late autophagosomes could
be observed, indicating that their function is unaffected by lack of CD81. Subsequently,
distribution of viral proteins was checked by transfection of YFP-tagged NS4B and NS5A
plasmids in Huh7.5 control and knock-out cells (Figure 4B). NS4B and NS5A are described
as playing a crucial role in formation of the membranous web (see [Translation and|
. However, no differences in distribution could be visualized. As single viral

proteins alone might not be sufficient to introduce these changes, whole genome constructs

were used to visualize tagged viral proteins. Electroporated Huh7.5 control and knock-out
cells were imaged by confocal microscopy and both E2- and NS5A-mScarlet tagged whole
genome constructs were used ) Again, the cellular localization seemed not to be
affected by the lack of CD81, with the limitation to E2 and NS5A. In previous experiments
the importance of the cholesterol binding site of CD81 in the context of interaction with
HCV proteins was shown (Figure 3)A and B). Hence, cells were treated with a cholesterol
molecule that was fluorescently-labeled (TopFluor-Cholesterol) to visualize cholesterol rich
areas. Cells that were electroporated with no or viral RNA (Jel_E2-mScarlet, Jel NS5A-
mScarlet) were additionally stained with TopFluor-Cholesterol and a nuclear stain before
they were imaged via confocal microscopy ) Both cells expressing no viral
RNA and those expressing either of the two viral RNAs, showed no difference in cholesterol
distribution when control and CD81 knock-out cells were compared. HCV is known to
dysregulate cholesterol homeostasis and its distribution, which is visible when Mock and
viral RNA expressing cells are compared (Figure 4B) [243] 278, 281]. Nevertheless, lack of
changes in cholesterol abundance and localization in control versus CD81 knock-out cells
indicate that CD81 is probably not involved in regulation of cholesterol homeostasis. It

can be concluded that the lack of CD81 did not seem to change organelle distribution,
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Figure 4: Cellular distribution of organelle markers in CD81KO cells.
Continued on next page.
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3. Results

Figure 4: (continued)

(A) Distribution of organelle markers in control and CD81KO cells. Huh7.5 control and CD81
knock-out cells were transfected with plasmids encoding fluorescently-tagged proteins (or parts
thereof) with distinct cellular distribution. 24h post transfection, cells were fixed, permeabilized,
the nucleus was stained and they were mounted on cover slips for confocal microscopy. Displayed
are (from left to right) ER (ER-3), Golgi (GalT), early autophagosome (ATG5, ATG12), and late
autophagosome (LC-3B). (B) Cellular distribution of viral proteins NS4B and NS5A in control
and CD81KO cells. Huh7.5 control and knock-out cells were transfected with plasmids encodung
YFP-tagged NS4B or NS5A. 24h post transfection, cells were fixed, permeabilized, the nucleus was
stained and they were mounted on cover slips for confocal microscopy. (C) Cellular distribution
of viral proteins E2 and NS5A in the context of full genome viral replication. Huh7.5 control
and CD81 knock-out cells were electroporated with Jcl__E2-mScarlet or Jc1_NS5A-mScarlet.
72h post EP, cells were fixed, permeabilized, the nucleus was stained and they were mounted
on cover slips for confocal microscopy. (D) Cellular distribution of cholesterol together with
viral proteins E2 and NS5A in the context of full genome viral replication. 72h post EP, cells
were stained for cholesterol, then fixed, permeabilized, the nucleus was stained and they were
mounted on cover slips for confocal microscopy. White bars represent 5 pm.

localization of viral proteins or accumulation of cholesterol.

3.2.3 Viral Replication Depends on CD81 Expression
The reduced HCV replication in CD81 knock-out cells could not be linked to general

changes in the cells morphology or cholesterol homeostasis. For a more detailed analysis of
this phenomenon, control and CD81 knock-out cells were electroporated with viral RNA
encoding a luciferase reporter and samples were taken after different time points.
shows luciferase signals at indicated time points, which suggest nearly a complete absence
of viral replication in CD81 knock-out cells. Indeed, no signal could be detected for viral
proteins core, E2, or NS5A in these samples via western blot (Figure 5B). As the resolution
of the luciferase assay and the protein detection via western blot did not allow any
conclusion for the early time points, 24h and 48h, an inhibitor experiment was performed.
Cells were electroporated as before and additionally treated with geneticin (G418) at 24h
post EP. Geneticin interferes with the ribosome and blocks protein biosynthesis. Luciferase
activity was measured at 28h or 48h post EP (4h or 24h post treatment, respectively). 4h
after treatment no difference in luciferase signal of control and CD81 knock-out cells was
observed, as well as no effect of geneticin on either cell line , left). However,
24h post treatment control cells showed a much higher luciferase signal as CD81 knock-out
cells. Interestingly, control cells that were treated with geneticin showed a comparable
signal to the non-treated CD81-knock out cells. This indicates that CD81 knock-out has
an inhibitory effect on viral replication early post EP. As Renilla luciferase is reported to
have a half-life of about 4.5h, we wanted to check this effect with a reporter that has a

longer half-life within cells [438]. Therefore, the Renilla luciferase reporter was replaced
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Figure 5: Viral replication depends in presence of CD81.

(A) Viral replication in control and CD81KO cells over time. Huh7.5 control and CD81KO cells
were electroporated with Jc1__RLuc-2A, lysed and luciferase signal was measured at indicated
time points. Depicted are data from 2 independent experiments. (B) Core, E2 and NS5A
expression in control and CD81KO cells over time. Huh7.5 control and CD81KO cells were
electroporated with Jc1_RLuc-2A, lysed and utilized for SDS-PAGE and western blot analysis.
Tubulin was used as reference protein. Depicted are representative data from 2 independent
experiments. Continued on next page.
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3. Results

Figure 5: (continued)

(C) Viral replication at early time points. Huh7.5 control and CD81KO cells were electroporated
with Je1__RLuc-2A, treated with geneticin (G418, 400 nug/ml), lysed and luciferase signal was
measured. Depicted are data from 2 independent experiments. (D) Ratio of HCV expressing
control and CD81KO cells over time. Huh7.5 control and CD81KO cells were electroporated
with Jc1__mScarlet-2A, fixed, and ratio of highly mScarlet expressing cells (mScarlet++) was
measured via flow cytometry. P1 gate representing living cells determined by FSC-A and SSC-A
values. Depicted are data from 2 independent experiments. (E) Kinetics of viral replication in
control and CD81KO cells and infectivity of supernatant. Huh7.5 control and CD81KO cells were
electroporated with Jcl__mScarlet-2A, partly treated with an E2-targeting antibody (AP-33) at
a neutralizing concentration (50 pg/ml), and supernatant was used to infect naive Huh7.5 cells.
At indicated time points, cells were fixed, stained for nuclear DNA with Hoechst, and ratio of
mScarlet expressing cells was measured using a plate reader. For E, data points show mean +
SEM of 2 independent experiments. Data points show mean + SD if not mentioned otherwise.

with mScarlet, a red fluorescent protein. Control and CD81 knock-out Huh7.5 cells were
electroporated with the red fluorescent reporter (Jel mScarlet-2A), harvested and fixed
after indicated timepoints, and replicating cells were identified via flow cytometry. In
[Figure 5D it becomes evident that the ratio of control cells where productive replication
was established is higher than in CD81 knock-out cells. Notably, the signal intensity
of those cells that were identified as productively replicating is similar in control and
CD81 knock-out cells (data not shown). To rule out the possibility that the shown
differences between control and CD81 knock-out cells originate from the loss of spread
of infection in knock-out cells, a neutralization experiment was performed. As before,
cells were electroporated with Jecl__mScarlet-2A, but were additionally treated with an
antibody targeting the E2 protein in a neutralizing concentration. To control for successful
neutralization, supernatants were used to infect naive cells. As shown in [Figure 5E (left),
treatment with neutralizing antibody did not change the ratio of replicating cells in either
control or in CD81 knock-out cells. At the same time, only supernatant of non-treated
control cells was infectious, proving that the used antibody concentration was indeed
neutralizing , right). Taken together, absence of CD81 severely impairs viral
replication of the used 2A reporter Jcl-based constructs. The underlying effect, that CD81
knock-out has, seems to affect early steps important for the establishment of productive
viral replication. Impaired viral spread appeared not to be a major cause of the observed

reduced viral replication in CD81 knock-out cells.
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3.3 Kinetics of Viral Replication Define Impact of
CD81

3.3.1 Expression Dynamics of Different Viral Constructs

To get a better understanding of what happens at early time points after electroporation,
live-cell imaging experiments were performed. Control and CD81 knock-out cells were
electroporated with viral RNA (Jcl_mScarlet, Jel NS5A-mScarlet, Jc1 E2-mScarlet)
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Figure 6: Impact of CD81 on viral replication is strongly dependent on the used
viral construct.

(A) Kinetics of replication of different fluorescent viral constructs. Huh7.5 control and CD81KO
cells were electroporated with viral RNA (Jcl__mScarlet-2A, Jc1_NS5A-mScarlet, Jel_ E2-
mScarlet) and the number of red cells was counted over time. Depicted are representative data
from 2-3 independent experiments. (B) Titration of viral RNA and respective ratio of HCV
positive cells. Huh7.5 control and CD81KO cells were electroporated with indicated amounts
of viral RNA (Jcl). 48h and 72h later cells were fixed, permeabilized and stained for HCV
core protein and nuclear DNA. Graph represents HCV core positive cells divided by nuclear
DNA positive cells. Depicted is data from one experiment in triplicates. (C) Comparison of
viral RNA quantity in different viral RNA constructs. Huh7.5 control and CD81KO cells were
electroporated with viral RNA (Jcl, Jel_mScarlet-2A), 48h post EP, RNA was extracted and
viral RNA quantified by qRT-PCR. Depicted data from 2-4 independent experiments. Data
points show mean 4+ SD if not labelled otherwise.
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and their replication dynamics (indicated by red fluorescence) were observed. Images were
taken every 2h for up to 6 days post EP. shows red fluorescence over time for
the three used constructs. Surprisingly, constructs with a fusion-protein (NS5A-mScarlet,
E2-mScarlet) show a different pattern as the 2A-reporter construct. While red fluorescence
in Jc1__mScarlet-2A electroporated CD81 knock-out cells stayed low compared to control
cells over the measured time period, it was higher in fusion protein constructs. Of note,
fusion protein constructs seemed to reach their maximum of red cells at around 50h post
EP (Figure 6/A, middle and right), while the 2A-construct seemed to reach a plateau
after 6 days ([Figure GlA, left). The overall higher number of red cells in the 2A-construct
can be explained by the spread of viral particles at late time points, whereas fusion
protein constructs barely produced infectious viral progeny (data not shown). To delineate
CD81 dependency of wild-type HCV, unmodified viral RNA (Jcl) was used in further
experiments. Electroporation of control and CD81 knock-out cells with different amounts
of Jel viral RNA was performed, and cells were fixed and stained for HCV core 48h and
72h post electroporation. In the electroporation ratio of core expressing cells
divided by nuclear DNA positive cells is displayed. Different RNA amounts have been used
to see if massive RNA input could overcome the CD81 effect. Interestingly, control and
CDS81 knock-out cells showed no difference in EP ratio for any of the used concentrations
or time points. Additionally, control and CD81 knock-out cells were checked for viral RNA
amount 48h after they had been electroporated with viral RNA (Jcl, Jel__mScarlet-2A;
Figure 6C). In control and CD81 knock-out cells electroporated with Jcl, no difference
in viral RNA amount was measured, while there was a lower RNA amount in CD81
knock-out cells that had been electroporated with the 2A-reporter construct. Importantly,
the overall RNA amount in Jcl1__mScarlet-2A electroporated cells was ~30x lower than in
Jcl electroporated ones. All in all, these data suggest that the 2A-reporter constructs are
severely impaired in viral replication and hence much slower in reaching comparable levels

of viral RNA and proteins compared to the fusion protein constructs or the wild-type.

3.3.2 CD8L1 is not Involved in Counteraction of IFN« Signaling

With the presumably slower replication in 2A-reporter constructs, the question arose of
whether viral counteraction mechanisms against cellular anti viral effects are also slower.
For this, the potential impact of CD81 knock-out on viral counteraction needed to be
investigated. Control and CD81 knock-out cells were electroporated with Jcl1_ NS5A-
mScarlet viral RNA and treated 48h post EP with IFN« for 24h. As readout for successful
IFN« stimulation, the surface expression of tetherin (CD317) was measured because it
is a well known IFNa-stimulated gene [439] 440]. Cells that have been stimulated with
IFNo displayed a distinct increase in tetherin expression (Figure 7A, Mock). In contrast,
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Figure 7: Conteraction of IFN« signaling is not influenced by CD81.

(A) Flow cytometry plots of tetherin (CD317) expression after IFN« treatment in Mock and
HCV expressing cells. Huh7.5 control and CD81KO cells were electroporated with Jc1_ NS5HA-
mScarlet. 48h post EP they were treated with IFNw (10ng/ml) for 24h, stained for surface
tetherin and analyzed by flow cytometry. Shown are representative data of 2 independent
experiments. Numbers in gates show mean fluorescence intensity of tetherin in the particular
gate. (B) Relative tetherin expression compared to Mock electroporated, non-treated control
cells in bystander (mSc-) and cells that express high levels of NS5A-mScarlet (mSc++). Depicted
data from 2 independent experiments. Data points show mean 4+ SD if not labelled otherwise.
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3. Results

upon cells that have been electroporated with viral RNA, only bystander cells (mSc-)
showed an increase in tetherin expression, while cells highly expressing NS5A-mScarlet
(mSc++) showed no increase (Figure 7A, Jel NS5A-mScarlet). In Summary, expression
of viral proteins (indicated by NS5A-mScarlet) completely blocks tetherin induction by
[FN« and does not differ in empty and CD81 knock-out cells ) At the same
time, IFNoa treatment had only a minor effect on the ratio of cells highly expressing
NS5A-mScarlet (Figure S2). Although relative tetherin expression after IFN« stimulation
seems to be higher in CD81 knock-out cells, this phenotype could not be reproduced in
following experiments (data not shown). Thereof, absence of CD81 has no impact on
HCV’s ability to counteract IFNa induced antiviral response, which results in no effect of

IFN« treatment on the amount of cells expressing viral proteins.

3.3.3 Impact of CD81 on Viral Replication Inversely Correlates
with Replication Speed

The aim of the following experiment was to clarify whether slower replication of 2A-
constructs would make them more susceptible to IFN« treatment. Cells were electroporated
with Jel mScarlet-2A or Jel NS5A-mScarlet and treated with IFN« at indicated time
points. 48h after electroporation, the ratio of mScarlet expressing cells and level of tetherin
expression was determined via flow cytometry. In general, electroporated cells were more
susceptible to IFN« treatment at the early time point (8h) than at the late time point
(24h; [Figure 8A). As expected, cells electroporated with the 2A-reporter construct were
more affected by IFN« treatment, indicated by reduced mScarlet positive cells when
compared with not treated ones. IFN«x treatment 8h after electroporation hardly allowed
any mScarlet to be expressed in the 2A-reporter cells, while NS5A-mScarlet expressing cells
were reduced by half when compared with untreated cells. Additionally, IFN« treatment
at 16h or 24h post electroporation had little to no effect on NS5A-mScarlet cells but
mScarlet expression in 2A-reporter cells was affected negatively. Concurrently, the level
of tetherin in mScarlet expressing 2A-reporter cells was not reduced when compared to
bystander cells at earlier time points (8h, 16h) and only slightly reduced when IFNa was
added 24h post electroporation (Figure 8B, left). In contrast to that, cells expressing
NS5A-mScarlet showed reduced tetherin expression already at the earliest time point (8h)
of IFN« treatment after electroporation (Figure 8B, right). In summary, 2A-reporter
constructs are more affected by IFNa treatment and show less counteraction capacity
at early time points after electroporation when compared with a NS5A-fusion protein
expressing construct. In this context, the absence of CD81 only had an influence on the
ratio of mScarlet positive cells electroporated with a 2A-reporter construct ,

left). In conclusion, it can be hypothesized that slower replication of 2A-reporter constructs
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makes them more susceptible to antiviral treatment, presumably because it takes them

longer to express viral proteins at a sufficient level to counteract antiviral mechanisms.
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Figure 8: Replication speed defines susceptibility to INF« treatment.

(A) mScarlet or NS5A-mScarlet expressing control or CD81KO cells that were treated with
IFN«x at different time points. Huh7.5 control and CD81KO cells were electroporated with
Jcl_mScarlet-2A or Jec1_NS5A-mScarlet and treated with IFN« at indicated time points after
EP. 48h after EP, cells were fixed, stained for tetherin expression and measured by flow cytometry.
Depicted data from one experiment. (B) Mean fluorescence intensity of tetherin expression of
cells from A.

3.4 CD81KO Cells and the Integrated Stress Response

Apart from early activation of innate immunity in CD81 knock-out cells, impaired HCV
protein production could also arise from an altered stress response. The integrated stress
response (ISR) regulates ER homeostasis and can regulate translational capacity of cells.
There are three main signaling pathways that are activated upon ER stress, namely XBP1,
PERK and ATF6 (see [Integrated Stress Response)). In the following section the focus was
on the XBP1 response.
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3. Results

3.4.1 Cells Lacking CD81 Have a More Pronounced XBP1
Stress Response

The main characteristic of the XBP1 stress response is splicing of XBP1 mRNA whose
unspliced version is constantly expressed to allow for a fast reaction. In brief, ER-membrane
resident protein IRE1x recognizes unfolded proteins in the ER lumen and, as consequence,
dimerizes and becomes active. Its most prominent function is to splice already present
XBP1 mRNA which, in turn, is then translated to the XBP1 transcription factor protein.
XBP1 translocates to the nucleus to initiate transcription of genes responsible for ER
homeostasis. In the first experiment, a chemical inducer, thapsigargin (TG), was used
to artificially activate IRE1la and the subsequent XBP1 splicing. Control and CDS81
knock-out cells were treated with TG for 24h and XBP1 splicing was vizualized via PCR
and agarose gel electrophoresis (Figure 9A). Upper bands represent the unspliced version
of XBP1 mRNA (uXBP1) while lower bands represent spliced XBP1 mRNA (sXBP1).
sXBP1 to uXBP1 ratio seemed to be higher in CD81 knock-out cells when treated with
TG. To corroborate this result, other potential inducers were also used to initiate XBP1
splicing (Figure 9B). This time, qRT-PCR was conducted and sXBP1 levels were set in
relation to the total amount of XBP1 mRNA (tXBP1) to cope with the possibility of
differences in the level of uXBP1. It could be confirmed that TG treatment induces higher
levels of sXBP1 in CD81 knock-out cells when compared with control cells, while other
used chemicals failed to induce XBP1 splicing or did not show a difference between control
and CD81 knock-out cells. Additionally, viral proteins, either alone or in combination
with one other, were tested to determine whether they induce XBP1 splicing ([Figure S3A).
Viral proteins core and NS4B alone, or NS4B in combination with core or E1 could induce
XBP1 splicing. However, absence of CD81 did not alter this effect (Figure S3B). The next
step was to analyze XBP1 splicing in the context of viral replication. Therefore, control
and CD81 knock-out cells were electroporated with viral RNA (Jcl) and XBP1 splicing
was monitored 24h and 48h post EP ([Figure 9C). While only very weak induction of XBP1
splicing was observed at 24h, strong induction was visible at 48h post EP. Although it
seemed that there was more total XBP1 mRNA in CD81 knock-out cells, the ratio of
sXBP1 to uXBP1 was comparable. To investigate whether additional induction of XBP1
splicing in cells electroporated with viral RNA would have different impacts in control
versus CD81 knock-out cells, the following experiment was performed. Control and CD81
knock-out cells were electroporated with viral RNA (Jcl) and 48h post EP were treated
with DMSO as control or TG for an additional 24h. Treatment with TG increased XBP1
splicing on top of the already present induction by presence of replicating virus (Figure 9D,
left). However, no stronger induction of XBP1 splicing in CD81 knock-out cells could
be observed. Regarding HCV replication, TG treatment had neither an effect on viral
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Figure 9: CD81 has a negative effect on the degree of the ER stress response.
(A) XBP1 splicing impact upon ER stress induction with thapsigargin (TG). Huh7.5 control
and CD81KO cells were treated with TG (1 or 3 uM) for 24h, subsequently cellular RNA was
extracted, XBP1 mRNA was amplified and run on an agarose gel. Continued on next page.
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Figure 9: (continued)

Lower band represents spliced XBP1 (sXBP1) which is 26bp shorter than the unspliced version
(uXBP1). (B) Quantification of XBP1 splicing by qRT-PCR after treatment with potential
chemical inducers. Huh7.5 cells were treated with DMSO (0.06 %), TG (3 uM), Tunicamycin
(Tu; 0.8 ug/ml), IFN« (10 ng/ml), Brefeldin A (BrefA; 1x), NaAsOg (40 uM) for 24h (6h for
BrefA), RNA was extracted and XBP1 mRNA was quantified via qRT-PCR. Depicted data
show spliced XBP1 (sXBP1) relative to total XBP1 (tXBP1; u + sXBP1) from 1-5 independent
experiments. (C) XBP1 splicing upon induction by TG or electroporation of Jcl viral RNA.
Huh7.5 control and CD81KO cells were treated with TG (3 uM) for 24h or electroporated with
Jcl viral RNA, and RNA was extracted 24h and 48h post EP. XBP1 and GAPDH mRNA
was amplified via PCR and run on an agarose gel. Depicted is a representative dataset. (D)
Quantified spliced XBP1 and HCV RNA at different time points with and without additional
TG treatment. Huh7.5 cells were electroporated with Jcl viral RNA. At 48h post EP, RNA of
some samples was extracted and others were treated with either DMSO (0.06 %) or TG (3 uM)
for additional 24h before RNA was also extracted. sXBP1, tXBP1, HCV, and GAPDH RNA was
quantified via qRT-PCR. Depicted data are from 3 independent experiments (E) Comparison of
sXBP1, tXBP1 and GAPDH between Mock and Jcl electroporated cells at 48h post EP from
experiments shown in D. (F) Viral RNA amount in cells pretreated with TG. Huh7.5 control
and CD81KO cells were pretreated with DMSO (0.06 %) or TG (3 uM) for 24h and subsequently
electroporated without (Mock) or viral RNA (Jcl). 48h after EP RNA was extracted and viral
RNA amount was determined via qRT-PCR. Depicted are data from 3 independent experiments.
Data points show mean + SD if not mentioned otherwise. Significance was tested using two-way
ANOVA with Sidak’s multiple comparisons test. ns = not significant; *p <0.05

RNA levels compared to the DMSO control, nor a different effect on CD81 knock-out cells
compared to control cells (Figure 9D, right). Notably, viral RNA levels were decreased at
72h compared to 48h post EP, independent of TG treatment or CD81 presence. Given
this observation and the one from [Figure 9(C, which indicated more XBP1 mRNA in
Jcl expressing cells at 48h post EP, a closer look was taken at this time point. The
analysis of sXBP1 and tXBP1 in relation to the reference gene GAPDH, as well as to
each other, revealed a slight trend of higher sXBP1 and tXBP1 levels in CD81 knock-out
cells (Figure 9E). Moreover, when analyzing sXBP1 in relation to GAPDH, there is indeed
significantly more spliced XBP1 in CD81 knock out cells that express Jcl viral RNA
compared to in control cells (p=0.0182). However, this seems to be driven mainly by
higher total XBP1 levels rather than higher splicing activity. Following up on this, it
was hypothesized that more ER stress and hence, more XBP1 splicing, suppresses HCV
replication at an early time point. Hence, control and CD81 knock-out cells were treated
with TG for 24h prior to electroporation with viral RNA (Jcl). 48h after EP, viral RNA
levels were measured and showed a higher impact of TG pretreatment on cells lacking
CD81 (Figure 9F). Although TG pretreated cells in general show lower viral RNA levels,
it was barely detectable in CD81 knock-out cells. To give a résumé, CD81 negatively
impacts the ER stress response in the form of reduced XBP1 mRNA splicing when present.
It was also shown that cells lacking CD81 have a slightly increased level of sXBP1 and
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3.4. CD81 and Stress Response

tXBP1 mRNA 48h after EP with viral RNA (Jcl). Finally, induction of ER stress and
XBP1 mRNA splicing before electroporation resulted in reduced viral RNA levels in total,
especially in CD81 knock-out cells, pointing to the involvement of CD81 in early steps of
HCYV replication onset.

3.4.2 HCV Interacts with STAU1 but not with Stress Granules

Another arm of the [Integrated Stress Response| is the PERK pathway. Eukaryotic transla-

tion initiation factor 2c kinase 3 (herein referred as PERK) is an ER membrane resident
protein which, like IRE1x, senses unfolded proteins which, in turn, lead to its dimerization
and phosphorylation [351]. Active PERK’s most prominent function is to phosphorylate
eukaryotic translation initiation factor 2 (elF2c). When phosphorylated, elF2a’s func-
tion transitions from a cofactor to a strong inhibitor of translation. So, active PERK leads
to a near complete shutdown of cellular protein biosynthesis [351]. As this process happens
relatively quickly, mRNAs that were meant to be translated accumulate in the cytoplasm
in so called stress granules (SGs), which are aggregates of mRNA, and certain proteins,
one of these being G3BP1 (Ras GTPase-activating protein-binding protein) [335]. When
investigating the potential connection of the integrated stress response, HCV, and CD81,
it was of interest whether G3BP1 directly interacts with viral proteins. However, a flow
cytometry-based FRET assay did not provide any indication of G3BP1 interaction with
viral proteins (Figure S4). On the other hand, some viral proteins were revealed to interact
with STAU1 (Double-stranded RNA-binding protein Staufen homolog 1), a protein associ-
ated with stress granule disassembly [441]. indicates that viral protein NS4A
interacts strongly with STAU1, while E1, p7, and NS5B show weaker signals. Subsequently,
the interaction of these four proteins with STAU1 was tested again in the absence of CD81.
Interestingly, the interaction between E1 and NS5B with STAU1 was increased in CD81
knock-out cells while that between p7 and NS4A was unaltered (Figure 10B). With STAU1
involved in stress granule disassembly, and viral proteins interacting with it, a general
influence of CD81 knock-out on stress granule formation was hypothesized. However,
formation of stress granules when induced by oxidative stress through treatment with
sodium arsenite (NaAsO,) was not altered in cells lacking CD81 (Figure S5A). Likewise,
no correlation of elF2e phosphorylation with CD81 levels could be observed.
shows higher elF2a phosphorylation level in CD81 knock-out cells when stimulated with
TG, but also a higher level in total elF2x. In the same experiment, no elF2x was detected
in CD81 knock-out cells 48h after electroporation while core was expressed. Together,
detection of el[F2x phosphorylation was ambiguous with no conclusions drawn. It can
be summarized, that stress granules are presumably not involved in the process through

which CDS81 influences HCV replication. However, as interaction between viral proteins E1
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Figure 10: Several HCV proteins interact with STAU1, which is in part influenced
by CD81.

(A) Interaction of HCV proteins with STAU1 measured by flow cytometry-based FRET. HEK-
293T cells were transfected with pairs of plasmids encoding a CFP-tagged viral protein and
YFP-tagged STAU1 (the other way round for E1). 24h post transfection, cells were harvested
and FRET signals were measured via flow cytometry. Depicted are data from 3 independent
experiments. (B) Interaction of HCV proteins with STAU1 in absence and presence of CD81.
HEK-293T cells were transfected and measured as before. Depicted are data from 4 independent
experiments. Data points show mean 4+ SD unless labelled otherwise. Significance was tested
using two-way ANOVA with Sidak’s multiple comparisons test. ns = not significant; * p <0.05;
**p <0.01; ***p <0.001; ****p <0.0001.

and NS5B was increased in CD81 knock-out cells, and given the fact that it binds dsRNA,

other functions of STAU1 could be the cause for these results.

3.5 Higher Activity of NF«kB in CD81KO Cells

Investigation of the integrated stress response related to HCV provided some indication
of how CD81 could be involved in post-entry processes. However, there are still many
open questions. More recently, the interconnection of the integrated stress response with
the NFkB pathway was uncovered. Both pathways together play a major role in cellular
homeostasis and in response to pathological conditions like infections or cancer development
[442]. With this connection and the already described interrelation of HCV and the NFkB
pathway, a potential involvement of CD81 in this pathway was investigated in the following
section. Data presented in [Figure 11] - [Figure 14] with exception of [Figure 13C, were
obtained by Mona Eisele who did a Bachelor’s thesis under the supervision of Maximilian

Bunz [443].
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3.5.1 CD81 Suppresses IKK[3- and PMA-mediated NF«kB Acti-

vation

To execute their transcriptional activity, NFkB subunits need to translocate to the nucleus.
In non-stress conditions they are retained in the cytoplasm and are only able to translocate
if the complex that they form with a specific inhibitory protein (IkB) disassembles. In this
respect, phosphorylation of IkB by the IKK (IkB kinase) complex is the most crucial step
leading to its proteasomal degradation. The IKK complex, in turn, can be activated by a
plethora of cellular pathways, ranging from growth factor receptors to DNA damage repair.
Receptors which recognize foreign molecules, like parts of a bacterial cell wall or viral
RNA, are also able to induce NFkB activity via the IKK complex. In first experiments, it
was tested whether signaling of RIG-I (Antiviral innate immune response receptor RIG-I)
and MAVS (Mitochondrial antiviral-signaling protein), which recognize dsRNA in the
cytoplasm and induce an antiviral response, was influenced by the absence or overexpression
of CD81. A firelfy luciferase-reporter was used to measure transcriptional activity of NF«B.
Therefore, HEK-293T cells were transfected with the reporter plasmid and different inducer
molecules. Absence of CD81 had no influence on transcriptional activity of NFkB when
induced by expression of IKKf (subunit of IKK complex), MAVS or RIG-I (Figure 11A).
However, overexpression of CD81 via transfection of an additional plasmid led to a lower
NFkB activation with all three tested inducers (Figure 11B). As transfection of plasmids
encoding inducer proteins is a quite artificial system, chemical inducers were used to reflect
less artificial conditions. HEK-293T control and CD81 knock-out cells were transfected
with the NFkB luciferase reporter and treated with different chemicals, except Polyl:C
(polyinosinic:polycytidylic acid), which was transfected. shows that only PMA
(phorbol 12-myristate 13-acetate), tumor necrosis factor alpha (TNF«) and Polyl:C were
able to induce NFkB activity. Within those, NFkB activity displayed significantly higher
activity in CD81 knock-out cells after PMA stimulation.

Aiming for further insights into this phenomenon, HEK-293T and Hela cells, control and
CD81 knock-out cells, respectively, were transfected with the NFkB luciferase reporter and
additionally with a plasmid encoding CD81 or an empty control. This was meant to result
in different expression levels of CD81, assuming that CD81 knock-out cells transfected
with the control plasmid have the lowest expression, while control cells transfected with
the CD81 encoding plasmid have the highest. shows NFkB activation either
mediated by transfection of IKKf or PMA. In HEK-293T cells, there is a clear trend
with high CD81 expression levels correlating with lower NFkB activity. This effect is less
distinct in HeLa cells, while maintaining the overall trend, and inconclusive in Huh7.5 cells
(Figure 12]A and [Figure S6/A). It is noted that actual CD81 levels have not been determined,
limiting the interpretability of the results. Given that PMA was the only chemical tested

65



3. Results

150 - %
. .
£ 600 £
4] 4]
o o
@ e
g g
2 3 1004
0 0
¥ 400 ¥
w w
=z 4
k] k]
8 5
§ 200 § %0
2 2
T z
° o
w w
0= 0-
ctrl IKKB MAVS RIG-I ctrl IKKB MAVS RIG-I
HE Empty B CD81KO B Empty plasmid CD81 plasmid
* %k %
400
B Empty
3 3004 B CD81KO
5
&
= 200
[*]
=
a
[11] 100+
i -
- 30y
5}
c
2
ES 20+
°
£
o
o 10
'8
o-
ctrl PMA TNFa Polyl:C Tu TG LPS lono

Figure 11: NFkB transcriptional activity mediated by several inducers.

(A) Induction of NFkB activity by innate immune sensors in control and CD81KO cells. HEK-
293T control and CD81KO cells were transfected with plasmids encoding a firefly luciferase-
reporter for NFkB, gaussia-luciferase as transfection control and an inducer (IKKf, MAVS or
RIG-I). 24h after transfection, luciferase signals were measured in the supernatant (gaussia)
and the cell lysate (firefly). Depicted are data normalized to no inducer from 4-7 independent
experiments. (B) Induction of NFkB activity by innate immune sensors in control and cells
overexpressing CD81. HEK-293T cells were transfected and measured as before, with an additional
plasmid encoding CD81. Depicted are data from 4 independent experiments. (C) Induction
of NFkB activity by chemical stimuli in control and CD81KO cells. HEK-293T control and
CDB81KO cells were transfected and measured as in A. 4h after transfection, treatment with PMA
(10ng/ml), TNFa (10ng/ml), Tu (1 pg/ml), TG (3 uM), LPS (100 ng/ml) and Iono (0.25 uM)
started, except for Polyl:C (5 pug/ml) which was transfected together with plasmids. Depicted
data are from 3 independent experiments. Data points show mean 4+ SD unless otherwise labelled.
Significance was tested using two-way ANOVA with Sidak’s multiple comparisons test. ns = not
significant; * p <0.05; **p <0.01; ***p <0.001.
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whose stimulation led to higher NFkB activity in CD81 knock-out cells ), and
that the latter could be highly reduced by CD81 overexpression (Figure 12/A, right), a closer
look was taken at mechanisms of PMA-mediated NFkB activation. PMA activates protein
kinase C (PKC) by mimicking diacylglycerol (DAG), which is a prerequisite (together with
Ca?", depending on the subfamily) for PKC activity. In turn, PKCs can phosphorylate

and activate the IKK complex resulting in NFkB activation.

NF«B luciferase-reporter transfected HEK-293T and Hela cells were treated with ei-
ther PMA or ionomycin (TIono), or both. Tonomycin increases intracellular Ca®* levels.
shows either CD81 knock-out cells transfected with an empty plasmid, or
control cells with a CD81 encoding plasmid. Two things became evident. First, ionomycin
treatment seemed not to induce NFkB activity, neither alone nor as an additional effect in
combination with PMA. Second, a high level of CD81 reduced NF«kB activity mediated by
PMA or PMA and ionomycin together. Although this was true for HEK-293T cells, induc-
tion of NFkB was not strong enough in Huh7.5 cells to draw any conclusion (Figure S6B).
To get an idea of whether CD81’s negative effect on NF«B signaling might also play a
role in connection with HCV, HEK-293T cells were transfected with the NFkB luciferase-
reporter and YFP-tagged core or YFP alone as control. Additionally, cells were treated
with TNF«x before measurement of luciferase activity. While control cells treated either
with TNF« or transfected with core showed a clear induction of NFkB, the combination
of both had not only an additive but a synergistic effect on NFkB activity (Figure 12[C).
Interestingly, the overexpression of CD81 not only reduced the induction by TNF«x or core
alone, but also abrogated the synergistic effect of the combined treatment. Together, high
levels of CD81 reduced IKK{3- and PMA-mediated NFkB activity in HEK-293T and HeLa
cells. Its absence in HEK-293T cells increased PMA-mediated NFkB activity. On top of
that, the synergistic effect of core expression and TNF« stimulation on NFkB activity
was nearly eliminated in cells overexpressing CD81. It can be concluded that CD81 has a

negative effect on NFkB activation.

3.5.2 NF«kB Transcriptional Activity is Higher in CD81KO
Cells

As shown previously, CD81 has a negative role in NF«kB activation. The next step was,
trying to decipher how control and CD81 knock-out cells differ in the execution of NF«kB
activation. Therefore, the following experiments should clarify whether different kinetics
of nuclear translocation of p65 could explain the observed phenotype. Huh7.5 cells were
stimulated for different time periods with TNFa or PMA and the p65 amount in the

nuclei was quantified. Representative images of cells show a clear nuclear translocation
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Figure 12: Negative effect of CD81 on NFkB transcriptional activity.

Continued on next page.
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Figure 12: (continued)

(A) Influence of CD81 on NF«kB activity in HEK-293T and HeLa cells. HEK-293T or HeLa
control and CD81KO cells were transfected with plasmids encoding a firefly luciferase-reporter
for NFkB and gaussia-luciferase as transfection control. NFkB activity was induced either by
simultaneous transfection of IKK{ or treatment with PMA (10 ng/ml) from 4h post transfection
until harvest. Additionally, cells were either transfected with a plasmid encoding CD81 or an
empty control plasmid. 24h after transfection, luciferase signals were measured in the supernatant
(gaussia) and the cell lysate (firefly). Depicted are data from 4 independent experiments. (B)
Influence of CD81 on PMA-mediated activity of NFkB. HEK-293T or HeLa control and CD81KO
cells were transfected as in A, except that control cells were additionally transfected with the
plasmid encoding CD81 and CD81KO cells with the empty control plasmid. 4h post transfection
cells were treated with PMA (10ng/ml), Iono (0.25 uM) or both. Depicted are data from 4
independent experiments. (C) Induction of NFkB activity by HCV core and TNFa. HEK-293T
cells were transfected with NF«B firefly luciferase-reporter, gaussia luciferase and YFP-tagged
HCV core or YFP alone as control. In addition, cells were transfected with either a CD81-
encoding plasmid or an empty control plasmid. 4h post transfection, some cells were treated with
TNFax (10ng/ml). Measurement was performed as in A. Depicted data are from 2 independent
experiments. Data points show mean £ SD unless labelled otherwise. Significance was tested
using two-way ANOVA with Sidak’s multiple comparisons test. ns = not significant; * p <0.05;
**p <0.01.

of p65 in PMA ), and TNF« stimulated cells, with translocation being less
prominent for TNF« (Figure S7). Quantification revealed a higher nuclear p65 signal in
PMA stimulated CD81 knock-out compared to control cells ) However, both,
control and CD81 knock-out cells, showed clear nuclear translocation of p65 already after
30min, with the only difference being that the signal increased further in the knock-out
cells. As different speeds of nuclear translocation of p65 could not be observed, the
questions arose of whether the underlying effect takes action one step before. Ahead of its
translocation, p65 can become phosphorylated, which happens at earlier time points after
stimulation than translocation. Therefore, Huh7.5 control and CD81 knock-out cells were
stimulated with TNF« for 5min or 10min and subsequently prepared for SDS-PAGE and
western blot analysis. shows higher levels of both phosphorylated, and more
surprisingly, total p65 in CD81 knock-out cells. TNF« seemed not to be a good stimulus
for p65 translocation (Figure 13B and [Figure S7), so no influence of p65 phosphorylation
status could be expected. However, higher p65 levels in CD81 knock-out cells would
explain higher p65 nuclear signal and, hence, higher NF«B activity.

Finally, it was desirable to clarify whether the observed higher nuclear abundance of p65
in CD81 knock-out cells leads to higher gene expression. To do so, mRNA levels of TNF«,
a target gene of NFkB, were checked. HEK-293T or Huh7.5 control and CD81 knock-out
cells were stimulated with TNFo and PMA for different time periods before their cellular
RNA was extracted and TNFax mRNA levels quantified via qRT-PCR. For HEK-293T

cells, TNF« stimulation seemed not to be sufficient to induce TNFa mRNA transcription,
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Figure 13: Nuclear translocation of p65 after PMA or TNF«x stimulation.

(A) Representative images of p65 nuclear translocation after PMA stimulation. Huh7.5 control
and CD81KO cells were seeded in a 96-well format and treated (or not) for the indicated time
periods with PMA (100 ng/ml) or TNF« (10 ng/ml; see[Figure S7). Then, cells were permeabilized
and stained for endogenous p65 using antibodies and nuclear DNA using a red fluorescent dye.
Images were taken using the IncuCyte® S3 Live-Cell Analysis System with a 20x objective.
Shown are representative images from 3 independent experiments. (B) Quantification of nuclear
translocation of p65 after PMA or TNF« stimulation. Shown is the integrated green fluorescence
intensity (representing p65) within the overlapping area of green and red (representing nuclear
DNA) relative to unstimulated cells, from 3 independent experiments. Data points show mean
+ SEM. (C) Expression and phosphorylation of p65 in Huh7.5 cells after TNF« stimulation.
Huh7.5 control and CD81KO cells were treated with TNF« for indicated time periods and
subsequently lysed and prepared for SDS-PAGE and western blot. Shown is 1 representative
experiment. Significance was tested using two-way ANOVA with Sidak’s multiple comparisons
test. ns = not significant; *p <0.05; **p <0.01.

while PMA stimulation led to high levels of TNFax mRNA ) Notably, detected
TNFo mRNA levels were strongly increased in PMA-stimulated CD81 knock-out cells
when compared to control cells. In Huh7.5 cells, TNF« stimulation led to a slight increase
in TNFo mRNA levels, but did not show differences between control and CD81 knock-out
cells (Figure 14B). PMA stimulation however, increased TNFax mRNA levels to a greater
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Figure 14: NF«kB-mediated gene expression after PMA or TNF« stimulation.

(A) TNFo mRNA levels in HEK-293T cells after stimulation. HEK-293T control or CD81KO cells
were treated for indicated time periods with TNF« (10 ng/ml) or PMA (10ng/ml). Subsequently,
cellular RNA was extracted and TNFax mRNA was quantified via qRT-PCR. Shown is mean +
SEM relative to GAPDH and normalized to Mock treated control cells for each time point, from
3 independent experiments. (B) TNFx mRNA levels in Huh7.5 cells after stimulation. Huh7.5
control or CD81KO cells were treated for indicated time periods with TNF« (10ng/ml) or PMA
(10ng/ml). Subsequently, cellular RNA was extracted and TNFax mRNA was quantified via
qRT-PCR. Shown is mean + SEM relative to GAPDH and normalized to Mock treated control

cells for each time point, from 3 independent experiments.

extent than TNF«, but no clear pattern of TNFoa mRNA levels and CD81 knock-out
could be observed. While TNFa mRNA levels were higher in CD81 knock-out cells 30min
after stimulation, the opposite result was detected 5h post stimulation. In summary, it is
stated that there are higher levels of nuclear p65 in cells lacking CD81 which leads, in part,
to a higher target gene transcription. A possible reason might be a higher abundance of
p65 in general in those cells. It remains unclear how CD81 could be connected to overall

p65 levels in cells.
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4 Discussion

4.1 Transcriptional Downregulation of CD81

Given that CD63 and CDS81 have been shown to be downregulated from the surface
of replicating cells, an approach to decipher the associated functional importance was
developed [416], 436]. It was shown that surface expression of CD9, CD63 and
CD81 was altered in cells expressing a full genome construct and that NS5A seems to be
the viral protein mediating this effect and B). However, downregulation of total
protein levels seemed to be less prominent than downregulation of surface levels. Recently,
an upregulation of CD63 and its potential role in virus release has been described [421].
But, as upregulation of CD63 was observed in the context of release, it is possible that this
regulation was not detectable as early as 72h post EP. Additionally, the Jc1 NS5A-GFP
construct used in this thesis seems to be impaired in the release of infectious particles,
allowing for the possibility that regulations towards viral release are not fully active
[424]. As well, only four viral proteins were tested in the context of this thesis and
these may act in concert with each other or cellular proteins, which would result in a
different regulation of CD63. Subsequently, a closer look was taken at the mechanism of
the proposed downregulation of CD81. Different reporter and fusion protein constructs
were able to transiently downregulate total CD81 protein levels with the highest effect
at 48h post EP and B). The recovery of CD81 levels to baseline correlates
with higher cytotoxicity over time, so it must be clarified whether the recovery is due to
cell death mechanisms. suggests, that lower levels of CD81 were not caused by
protein degradation via proteasomal or lysosomal pathways. Further possibilities include
transcriptional regulation or impaired binding of the CD81 antibody. The latter was
shown for binding of CD19 to CD81, where CD81 could not be bound by a commercially
available antibody (clone 5A6) when associated with CD19 [444]. Another possibility
would be inaccessibility of the CD81 epitope because of its integration in the membranous
web and insufficient permeabilization. Nevertheless, transcriptional regulation seems to
be the mode of action as evidenced in [Figure 2D. However, only the time point of 48h
is represented, leaving the question of transient or stable downregulation unanswered.
Interestingly, Zheng et al|showed CD81 downregulation on the transcriptional level in
cells stably expressing the viral protein NS4B [417]. These results are in line with the
observation that cells stably replicating sub-genomic replicons lower the levels of CD8&1
[416]. In contrast, [Tscherne et al.| could not find evidence for HCV-induced regulation of

CD8I levels, although they found lower CD81 levels in sub-genomic replicon cells [418].
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Their conclusion was that HCV selects for cells with lower CD81 expression levels to
prevent superinfection, i.e. infection of an already infected cell. Under this strategy, used
by many viruses and called superinfection exclusion, the established infection interferes
with a possible new infection, for example, by downmodulation of the entry receptor
[445H448]. Even so, not all studies have detected lower levels of CD81 and concluded that
a later step in the HCV life cycle mediates superinfection exclusion, although the reduced
infectivity of the Je1_NS5A-GFP construct might have influenced the results [424]. Still,
it is not clear whether, actively regulated or not, superinfection exclusion is the reason
for potentially lower CD81 levels in HCV replicating cells. Analyzing patient samples for
CD81 mRNA and protein expression would add important information to the context.
This phenomenon of downmodulation and its potential purposes will be further discussed

in the following sections.

4.2 CD81 Knock-out Characterization

Knock-out cell lines were created to evaluate functional involvement of the tetraspanins.
Figure 3A (left panel) shows that knock-out of CD81 has a negative effect on replication
of a luciferase reporter construct, whereas knock-out of CD9 and CD63 does not. The
supernatant of those samples was used to infect naive Huh7.5 cells but the results displayed
the same pattern, hence no effect on release was assumed (data not shown). Again, this
seems to contradict results obtained by |Gallard et al.| who observed reduced release in
CD63 silenced cells [421]. The fact that replication could be rescued in cells not expressing
CD81 by stable transfection verifies the functional involvement of CD81 in HCV replication
(Figure 3A, right panel). Interestingly, the CD81 cholesterol binding mutant E219Q) is
not able to rescue replication to the same extent. In addition, shows a reduced
interaction of HCV core, E1 and NS5A with mutated CD81. It has been shown that
binding of cholesterol affects the conformation of CD81 and thereby the interaction with
binding partners [399, 403]. In addition, cholesterol binding of CD81 was revealed to be
important for HCV entry [402, [423]. Hence, it is plausible that the cholesterol binding
mutant E219Q affects HCV replication, although Banse et al. could not see an effect with
sub-genomic replicons [423]. However, as sub-genomic replicons lack structural proteins
and cholesterol binding seems to be important for the interaction of CD81 with core and E1,
this might be an explanation for different results. Unexpectedly, the screen of intra-viral
interactions in CD81 knock-out cells did not reveal any differences (Figure 3C). Even so,
it is possible that it is not the interaction of two proteins but instead that of complexes
of higher order, that is influenced by CD81’s absence. Investigation of this possibility
requires different screening methodologies, although three color FRET experiments are
possible [449-457].
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When checking for altered organelle distribution, markers of autophagosomes were included,

due to the special role of autophagy in the HCV life cycle (see[Translation and Replication))

[282]. Confocal microscopy images revealed no difference in the distribution of the ER (ER-
3), the Golgi (GalT), early (ATG5, ATG12) or late autophagosomes (LC-3B; )
The same was true for viral proteins NS4B and NS5A ) Apparently, CD81 is not
involved in organelle positioning and also not in the distribution of NS4B or NS5A alone.
Similarly, the cellular localization of E2 and NS5A, when examined as fusion proteins
in a whole genome context, was not modified either (Figure 4C). Coming to cholesterol,
differences in cellular distribution could be observed in cells expressing viral constructs,
but no alteration between control and CD81 knock-out cells was apparent (Figure 4D).
Although E2 and NS5A were shown to interact with CD81 in [Figure 3B, their distribution
stayed similar when it was absent. However, as NS4B and NS5A act in close concert in the
buildup of the membranous web, additional immunofluorescence staining for NS4B in the
context of the Je1_NS5A-mScarlet construct could have given more insight. Additionally,
FRET experiments examining the interaction of NS4B with CD81 and the E219Q mutant
were not performed. In Summary, CD81 does not seem to be involved in organelle integrity,
or in distribution of viral proteins or cholesterol, but not all aspects have been investigated,

which leaves some limitations.

To get a better idea of how the absence of CD81 influences HCV replication, the latter
was examined over time using a luciferase reporter construct. While a robust, increasing
luciferase signal, as proxy for HCV replication, was measured in control cells, the signal
in CD81 knock-out cells was hardly above background (Figure 5A). In addition, neither
core, E2 nor NS5A could be detected by western blot in cells lacking CD81 )
The interim conclusion was that whatever effect CD81’s absence has takes place at the
early steps of the life cycle, as barely any signal was detectable in CD81 knock-out cells.
When cells were treated with a global inhibitor of translation, geneticin (G418), 24h after
EP and measured 4h and 24h post treatment, it became evident that treatment with
G418 could mimic the situation of CD81 knock-out cells in control cells (Figure 5C).
24h after treatment and 48h after EP, respectively, control treated knock-out cells and
(G418 treated control cells showed similar signals, hardly but clearly above background.
Of note, the signal of untreated CD81 knock-out cells did not increase between the two
time points. This implies that the CD81 effect takes place within the first 24h after EP.
Following, a fluorescent reporter construct (Jcl_mScarlet-2A) was created and the number
of highly replicating cells was determined via flow cytometry (Figure 5D). The use of a
fluorescent reporter allowed the accumulation of protein, and hence signal, more easily
as the half-life of fluorescent proteins is ~24h compared to ~4.5h of Renilla luciferase

[438]. With this construct, it was revealed that a much lower cell number replicated
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productively in CD81 knock-out cells ) This means that, whatever happens
through the absence of CD81, takes place at the very first initiation steps of viral translation
or replication, preventing productive replication in the vast majority of cells. Notably,
fluorescence intensity of highly replicating cells was similar in control and CD81 knock-out
cells, suggesting that the CD81 knock-out obstacle can be overcome, leading to normal
replication (data not shown). However, electroporation of higher viral RNA amounts did
not increase the ratio of replicating cells but did increase cytotoxicity (data not shown).
In the possibility was ruled out that lower replication levels in CD81 knock-out
cells was due to suppressed viral spread. Treatment with an E2-targeting antibody in a
neutralizing concentration did not decrease the ratio of replicating cells. Even if it had,
neutralizing antibodies cannot prevent direct cell-to-cell transmission [452] [453]. At the
moment, it is assumed that most of the cellular factors that are required for cell-free
spread are also required for cell-to-cell transmission [452-457]. However, whether CD81 is
among them is still controversial. Different reports show contradictory results regarding
the need for CD81 in cell-to-cell transmission [452H460]. It was estimated that ~40% of
cell-to-cell transmission events are CD81-independent, whereas ~60% are CD81-dependent
[453, [455], [460]. At this point, it should be noted that in co-culture settings, a transfer
of CD81 molecules from expressing to non-expressing cells was observed, making it even
more difficult to decipher the role of CD81 in cell-to-cell transmission [455]. Another
thing to take into account is the fact that CD81, together with CD9 and CDG63, is part
of exosomes, which might provide an explanation for the transfer of molecules between
cells [461]. In addition, HCV can be transmitted via exosomes between cells [415]. Taking
this into account, there is probably more cell-to-cell transmission in control cells versus
CD81 knock-out cells. However, as the effect of CD81’s absence was narrowed down to
very early steps of the translation or replication, this does not change the validity of the

results shown.

4.3 Replication Kinetics and CD81

The subsequently performed live cell imaging experiments were carried out with the
objective of obtaining higher resolution data of replication dynamics. Interestingly, ma-
jor differences in the replication dynamics were observed, indicated by the number of
fluorescent cells per well of Je1 _mScarlet-2A and the fusion protein constructs (Jcl_NSHA-
mScarlet, Jel FE2-mScarlet). While the number of fluorescent cells increases slowly to
reach an exponential growth phase between 70h and 120h post EP in Jc1 mScarlet-2A
electroporated cells, they quickly reach a peak at approximately 50h post EP in the fusion
protein constructs (Figure 6A). Surprisingly, a negative influence of CD81 knock-out

could only be observed in Jc1__mScarlet-2A electroporated cells, while it seemed negligible
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(Jel NS5A-mScarlet) or rather beneficial (Jcl _E2-mScarlet) in cells electroporated with
a fusion protein construct. Furthermore, when cells were electroporated with different
amounts of wild type Jec1 RNA, no difference in the number of actively replicating cells was
detected ) This excludes the possibility that electroporation of high amounts
of viral RNA could overcome a potential CD81 knock-out effect, as cells electroporated
with low RNA amounts show no difference either. These results rather suggest no effect of
CD81 knock-out on viral replication. In addition, no difference between control and CD8&1
knock-out cells in the amount of viral RNA was detected 48h post EP with Jcl ,
left). However, in cells that were electroporated with Jcl mScarlet-2A, a lower viral
RNA amount was detected in CD81 knock-out cells compared to control cells ,
right). Strikingly, Jcl electroporated cells had levels of viral RNA 30 times higher than for
Jel _mScarlet-2A electroporated cells. In conclusion, although they give rise to infectious
viral progeny, viral 2A reporter constructs seem to have a much slower replication kinetic
than the wild-type, non-tagged, or fusion protein constructs. A possible explanation could
be an improper secondary structure of viral RNA. The sequences encoding the reporter
proteins were introduced at the beginning of the coding region for the polyprotein directly
after the 5’UTR, which is known to form secondary structures important for translation
initiation (see RNA and Genomel) [36, 40H42]. Although the first 18 aa of the core coding

region were added in front of the reporter to cope with RNA secondary structures and

RNA-RNA interactions, the sheer length of the reporter insert could interfere with these
interactions. With lengths of ~1000 and ~700 nucleotides for Renilla luciferase and
mScarlet, respectively, the whole viral genome is extended by 10% or 7%, which could
interfere with long range RNA-RNA interactions. One of these long range interactions
between the CRE, located in the NS5B coding region, and the IRES, located at the 5’UTR
and core coding region, has been revealed to regulate translation [41) [44]. Preliminary
results with a Nano luciferase reporter construct did not show differences in replication
between control and CD81 knock out cells (data not shown), though the performance of
this construct has not been evaluated in comparison to other viral constructs. Interestingly,
insertion at other parts of the genome, like E2 or NS5A fusion proteins, did not indicate
impairment of viral replication, but lower infectious titers [294] [424]. To be sure that the
insertion site is responsible for the lower replication fitness of 2A-reporter constructs, more

experiments are needed.

With replication being slower in reporter constructs, it was apparent that they could
be more susceptible to the cellular antiviral response. Before this question could be
addressed, the one of whether CD81 has any influence on viral counteracting mechanisms,
had to be answered. illustrates that IFN« treatment increases the expression
of tetherin (CD317) to a great extent, but only in cells that do not actively replicate
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Jel NS5A-mScarlet (mSc-), as cells that replicate (mSc++) show no increased tetherin
expression upon IFN« treatment. As evident from [Figure 7B, tetherin expression remains
at base level upon IFN«x treatment in control and CD81 knock-out cells. Additionally, the
ratio of actively replicating cells was similar between control and CD81 knock-out cells, and
unaltered upon IFN«x treatment . These results indicate that the counteraction
of ISG activation is unaffected by the absence or presence of CD81. Potential counteraction
mechanisms, for example via core, NS3-4A or NS5A described in the literature, have not
been investigated in this context [72] 127, [149] 345].

Next, as viral counteraction of ISG activation via IFN« was not affected by CD81 knock-out,
susceptibility of Je1 _mScarlet-2A and Jecl NS5A-mScarlet to IFN o was tested. It became
clear that Jc1 mScarlet-2A is highly susceptible to IFN« treatment even if it occurs 24h
post EP , left). In contrast, Jel NS5A-mScarlet is insusceptible from 16h post
EP on (Figure 8A, right). This goes along with high tetherin expression in Jcl mScarlet-
2A electroporated cells, independent from the time point when IFNx was added ,
left). In cells electroporated with Jc1 NS5A-mScarlet, tetherin expression was reduced
already when IFN« was added as early as 8h post EP (Figure 8B, right). A reduction in
the ratio of replicating cells, together with the lack of ISG counteraction, indeed suggests
that 2A-reporter constructs replicate slower than their fusion protein counterparts or
wild-type Jcl. Usually, (4)-ssRNA viruses start translation of their proteins directly after
the RNA has been released to the cytosol. The viral proteins then start to reprogram
the host cells metabolism and counteract any antiviral mechanisms that might have been
triggered. There, it is decided whether the cell gets productively infected or its defense
mechanisms can prevent it. Hence, viruses that are somehow impaired to counteract
the host cells antiviral response have a higher chance of being eliminated. Whatever the

precise role of CD81 is, it seems to increase the antiviral response resulting in a lower ratio

of cells with productive replication after EP (compare [Figure 5D, [Figure 6A, [Figure 8A).

However, CD81’s absence could also hinder a specific viral counteraction at an early step,
which is less important later on as cells that are productively replicating show similar
fluorescence intensity and hence, a similar amount of viral proteins (data not shown). At
this point, more experiments are required to understand the mechanisms that take place
in CD81 knock-out cells early after EP as HCV not only dysregulates antiviral response

but also other pathways triggered upon infection.

4.4 Influence of CD81 on the ISR

One of the non-immunity pathways that is triggered by HCV is the [[ntegrated Stress|
(ISR). Able to influence several cellular processes that are considered essential to
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HCV replication, such as ER capacity and autophagy, the ISR is a potential candidate for
CDS81 impact. As illustrated in and B, induction of ER stress by thapsigargin
(TG) leads to a higher ratio of sXBP1 mRNA in CD81 knock-out cells than in control cells.
Because other potential ER stress inducers and combinations of viral proteins showed
no effect when CD81 was absent, it was considered a rather specific function (Figure 9B
and [Figure S3). TG blocks the SERCA (sarco/endoplasmic reticulum Ca’"-ATPase)
which actively transports Ca®" from the cyctosol to the ER [462]. Inhibition leads to
Ca?"-depletion in the ER and higher levels in the cytosol, resulting in ER stress [463].
The results obtained from Jcl electroporated cells gave less clear results regarding XBP1
mRNA splicing, except that viral induced splicing happens 48h rather than 24h after EP
(Figure 9C). Treatment 48h post EP was able to boost XBP1 mRNA splicing by a factor
of around 2, but did not have any influence on viral RNA abundance, neither in control,
nor in CD81 knock-out cells (Figure 9D). However, the ability to boost XBP1 mRNA
splicing indicates that the ER was not fully stressed by replicating HCV. Hence, as TG
depletes Ca?* from the ER, the Ca?" homeostasis was still present upon HCV replication.
In addition, HCV replication results in higher total levels of spliced XBP1 mRNA without
affecting the abundance of viral RNA itself, indicating that an established productive
replication can cope with potentially higher sXBP1 mRNA levels in CD81 knock-out
cells and E). Interestingly, establishing a new productive replication in cells
pre-treated with TG seems to be more difficult (Figure 9F). Although viral RNA levels
were diminished in control cells treated with TG prior to electroporation when compared
with DMSO treated ones, the viral RNA levels in CD81 knock-out cells were barely
detectable. Therfore, pre-treatment with TG impairs the establishment of productive
replication in general, but prevents it nearly completely in CD81 knock-out cells. Whether
this phenotype is caused by higher levels of sXBP1 mRNA (and XBP1 protein) or due to
generally increased levels of Ca?T in the cytosol after TG treatment, needs to be clarified

in further experiments.

As activation of the ISR during HCV infection eventually leads to translational shutdown
via e[F2a phosphorylation, the potential subsequent assembly of SGs was investigated as
well. Flow cytometry-based FRET experiments revealed that none of the viral proteins
interact with the SG component G3BP1 . However, E1, p7, NS5B and, most
prominently, NS4B showed an interaction with STAU1 which is involved in a plethora
of cellular functions including disassembly of SGs (Figure 10/A) [441]. Repeating the
experiments in control and CD81 knock-out cells revealed an increased interaction of
El and NS5B with STAU1 in CD81 knock-out cells (Figure 10B). Indeed, STAU1 was
reported to be important for HCV as depletion of STAUT1 clearly reduced HCV replication
[347]. Additionally, |Dixit et al.| could show that it binds viral RNA, on the one hand
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preventing PKR from binding and on the other, regulating translation [348]. PKR binds
foreign RNA and phosphorylates elF2x upon recognition, hence STAU1 prevents elF2x
phosphorylation and SG assembly. However, the assembly of SGs after induction of
oxidative stress through NaAsO, did not display any differences between control and CD81
knock-out cells ) Similarly, the phosphorylation pattern of elF2« did not
allow any conclusion as there was no correlation between phosphorylation, expression
of viral proteins or CD81 knock-out observable (Figure S5B). Up to now, the increased
interaction of E1 and NS5B with STAU1 could not be definitely explained. Nevertheless,
the binding of viral RNA by STAUT1 renders its interaction with NS5B plausible, which
was also shown by Dixit et al. [348]. Even so, an interaction of CD81 with STAU1 was not
detected (data not shown). As pointed out by |[Ruggieri et al. and Klein et al., SG assembly
and disassembly is highly dynamic, tightly controlled and, most importantly, asynchronous
in cells, which could explain the ambiguous results regarding elF2« phosphorylation
[341], 383]. Taken together, although SG dynamics and STAU1 play an important role in
HCV replication, they seem not to be directly connected to CDSI.

4.5 NFkB Signaling in Connection to CD81

In recent years a connection between the ISR and the NFkB signaling pathway has
been uncovered [442]. The NFkB family of transcription factors transcribe a set of pro-
inflammatory genes when activated. With their potential activation through the ISR or
the innate immune response, the NFkB pathway represents a reasonable candidate that
could explain the CD81 knock-out effect early after EP (see [Cellular Antiviral Reaction|
land Viral Counteraction). [Figure 11JA and B illustrate that NFkB activation via IKK{,
MAVS and RIG-I is possible with IKK[3 being the most potent activator. While CD8&1

knock-out could not alter NF«kB activity, its overexpression led to reduced NFkB activity

(Figure 11JA and B). To prevent possible maximum activation, chemical inducers were
used that induce the NFkB pathway further upstream. Interestingly, induction with PMA
(phorbol 12-myristate 13-acetate) not only showed the highest activity of NFkB, it was
also further increased in CD81 knock-out cells (Figure 11IC). TNF« and Polyl:C induced
NF«kB activity as well but to a much lesser extent. Further experiments showed that
a trend exists where CD81 levels inversely correlate with NFkB activity. When CD81
knock-out cells transfected with an empty plasmid (low level) are compared to control cells
transfected with a CD81-encoding plasmid (high level), it can be appreciated that high
CD81 levels correlate with lower NFkB activity (Figure 12]A). This is true for HEK-293T
and HeLa cells, however, only in the former was the effect significant. The effect was also
more prominent in PMA-stimulated than in IKK{ overexpressing cells. Subsequently,

a closer look was taken at PMA-stimulation of cells, which was also combined with
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ionomycin (Iono) stimulation, as some PKC isoforms are only activated in the presence of
diacylglycerol (DAG), mimicked by PMA, and Ca", released by Iono [464]. In
it becomes evident that Iono alone is not able to induce NFkB activation and that it does
not have an additional effect on PMA-mediated activation. Still, overexpression of CD81
in control cells reduced NFkB activation compared to CD81 knock-out cells significantly
(Figure 12B). The described effect was measurable in HEK-293T and HeLa cells but not
in Huh7.5 cells, where overall activation was very low . The fact that Tono
does not have an impact on NFkB activation here, indicates that the responsible PKC
isoform belongs to the subfamily of novel PKCs, as it is not required to bind Ca?' in
order to be activated [464]. However, to identify the PKC isoform(s) responsible, further
analyses must be conducted. In theory, it is possible, albeit unlikely, that Ca2* levels in
the cytosol were already high enough to activate conventional PKC isoforms as well. In
the context of HCV, core was reported to be able to induce NFkB signaling which even
increased synergistically together with TNF« [73]. Hence, the experiment was reproduced
and cells were additionally transfected with CD81 to test whether a reduction in NFkB
activation could be observed. Indeed, cells overexpressing CD81 displayed a lower NFkB
activation than control plasmid transfected cells ) In their study, |Chung
et al|identified a TRAF2-IKKf3 pathway to mediate NFkB activation induced by HCV
core and TNF« [73]. Of note, IRE1x was also reported to induce NFkB activation via a
TRAF2-dependent pathway [369]. Additionally, Fink et al|revealed that IREle activity
is important for HCV replication as it regulates cell survival, presumably by degrading
the pro-apoptotic miR-125a [465]. They further showed that knock-out of XBP1 with
simultaneous activation of IRE1ax by NS4B renders cells resistant to the intrinsic pathway
of apoptosis, characterized by mitochondrial outer membrane permeabilization. Together
with the study of Tardif et al., this connects higher IRE1x activity with a NFkB-mediated
potential pro-survival activity that is prevented from apoptosis by the blockage of XBP1
transcriptional activity and IRElx-mediated degradation of miR-125a [370, 465]. As
shown before in [Figure 9B, more XBP1 mRNA is spliced in CD81 knock-out cells after
TG treatment. However, cells electroporated with wild-type Jcl only display a slight
increase in spliced XBP1 mRNA, potentially because it is controlled by viral proteins
(Figure 9D and E) [370]. It is tempting to speculate that absence of CD81 might allow for
increased IRE1x activity, which could be even advantageous for HCV in later steps of the
life cycle, but fatal in early steps for an attenuated construct like the 2A-reporters. The
viral proteins that potentially control XBP1 transcriptional activity and NF«kB might not

be expressed in a sufficient amount at early time points after 2A-reporter EP.

As CD81 plays a negative role in NFkB activation the question, at which point of

the signaling cascade the influence takes place, remains open. To be transcriptionally
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active, NF«kB subunits must translocate to the nucleus. Checking for the kinetic of the
translocation of the NFkB subunit p65 to the nucleus in control and CD81 knock-out cells
revealed two things. First, the translocation of endogenous p65 is more potently induced
by PMA than by TNFx and, second, a higher p65 nuclear signal was measured in CD81
knock-out cells and B, . Interestingly, the kinetic seems not to be
influenced, as 30min after PMA treatment a comparable signal was measured in control
and CD81 knock-out cells, however, it increased further in the latter giving a higher signal
in CD81 knock-out cells at 1h and 2h post stimulation (Figure 13[B). So, it seems like
translocation takes place at the same speed but in CD81 knock-out cells continues after
most p65 in the control cells has already translocated. In it appears that 30min
after PMA treatment some p65 is left in the cytosol of CD81 knock-out cells, while hardly
any signal can be seen in the cytosol of control cells. This goes along with the western
blot analysis of p65 phosphorylation which occurs prior to translocation. Although levels
of phosphorylated p65 did not change, as TNF« is an insufficient stimulus, p65 levels in
general seemed to be higher in CD81 knock-out cells ) Higher levels of p65
could explain the differences that have been observed in NFkB activity between CD81
knock-out cells and control cells. However, it is not clear whether more p65 would then
lead to higher transcriptional activity of NFkB targeted genes. Of note, the indications of
higher p65 levels in CD81 knock-out cells have been obtained in Huh7.5 cells while several
of the previous experiments have been performed with HEK-293T and HeLa cells. As
readout for NFkB transcriptional activity TNFo, mRNA was chosen. PMA stimulation
led to a massive increase in TNFax mRNA abundance in HEK-293T CD81 knock-out
compared to control cells (Figure 14JA). Curiously, in Huh7.5 cells, an increase of TNF«x
mRNA in CD81 knock-out cells compared to control cells could only be observed at 30min
after stimulation, whereas it was reversed at the bh time point ) Furthermore,
the detected TNFax mRNA levels in Huh7.5 cells were a multiple lower than in HEK-293T
cells. A decrease in TNFa mRNA was also detected in HEK-293T cells between the
30min and the 5h time point, but levels in CD81 knock-out cells remained increased by a
factor of 10 (Figure 14A). It remains unclear if more nuclear p65 leads to higher NFkB
gene expression, as Huh7.5 cells show ambiguous results. However, nuclear p65 has not
been detected at bh post treatment, leaving the possibility that p65 translocation back
to the cytoplasm is also altered in CD81 knock-out cells. For the target genes of NFkB,
there are also inhibiting factors that terminate NFkB activity, usually between 1h and
2h after activation. Nonetheless, constant activation leads to an oscillating pattern of
NF«kB activity [466]. If this pattern differs between control and CD81 knock-out cells, it
could explain the differences of the TNFax mRNA expression pattern. Another layer of
complexity is added by the fact that HCV was reported to influence the abundance of
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the ubiquitin-editing enzyme Tumor necrosis factor alpha-induced protein 3 (TNFAIP3),
best known as A20. It was shown that HCV induces TNFAIP3 to prevent NFkB signaling
and to support its own replication [467, 468]. Hence, to assess CD81’s role in NFkB
activation, more data is needed. For example, displaying NFkB gene expression in a
higher temporal resolution, together with live cell imaging of p65 nuclear translocation,
could reveal differences in the oscillating patterns of control and CD81 knock-out cells.
Additionally, detection of p65 levels in other cell lines could clarify whether higher general
levels of p65 are responsible for the observed phenotype.

4.6 Conclusion

Everything together leads us to the following overall hypothesis. As demonstrated, the lack
of CD81 results in higher NFkB activation, either through higher p65 levels or another,

yet undiscovered, mechanism (Figure 12| and |Figure 13)). Additionally, following ER

stress, the activity of IRE1a is also increased in CD81 knock-out cells, illustrated by more
XBP1 mRNA splicing . Higher IRE1«x activity in concert with impaired XBP1
transcriptional activity is associated with survival of infected cells [370), 465]. Hence, viral
constructs that are attenuated, as demonstrated for the 2A-reporters, are not able to
counteract XBP1 transcriptional activity, because translation of a sufficient amount of
viral proteins takes too long. This is indicated by the susceptibility to IFN« treatment
. As a result, few cells manage to overcome the increased IRE1x and NFkB

activity, leaving a lower ratio of productively replicating cells in CD81 knock-out versus

control cells (Figure 5[ and |[Figure 6)). However, viral constructs that are not attenuated

were not affected by the lack of CD81 and did even show a partially increased ratio of
productively replicating cells (Figure 6)). Finally, this brings us back to the transcriptional
downregulation of CD81 . At later steps of the viral life cycle, lower CD81 levels
could be beneficial for viral replication, as the antiviral and stress response are under
control and higher IRElx and NFkB activity could boost a pro-survival environment,

allowing for HCV chronicity.
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Figure S1: Previous experiments.

(A) Proteins whose surface expression was significantly downregulated in cells expressing a full-
length viral genome. Huh?7.5 cells were electroporated with Jc1__mtagBFP-NS5A and harvested
48h later. Cells were added to reconstituted antibody solutions in a 96-well format (LEGEND
screen), fixed and measured by flow cytometry. Depicted are data from 3 independent experiments
performed by Sandra Kurz [436]. (B) Flow cytometry-based FRET data of viral proteins with
tetraspanins. HEK-293T cells were transfected with different pairs of constructs encoding a
CFP-tagged viral protein, and a YFP-tagged tetraspanin, each. 24h after transfection cells were
harvested and FRET signals were measured via flow cytometry to indicate close proximity and
interaction. These results have been obtained in [437]. Depected are data from 3 independent
experiments. Data points show mean + SD unless labelled otherwise.
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NS5A-mScarlet expression after IFNa stimulation
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Figure S2: Ratio of cells highly expressing NS5A-mScarlet after IFN« treatment.
Huh7.5 control and CD81KO cells were electroporated with Jc1_NS5A-mScarlet. 48h post EP
they were treated with IFN« (10ng/ml) for 24h, then fixed and stained for tetherin. NS5A-
mScarlet and tetherin expression was measured via flow cytometry. Depicted are ratios of cells
highly expressing NS5A-mScarlet as mean + SD from 2 independent experimets. Matching

tetherin expression data is displayed in
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Figure S3: Viral proteins alone induce ER stress independent of CD81.

(A) XBP1 splicing after transfection of viral proteins. Huh7.5 cells were either treated with TG
(3uM) for 24h, transfected with one or two YFP-tagged viral proteins or with YFP alone. 24h
after transfection cellular RNA was extracted, XBP1 mRNA amplified via PCR and visualized
in an agarose gel. Lower band in the upper panel represents spliced XBP1 (sXBP1) while the
upper band represents its unspliced version (uUXBP1).
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Figure S3: (continued)

(B) Quantification of XBP1 splicing after transfection of viral proteins. Huh7.5 control and
CD81KO cells were transfected with YFP-tagged viral proteins or YFP alone. 24h after
transfection cellular RNA was extracted and XBP1 solicing was quantified via qRT-PCR.
Depicted is data from 1 experiment.
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Figure S4: Stress granule protein G3BP1 does not interact with any HCV protein.
HEK-293T cells were transfected with plasmid pairs encoding CFP-tagged HCV proteins and
YFP-tagged G3BP1. 24h after transfection cells were harvested and potential FRET signals
were measured using flow cytometry indicating close proximity and hence interaction. Depicted
is mean + SD of 3 independent experiments.
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Stress granule count after NaAsO, stimulation
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Figure S5: Stress granule formation and phosphorylation of eIF2x seem not to be
connected with CDS81.

(A) Stress granule induction by sodium arsenite treatment in control and CD81KO cells. HEK-
293T control and CD81KO cells were transfected with plasmids encoding cellular proteins tagged
with GFP-like proteins. YFP alone and ER-3 as ER marker were transfected as controls, while
G3BP1 and STAU1 are involved in stress granule formation and their clearance, respectively.
24h post transfection cells were treated with NaAsOg for 1h and subsequently fixed and imaged
for small green fluorescent punctae which indicate stress granules. Depicted data are from one
experiment. Continued on next page.
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Figure S5: (continued)

(B) elF2« phosphorylation in cells expressing Jcl or were treated with TG. Huh7.5 control and
CDB81KO cells were treated with TG (3 uM) for 24h or electroporated with Jcl viral RNA and
samples were lysed and prepared for SDS-PAGE and western blot analysis 24 and 48h post EP.
Depicted is data from 1 experiment.
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Figure S6: Influence of CD81 on NF«B activity in Huh?7.5 cells.

(A) Huh7.5 control and CD81KO cells were transfected with plasmids encoding a firefly luciferase-
reporter for NFkB and gaussia-luciferase as transfection control. NFkB activity was induced
either by simultaneous transfection of IKKf or treatment with PMA (10 ng/ml) from 4h post
transfection until harvest. Additionally, cells were either transfected with a plasmid encoding
CDS81 or an empty control plasmid. 24h after transfection luciferase signals were measured in
the supernatant (gaussia) and the cell lysate (firefly). Depicted are data from 4 independent
experiments. (B) Huh7.5 control and CD81KO cells were transfected as in A, except that control
cells were additionally transfected with the plasmid encoding CD81 and CD81KO cells with
the empty control plasmid. 4h post transfection cells were treated with PMA (10 ng/ml), Iono
(0.25 uM) or both. Depicted are data from 4 independent experiments. Data points show mean
£ SD unless labelled otherwise. Significance was tested using two-way ANOVA with Sidak’s
multiple comparisons test. ns = not significant; * p <0.05.

89



5. Supplement

10 min 30 min 60 min 120 min
Empty :
X
O
o
=
CD81KO
Empty
o
L
Z
|_
CD81KO

Figure S7: p65 nuclear translocation over time after stimulation with TNFx in
Huh?7.5 cells.

Huh7.5 control and CD81KO cells were seeded in a 96-well format and fixed after no or stimulation
with TNF« (10ng/ml) for indicated time periods. Cells were permeabilized and stained for
endogenous p65 using antibodies and nuclear DNA using a red fluorescent dye. Images were taken
by the IncuCyte® S3 Live-Cell Analysis System with a 20x objective. Shown are representative
images of 3 independent experiments.
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